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Abstract
In the present investigation, titanium alloy Ti6Al4Vof 1.4 mm thickness has been laser-welded in butt joint configuration using
pulsed Nd:YAG laser system. The effects of heat input on weld bead shape, fusion zone width (top, middle, and bottom), heat-
affected zone (HAZ) width (top, middle, and bottom), and fusion zone area have been studied. The microstructure and mechan-
ical properties of laser-welded specimens at various heat inputs (43.7–103.5 J/mm) have also been investigated. Microstructures
of the fusion zone, HAZ, and parent material have been compared at various heat inputs using optical microscope and field
emission scanning electron microscope (FESEM). The mechanical properties such as microhardness and tensile strength of the
welded joints at varying heat inputs have been studied. Tensile tests of the welded specimen and base metal have been conducted
for analyzing ultimate tensile strength and percentage elongation. Surface topography of the tensile fractured specimen of the
welded joints and base metal has been examined to analyze the ductile and brittle behavior. EDS analyses of base metal and
fusion zone of the welded specimen have been studied. XRD of the as-received base metal and welded specimen have been
measured in the range of 30 to 85° to study the crystallographic structure.
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1 Introduction

Ti6Al4V has wide applications in nuclear, aerospace, automo-
bile, medical, and petrochemical industries due its high corro-
sion resistance, high strength, low density, and creep resis-
tance [1]. Titanium alloys are bio-compatible as they are wide-
ly used for bio-medical applications like artificial heart
pumps, pacemaker cases, and heart valve parts [2]. Titanium
and its alloys are commonly welded using many joining pro-
cesses such as gas tungsten arc welding (GTAW), metal arc
welding (MAW), electron beam welding (EBW), laser beam
welding (LBW), and friction stir welding [3, 4]. LBW is wide-
ly used, compared to other welding processes due to its high
flexibility, high precision, spatter free welds, lower distortion,

and narrower heat-affected zone [5]. Ti6Al4V and its alloys
act as bridge between the properties of steel and aluminum.
Titanium alloys have two crystallographic forms, namely, α-
titanium having hcp crystal lattice and β-titanium having bcc
crystal lattice. Pure titanium exists in a form of α-phase at
temperatures above 883 °C and in a form of β-phase at tem-
peratures below 883 °C. The temperature of allotropic trans-
formation of α-titanium to β-titanium is called beta transus
temperature. Alloying elements in titanium alloys may stabi-
lize either α-phase or β-phase of the alloy. Al, Ga, N, and O
stabilize α-phase whereas Mo, V, W, Ta, and Si stabilize β-
phase. Titanium alloys are used in place of aluminum-based
materials when operating temperature is more than 130 °C to
achieve better mechanical properties at high temperature, as
applicable in turbine blades, landing gear, and structural com-
ponents used in Boeing 747 [6]. Titanium alloys have low
thermal conductivity (22 W cm−1 K−1) which prevents heat
dissipation and low thermal expansion coefficient which
avoids the appearance of stresses during welding. Titanium
alloys have low heat input, which reduces the stresses devel-
oped and distortion produced. Titanium alloys show a good
rate of laser beam absorption (0.4%) and high melting point
(1670 °C) [7, 8]. The abovementioned properties of titanium
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alloys imply that high energymust be used to join these alloys.
Therefore, laser beam welding is an adequate technology to
join these alloys as it allows a high localization and low size of
the melt pool, reducing the required energy considerably in
comparison with other joining processes.

LBW is a nonconventional and advanced joining process
for similar or dissimilar materials. Laser welding is widely
used for welding commercially pure titanium and many of
titanium alloys. Titanium alloys are highly reactive with at-
mosphere at elevated temperature; therefore, additional
shielding of the weld pool must be provided which can be
done by LBW as it forms the keyhole which effectively con-
centrates the heat input into the weld pool resulting into nar-
row heat-affected zone (HAZ) and better mechanical property
[9]. There are basically three different modes of laser welding,
namely, conductionmode, mixed mode, and keyhole mode. In
conduction mode, the absorbed laser energy heats the material
to melting temperature keeping the surface temperature be-
tween the melting and boiling points and weld penetration is
achieved by the laser heat conducting down into the metal
from the surface. When the temperature exceeds the boiling
point, evaporation will occur at the laser front and the material
removal creates a keyhole in the workpiece whereas when the
keyhole does not extend to the melt front, the weld so formed
is named as mixed mode [10]. In keyhole mode, the power
density is great enough to vaporize the metal which expands
the gas and pushes outward creating a keyhole or tunnel from
surface to the weld depth [11]. The amount of heat energy
developed during LBW is more compared to other conven-
tional welding processes. The weld pool formed in the laser
welding is too smaller compared to that in the arc welding
process. LBW forms superior quality of titanium alloy weld
comparative to EBW. LBW is a highly automated joining
process with production rates higher than those for EBW.
LBW are not restricted by component size as Nd:YAG laser
delivery systems can be used, allowing the welding head to be
remote from the power source whereas component size is
restricted by the size of vacuum chamber in EBW. LBW is a
noncontact welding process so magnetic materials can be eas-
ily welded whereas EBW requires demagnetizing treatment
for steel plates to weld. LBW is also a suitable welding pro-
cess for joining of dissimilar materials as it is a combined
effect of high energy density and greater welding speed which
consecutively decreases the thickness of the reactive interlayer
and retards the formation of intermetallic phases [12].

Many researchers have investigated the joining of pure
titanium and titanium alloys. Torkamany et al. [13] have in-
vestigated the pulsed Nd:YAG laser welding of commercially
pure titanium. They have observed that with increase in pulse
peak power and keyhole formation, spattering and weld po-
rosity increase in the weldment. They have also found that the
depth of penetration (DOP) increases at elevated values of
pulse energy and pulse duration and constant peak power.

Akman et al. [14] explored the effect of laser process param-
eters, namely, pulse energy, pulse width, pulse shape, pulse
frequency, and pulse peak power on seam weld quality of
titanium sheet of 3 mm thickness. They have observed that
among the selected laser process parameters, pulse energy and
pulse width mostly influence the penetration of the welded
joint. They have also found that there is no significant change
in DOP with varying pulse duration at constant peak power.
Gao et al. [15] have studied the influence of low and high heat
input on weld cross-section profiles, microstructure, and me-
chanical properties of laser welding of titanium alloy
(Ti6Al4V) in pulse mode using Nd:YAG laser. They have
observed that the V- and H-shaped weld cross-section geom-
etries were formed at low and high heat input, respectively.
The tensile strength of H-shaped welded joint was more than
that of V-shaped as H-shapedwelded joint fractured in the BM
while V-shaped welded joint fractured near the HAZ and BM
interface. Xu et al. [16] have investigated the slip deformation
and microstructure characterization of laser welding of
Ti6Al4V titanium alloy. They have observed the presence of
slip deformation in fractured and etched welds and were en-
ergized by external forces and welding residual stresses devel-
oped. They have found that the maximum compression
strength of the welded joint was 1.191 GPa. They have also
observed that the minimum slip bands occurred in the frac-
tured and etched laser welds were 600 nm and 75 nm, respec-
tively. Gao et al. [17] have explored the influence of the over-
lapping factor (Of) in laser welding of titanium alloy of
0.8 mm thickness with pulsed Nd:YAG laser system. They
have found that the HAZ width of the welded joint increases
and grains of the fusion zone becomes coarser with increase in
overlapping factor. They have also found that the welded
joints at medium overlapping factor showed better mechanical
strength compared to those at low and high overlapping fac-
tors. Gursel et al. [18] have studied the presence of cracks in
the Ti6Al4V welded joint. They have observed that the
Ti6Al4V alloys were satisfactorily welded by Nd:YAG laser
compared to other conventional joining processes. They have
also observed that optimum results for titanium welded joint
were obtained at peak power of 3.9 kWand superior ductility
was obtained when grade 1 titanium alloy was used as a filler
material. Caiazzo et al. [19] have investigated the laser
welding of Ti6Al4V alloy of 3-mm-thick plate for butt-
welded corner joint configuration to be applicable in aero-
space industries. They have found the optimum laser process
parameters for minimum undercut and porosity in the welded
joint. Kumar et al. [20] have explored the fiber laser welding
of Ti6Al4V alloy of 5 mm thickness using 2-kW fiber laser
based on statistical design of experiment in continuous wave
mode. They have studied the effect of laser process parame-
ters, namely, scanning speed, beam power, and defocused po-
sition on fusion zone width, HAZwidth, and fusion zone area.
They have observed that the beam power and scanning speed
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are the most influencing process parameters for achieving full
depth of penetration and also found that the beam power
shows the direct effect whereas scanning speed shows the
inverse effect with the output responses measured.
Campanelli et al. [21] have studied laser welding of
Ti6Al4Vof 2 mm thickness for butt joint configuration using
Fiber Ytterbium laser system of 4 kW. They have investigated
the influence of constant laser beam power and varying
welding speed on weld characteristics and mechanical prop-
erties. They have observed that specific heat input has more
effect on weld bead shape. Caiazzo et al. [22] have explored
the influence of laser beam power, welding speed, and defocus
in laser welding of Ti6Al4V plate of 3 mm thick using a disk
laser source in continuous wave. They have observed that the
fusion zone of the welded joint consisted of acicular α′ mar-
tensite and also optimized process parameters for the minimi-
zation of fusion zone and mean grain size. The numerical
simulations of temperature distribution of LBW of Ti6Al4V
for predicting the HAZ, DOP, and the width of molten pool
have been investigated by Akbari et al. [23]. They have also
validated the numerical results with experimental results with
good agreement. They have observed that the peak tempera-
ture decreased sharply near the laser beam center and de-
creased slightly away from the laser beam center. Oliveira
et al. [24] have explored the detailed review for joining pro-
cess of NiTi shape memory alloys. They have studied the
weldability problems such as reduced strength, formation of
brittle intermetallic, changes in phase transformation, and
shape memory effects in NiTi. They have found that NiTi
are commonly laser-welded due to low heat input on the base
material. Oliveira et al. [25] have also studied the dissimilar
laser welding of NiTi and Ti6Al4V using niobium interlayer
to restrict the formation of brittle intermetallics in the weld-
ment. They have observed a defect free weld with tensile
strength and elongation of the welded joint equal to
300 MPa and 2%, respectively. Auwal et al. [26] have inves-
tigated the review on similar and dissimilar laser beam

welding of titanium alloys to study the influence of the laser
process parameters, microstructure study, weld defects, and
possible remedies. Sjögren et al. [27] have investigated the
laser welding of titanium for dental application. They have
studied the tensile strength, proof stress, and elongation of
laser-welded joints at different laser process parameters and
also compared the fracture behavior of the laser-welded joints
and base metal. The fracture surface of the welded specimens
showed various defects, namely, gas pores and cracks, com-
pared to the parent metal. Palanivel et al. [28] have investigat-
ed the microstructure and mechanical characterization of
Nd:YAG laser welding of titanium tubes of 60 mm outer di-
ameter and 3.9 mm wall thickness. They have observed the
presence of spherical and irregular shaped pores near the cen-
terline of the fusion zone due to entrapment of gases from the
atmosphere during solidification.

From literature review presented so far, it has been ob-
served that very limited work has been done in the area of
pulsed Nd:YAG laser welding of Ti6Al4V, to study the influ-
ence of heat input on microstructural characterization and me-
chanical properties of laser-welded joints using low-power
Nd:YAG laser generator. The objective of the present research
work is to study the influence of heat input on weld bead
shape, fusion zone width (top, middle, and bottom), HAZ
width (top, middle, and bottom), and fusion zone area. The
microstructural characterization and mechanical properties,
namely, microhardness and tensile strength, of the welded
specimens and base metal have been investigated.

2 Experimental procedure

In the present study, pulsed Nd:YAG laser of 600-W maxi-
mum average power integrated with IRB 1410 robotic control
was used. The pictorial view of the experimental setup for
Nd:YAG laser system is shown in Fig. 1a. The experimental
condition and laser machine specification are given in Table 1.

(a) (b) 

Fig. 1 a Pictorial view of the pulsed Nd:YAG laser beam welding setup and b schematic diagram of LBW setup showing workpiece dimension and
welding direction
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The laser head was kept at an angle of 15° with the vertical
axis to restrict the reflection of workpiece. Ti6Al4V sheets of
1.4 mm thickness were laser-welded in butt joint configura-
tion at different laser process parameters with varying heat
inputs. The workpiece having a dimension of 50 mm ×
25 mm× 1.4 mm was clamped on the base plate using a spe-
cial fixture to reduce the distortion and movement of the spec-
imens during laser welding. The schematic diagram of the
LBW setup showing workpiece dimension, welding direction,
and argon shielding gas delivery system is shown in Fig. 1b.
The chemical composition of the as-received base metal
Ti6Al4V of 1.4 mm thickness measured by energy-
dispersive X-ray (EDX) analysis is shown in Table 2.

The combination of pulse frequency and pulse energy has
been selected in such a way that the average beam power
would not exceed 600W. Argon gas (99.9% pure) with a flow
rate of 6 l/min was used as shielding gas. The laser welding
process parameters with experimental observations are tabu-
lated in Table 3. The laser beam spot diameter for all experi-
ments was taken as 0.45 mm.

The heat input (HI) and overlapping factor (Of) given in
Table 3 have been evaluated using Eqs. (1) and (2) as given by
Gao et al. [17, 29].

HI ¼ P � T � f
V

� �
� η ð1Þ

Of ¼ 1− V= fð Þ= Dþ VTð Þ½ � � 100 ð2Þ

where P is peak power (kW), T is pulse width (ms), f is pulse
frequency (Hz), V is scanning speed (mm/s), D is laser spot
size (mm), and η is welding efficiency. η has been assumed a
constant value equal to 1, as the efficiency remains unchanged
for the same material and welding process considered.

The laser-welded specimens were prepared as per ASTM
for metallographic examination [30]. Firstly, the transverse
section of the welded specimens was cut with wire EDM of
dimension 10 mm× 3.75 mm× 1.4 mm and mounted using
cold mounting powder and liquid. The specimens were
polished using several grades (180–1500 grits) of silicon car-
bide emery papers and were polished on velvet cloth using
abrasives like alumina and colloidal silica of 0.25 and 0.03μm
respectively for getting mirror polished finished surface. The
polished specimens were further cleaned in ultrasonic cleaner
using acetone. For etching the transverse section of the welded
joints, the final polished specimens were immersed into the
aqueous solution of Kroll’s reagent (92 ml distilled water, 6 ml
HNO3, and 2 ml HF) for 20 s. The schematic diagram of the
weld bead geometry is shown in Fig. 2. Microstructural char-
acterization of the welded joint was performed using Leica
optical microscope and FESEM. The microstructure of the
fusion zone was also characterized using high-resolution
transmission electron microscope (TEM). The microhardness
of the welded specimens was measured using INNOVATEST
FALCON 500 at constant load of 0.98 N and dwell time of
20 s. The hardness was measured in the middle of the trans-
verse section of the welded specimen with an interval of
0.10 mm starting from weld center of fusion zone to base
metal zone on both sides of the weld center. The tensile sam-
ples of the base metal and welded specimens were prepared as
per the ASTM E8 standards [31] as shown in Fig. 3. The
tensile test was carried out on INSTRON 1195 tensile testing
machine with 50 kN maximum load and crosshead speed of
2 mm/min.

3 Results and discussion

The laser welding experimental results at different process
parameters are briefly discussed in the following subsections.

3.1 Influence of heat input on weld surface
appearance

The appearance of the top and bottom surface of the welded
samples at different welding parameters is shown in Figs. 4
and 5, respectively. The bead appearance of Ti6Al4V helps in
the detection of oxidation and effectiveness of shielding gas as
reported by Hong and Shin [32]. It has been observed that as
the heat input increases, the weld zone width increases on both
top and bottom surfaces. The bottom surface of the weld bead
obtained at low heat input of 43.71 J/mm (exp. 1) is not

Table 1 Experimental condition and machine specification of the laser
beam welding

Specification Value

Laser power mode Square pulsed wave

Maximum average power at laser (W) 600

Typical power at workpiece (W) 500

Max. peak power (W) 10

Max. pulse energy (J) 100

Max. frequency (Hz) 1000

Pulse width range (ms) 0.2–20

Beam quality (mm mrad) 28

Standard fiber length (m) 5

Max. focal length (mm) 160

Laser spot diameter (mm) 0.45

Type of shielding gas used Argon (99.9% pure)

Table 2 The chemical composition of Ti6Al4V (wt%)

Grade C N O Fe Al W V Ti

Ti6Al4V 2.33 2.17 4.01 0.23 3.01 0.31 11.19 Bal.
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uniform compared to others. All the weld surfaces obtained
from LBW as shown in Figs. 4 and 5 are esthetic and dark
straw color indicating the optimum shielding effectiveness of
the weld pool from the external atmosphere. The appearance
of cavities and blow holes can be seen at high heat input of
75.6 and 103.5 J/mm (exp. 5 and 6) due to evaporation of
alloying elements having low boiling point, present in
Ti6Al4V. Good weld bead appearance has been observed at
heat input greater than 43.71 J/mm but smaller than 75.6 J/mm
during laser welding of Ti6Al4V, to get minimum weld de-
fects. The spattering effect has also been observed at high heat
input of 60, 75, and 103.5 J/mm as shown on the back side of
the weld bead zone for exp. nos. 4, 5, and 6 as shown in Fig. 5.
Spattering occurs due to high reactivity of Ti6Al4V at high
heat input during LBW.

3.2 Influence of heat input on weld bead cross-section
profile

Figure 6 shows the weld bead cross-section profile obtained
by LBW carried out at different welding conditions given in
Table 3. Full depth of penetration was observed for all the
laser-welded specimens, obtained at different laser process
parameters. There were two different types of weld bead
shapes observed, namely, T-shaped and X-shaped, in the pres-
ent study at different heat inputs ranging from 43.71 to

103.5 J/mm. The shape of the weld bead is nearly T-shaped
at heat input of 43.71, 48.57, 49.98, 60, and 75.6 J/mm (exp.
1, 2, 3, 4, and 5) and changes to nearly X-shaped at high heat
input of 103.5 J/mm (exp. 6) as shown in Fig. 6.

The vaporization of molten pool takes place during initial
phase of keyhole formation in LBW. The behavior of molten
metal flowpattern is entirely dependent upon recoil pressure,
surface tension, and gravity force, and the recoil pressure
developed depends on the intensity of laser beam. Multiple
reflections of the laser beam occur inside the keyhole, which
generates a temperature difference between the top and bot-
tom surfaces of the melt pool. Surface tension also varies
between the two melt pool surfaces due to temperature dif-
ference, which creates a recoil pressure along the keyhole
leading to enlarge size of the melt pool in lower portion.
The top and bottom melt pool areas get expanded due to
continuous escaping of the reflected laser beam from upper
and lower half of the weld pool and lead to the formation of
keyhole open at the root sidewhich is named as open keyhole
as shown in Fig. 7a. The solidification of the melt pool in
open keyhole mode forms an X-shaped weld bead as shown
in Fig. 6f. The reflected laser beam intensity inside the key-
hole is lower at lowheat input, and lower half of themelt pool
is comparatively less expanded as the surface tension devel-
oped is canceled by the recoil pressure. Therefore, during
solidification of the melt pool, the keyhole remains closed

Fig. 2 Schematic diagram of
weld bead geometry

Table 3 Pulsed Nd:YAG LBW
process parameters with
overlapping factor and ultimate
tensile strength

Sl.
no.

Average
power
(W)

Heat
input
(J/mm)

Peak
power
(kW)

Scanning
speed
(mm/s)

Pulse
duration
(ms)

Frequency
(Hz)

Overlapping
factor

UTS
(MPa)

1. 300 43.714 3.272 7 5.5 17 15.708 652.93

2. 340 48.571 3.4 7 5 20 27.835 686.22

3. 300 49.98 3.6 6 5 16.66 24.969 820.67

4. 340 60 3.272 6 5.5 20 37.888 693.03

5. 380 75.6 3.272 5 5.5 21 50.137 444.05

6. 420 103.5 3.272 4 5.5 23.33 63.154 340.62
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slightly at the root and the keyhole so formed is named as
closed keyhole as shown in Fig. 7b. The solidification of the
melt pool in closed keyhole mode forms the T-shaped weld
bead as shown in Fig. 6a–e.

3.3 Influence of heat input on FZ area, HAZ width,
and FZ width

Figure 8a, b shows the influence of heat input on fusion zone
area and fusion zone width (top, middle, and bottom). The
fusion zone area increases linearly with increase in heat input
as shown in Fig. 8a. From Fig. 8b, it has been observed that
the top weld bead width and bottom weld bead width increase
with increase in heat input as the heat energy supplied on the
workpiece surface increases with increase in heat input. The
increasing trend of FZ width with increasing heat input was
also observed by Squillance et al. [33]. The FZ top width is
larger than the FZ mid and FZ bottom for all the laser welding
experiments performed because the molten metal flows more
in the upper portion of the weld pool compared to that in the
lower portion of the weld pool which distorts the keyhole
shape and producing wider top weld bead width and narrower
bottom weld bead width. The effect of heat input on heat-
affected zone width (HAZ top, HAZ mid, and HAZ bottom)

is shown in Fig. 8c. The mechanical properties of the laser-
welded specimens are greatly influenced by the width of HAZ
formed. The HAZ mid and HAZ bottom continuously in-
crease with increase in heat input whereas HAZ top first in-
creases and then becomes constant and again further increases
with increase in heat input.

3.4 Microstructure study of HAZ and fusion zone

The microstructural characterization of the fusion zone, HAZ,
and base metal has been done in the present section. The
microstructure of the base metal Ti6Al4V mainly consists of
white equiaxed intergranularβ-phase and gray equiaxed glob-
ular α-phase as shown in Fig. 9a, b at low and high magnifi-
cation of FESEM image. The intergranular β-phase present in
the base metal is scattered in the matrix of globular α-phase
having different grain dimensions.

The change in the concentration (wt%) of alloying constit-
uents of the basemetal Ti6Al4Vand fusion zone of the welded
specimen is characterized by energy-dispersive spectrometer
(EDS). Figure 10 shows the EDS analysis of base metal and
fusion zone for exp. no. 3.

Laser welding process consists of two steps, i.e., heating
stage and cooling stage. The increase in volume fraction of β-

(a) (b) (c) 

(d) (e) (f) 

Fig. 4 Weld bead appearance of the top surface of the welded joints at varying heat inputs: a 43.71 J/mm, b 48.57, c 49.98 J/mm, d 60 J/mm, e 75.6 J/
mm, and f 103.5 J/mm

Fig. 3 Dimension of tensile
specimen as per ASTM E8
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phase occurs during heating stage and changes into β-phase
completely at 975 °C, and the β-phase remains stable up to
1605 °C (solidus temperature). The phase transformation
takes place from α to β during heating stage and from β to

α/α′ during cooling stage in the HAZ and fusion zone of the
welded joint depending upon the cooling rate [34]. The
change in heat input affects the microstructural phase change
in the fusion zone and HAZ during LBW due to change in

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 6 Optical microstructure of
the weld bead shape at a 43.71 J/
mm, b 48.57, c 49.98 J/mm, d
60 J/mm, e 75.6 J/mm, and f
103.5 J/mm

(a) (b) (c) 

(d) (e) (f) 

Fig. 5 Weld bead appearance of the root side/bottom surface of the welded joints at varying heat inputs: a 43.71 J/mm, b 48.57, c 49.98 J/mm, d 60 J/
mm, e 75.6 J/mm, and f 103.5 J/mm
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cooling rate. The cooling rate becomes faster at low heat input
and it becomes slower at high heat input, and microstructural
features change accordingly. At high heat input, the tempera-
ture of the weld zone and base metal increases, and therefore,
the difference in thermal gradient between the weld zone and
base metal nearby decreases which results decrease in cooling
rate and vice versa occurs at low heat input. The change in

cooling rate promotes the microstructural phase change in the
fusion zone and HAZ. Figure 11 shows the optical microstruc-
ture images of the fusion zone at varying heat inputs (43.71–
103.5 J/mm), taken at magnification × 50. It is observed that
large portion of β-phase is transformed into martensite (α′),
blocky (α), and massive (α), when molten weld pool
quenches at different heat inputs. It is observed that at low
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Fig. 8 Influence of heat input on
a fusion zone area, b fusion zone
width (FZ top, FZ mid, and FZ
bottom), and c HAZ width (HAZ
top, HAZ mid, and HAZ bottom)

(a) (b) 

Fig. 7 Schematic diagram of the types of keyhole modes of penetration. a Open keyhole mode of penetration. b Closed keyhole mode of penetration
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heat input (43.71, 48.57, 49.98 and 60 J/mm), the presence of
martensitic α′ and α grain boundary has been found as shown
in Fig. 11a–d. At low heat input, the cooling rate is high which
promotes the formation of martensitic α′ in bulk amount. The
presence of transformed martensiteα′, massive α, and α grain
boundary has been found at high heat input (75.6 and 103.5 J/
mm) as shown in Fig. 11e, f because the cooling rate decreases
with increase in heat input which promotes the formation of
massive α.

Figure 12a–c shows the FESEM images of fusion zone for
heat input of 43.71, 75.6, and 103.5 J/mm respectively at
magnification of × 1000. It has been observed that α grain
boundary size in the FZ increases with increase in heat input.
The size of the α grain boundary in the FZ at heat input of
43.71 J/mm is smaller compared to that obtained at heat input
of 75.6 and 103.5 J/mm because with increase in heat input,
the energy supplied increases and cooling rate decreases
which recrystallizes the grains forming coarse grains, as
shown in Fig. 12a–c. The presence of massive α, formed
due to transformation of α′, can be clearly seen at high heat
input of 103.5 J/mm as shown in Fig. 12d (FESEM image at
magnification × 2500). Martensitic α′ are needle shaped
which are also visible from Fig. 12d.

Figure 13a–c shows the optical microstructure images of
HAZ for exp. no. 6 (heat input = 103.5 J/mm) at various loca-
tions, namely, HAZ near fusion zone, middle of HAZ, and
HAZ near the base metal, respectively. Different temperature
gradients are imposed in HAZ region starting from HAZ near
fusion zone to HAZ near BM during laser welding which
results change in microstructural features in HAZ region.
During laser welding, faster cooling rate and high peak tem-
perature regions near HAZ are favorable for the phase trans-
formation ofα toβ andβ toα′which results in disappearance
of prior α-phase and formation of bulk amount of martensite
α′. In the region far away from HAZ, i.e., near the base metal,
partial transformation ofα to other phases takes place because
this region near to base metal is exposed to low temperature
comparatively. Martensitic α′ and blocky α have been ob-
served in the HAZ regions adjacent to FZ and middle of the
HAZ as shown in Fig. 13a, b respectively. Blocky α, original
β grains, and few martensitic α′ have been observed in the
HAZ region adjacent to base metal as shown in Fig. 13c
whereas equiaxed α and intergranular β grains have been
observed in the parent metal as shown in Fig. 13d.

Figure 14 shows the FESEM images at × 2500 magnifica-
tion, showing microstructures of HAZ at various heat inputs
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equiaxed β(white)
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Fig. 9 Microstructure of the base metal. a FESEM image at × 2500 magnification. b FESEM image at × 5000 magnification

Fig. 10 EDS results of Ti6Al4V. a Base metal. b Fusion zone
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(43.71, 75.6, and 103.5 J/mm). Equiaxed α, granular β, and
martensitic α′ are observed at low heat input of 43.71 J/mm
whereas needle-shaped (acicular α′) prior β grains are seen at
high heat input of 75.6 J/mm as shown in Fig. 14a, b respec-
tively because of the difference of the cooling rate at low and

high heat input. Figure 14c shows the coarser acicular α′
grains in the HAZ region comparatively.

The microstructural characterization of the laser-welded
joints has also been done using high-resolution transmission
electron microscope (TEM: model JEM-2100F). The TEM
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Fig. 13 Optical microstructure
images for exp. no. 6. aHAZ near
fusion zone. b Middle of HAZ. c
HAZ near BM. d BM
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Fig. 14 FESEM images at × 2500
magnification, showing
microstructures of HAZ at
varying heat inputs: a heat
input = 43.714 J/mm; b heat
input = 75.6 J/mm; c heat input =
103.5 J/mm
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parameters considered for the current study are as follows:
200 kV voltage, 95μA dark current, 131μA emission current,
and 105.3 pA/cm2 current density. For preparing TEM sam-
ples, firstly, 0.25-mm-thick specimens were extracted from
the cross section of the welded joints. Then, the specimens
were ground to 20-μm wafers and 3-mm-diameter circular
TEM samples were punched from the cross sections and fur-
ther ion milling was done using precision ion polishing sys-
tem. The presence of lamellar structures has been found in the
fusion zone of the laser-welded specimens as shown in
Fig. 15. The parallel arrangement of acicular martensite α′
grains and β grains was observed in the fusion zone as shown
in Fig. 15a, b at heat input of 49.98 and 103.5 J/mm, respec-
tively. The β grains were sandwiched between the martensite

α′ grains. Coarser α′ grains were observed at high heat input
of 103.5 J/mm compared to α′ grains at low heat input of
49.98 J/mm as shown in Fig. 15a, b.

3.5 Influence of heat input on pore formation in laser
welds of Ti6Al4V

The formation of pores is a severe weld defect, during laser
welding of Ti6Al4V as it degrades the mechanical properties
of welded joints. Fusion welding of titanium alloys is prone to
pore formation as reported by Huang et al. [35]. There are
many possible reasons for the formation of pores during laser
welding such as atmospheric gas entrapment, hydrogen gas
emission, unstable keyhole, and vaporization of alloying
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(b)(a)Fig. 15 TEM images of the
fusion zone showing lamellar
structure at a heat input = 49.98 J/
mm and b heat input = 103.5 J/
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Fig. 16 FESEM microstructure
images showing micropores at
varying heat inputs: a heat
input = 43.71 J/mm, b heat
input = 49.98 J/mm, and c heat
input = 75.6 J/mm
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elements having lower boiling point temperature. Figure 16
shows FESEM microstructure images showing micropores
present in fusion zone at heat input of 43.71, 49.98, and
75.6 J/mm (exp. 1, 3, and 5). It has been observed that at
low heat input (48.57, 49.98, and 60 J/mm), the micropores
are present at the upper portion of the fusion zone as shown in
Fig. 6b–d whereas at high heat input, the micropores are pres-
ent in the middle portion of the fusion zone adjacent to HAZ
region as shown in Fig. 6e, f. The size of the micropores also
increases with increase in heat input. The dimensions of the
micropores are 8.672, 16.582, and 34.41 μm at heat input of
43.714, 49.98, and 75.6 J/mm, respectively. As per the quality
acceptance criteria given by European BS EN:4678, micro-
pore diameter should be in the range of 6.28–46.44 μm [36].

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
300

350

400

450

500

550

600

M
ic

ro
h
ar

d
n
es

s(
H

V
)

Distance from weld center (mm)

FZ

HAZ HAZ
BM BM

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
300

350

400

450

500

550

600

M
ic

ro
h
ar

d
n
es

s 
(H

V
)

Distance from weld center (mm) 

FZ

HAZ HAZ

BM BM

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
300

350

400

450

500

550

600

M
ic

ro
h
ar

d
n
es

s 
(H

V
)

Distance from weld center (mm)

FZ

HAZ HAZ

BM BM

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
300

350

400

450

500

550

600

M
ic

ro
h
ar

d
n
es

s 
(H

V
)

Distnace from the weld centre (mm)

FZ

HAZ HAZ

BM BM

(a) (b)

(c) (d)

(e) (f)

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
300

350

400

450

500

550

600

M
ic

ro
h
ar

d
n
es

s 
(H

V
)

Distnace from the weld centre (mm)

FZ

HAZ HAZ

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
300

350

400

450

500

550

600

M
ic

ro
h

ar
d

n
es

s(
H

V
)

Distance from weld center(mm)

FZ

HAZ HAZBM BM

Fig. 17 Microhardness
distribution profile along the
transverse section of the laser-
welded joints for various heat
inputs: a 43.71 J/mm, b 48.57 J/
mm, c 49.98 J/mm, d 60 J/mm, e
75.6 J/mm, and f 103 J/mm

40 50 60 70 80 90 100 110
420

440

460

480

500

520

Avearge microhardness

A
v
er

ag
e 

M
ic

ro
h

ar
d

n
es

s 
o

f 
F

Z
 (

H
V

)

Heat Input(J/mm)

Fig. 18 Average microhardness of fusion zone as a function of heat input

Weld World (2019) 63:673–689 685



3.6 Influence of heat input on mechanical properties
in the laser welds of Ti6Al4V

The influence of heat input on mechanical properties of
Ti6Al4V laser-welded specimens have been studied in this
section. Figure 17 shows the microhardness distribution along
the transverse section of the laser-welded joints at varying heat
inputs (43.71–103.5 J/mm), measured at the middle portion of
the weld cross section. Vickers microhardness of the laser-
welded joint was carried out at 0.98 N load with dwell time
of 20 s on INNOVATEST FALCON 500. The microhardness
of the FZ is more than that of the HAZ and base metal due to
the formation of acicular martensite α′ in the FZ. The micro-
hardness of the parent metal was nearly 335 HV, and for the
FZ, it varies in the range of 436–521 HV. The average micro-
hardness of fusion zone decreases with increase in heat input
as shown in Fig. 18. The average microhardness value de-
creases with increase in heat input because the acicular α′
and prior β grains present in the fusion zone become coarser
with increase in heat input, which was clearly observed from
the FESEM images shown in Fig. 12a–c. It has been observed

that at low heat input, the microhardness distribution across
the HAZ decreases sharply from fusion zone and HAZ inter-
face to base metal zone and HAZ interface where as high heat
input microhardness does not decrease sharply because the
original α- and β-phase of the base metal gets transformed
to acicular α′ phase, which increases the microhardness of
HAZ equivalent to fusion zone and also increases the width
of HAZ as shown in Fig. 17a–e.

Tensile test was done to analyze the ultimate tensile
strength (UTS) and percentage elongation of base metal
Ti6Al4V and laser-welded specimen. Figure 19a shows the
base metal and welded tensile specimens before fracture, pre-
pared as per ASTM E8 standards. The tensile specimens frac-
tured from the weld zone after tensile test as shown in
Fig. 19b. Stress-strain curve of the base metal and the welded
joints at heat input of 49.98, 60, and 75.6 J/mm is shown in
Fig. 20. It has been observed that the tensile strength of the
laser-welded specimens is less than the parent metal due to the
formation of pores in the fusion zone. The stress concentration
increases at pore location during tensile loading and crack
propagation starts from the micropores. The formation of fine
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Fig. 19 a Tensile specimen
before the test and b tensile
specimen after the test
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acicular martensite α′ in the weld bead during LBW decreases
the ductility of the welded joint. It has been observed that the
UTS firstly increases with increase in heat input and becomes
maximum and thereafter decreases as shown in Fig. 21. It has
been also reported in the literature by Gao et al. [17] that the
ductility of the laser-welded joints decreases with increase in
overlapping factor (Of) and the fracture behavior changes
from ductile to quasi-cleavage manner (tending towards brittle
nature).

Figure 22 shows FESEM images of tensile fractured sur-
face at × 1500 magnification for base metal and welded joints
at various heat input values (43.71, 49.98, and 75.6 J/mm).
The fracture surface contains uniform and fine dimples with
necking tip in the base metal Ti6Al4V as shown in Fig. 22a
indicating the ductile fracture behavior. Brittle fracture surface

was observed in the welded joint performed at low heat input
(43.71 J/mm) and high heat input (73.5 J/mm) as shown in
Fig. 22b, d because at very low heat input (43.71), energy
supplied is not sufficient whereas at very high heat input
(73.5–103.5 J/mm), the pore size increases which increases
the stress concentration and decreases the ductility as well as
strength. Figure 22c shows the ductile fracture surface of the
welded specimen at heat input of 49.98 J/mm with the pres-
ence of uniform dimples, and few microvoids were also pres-
ent in the fracture surface. The ductile fracture of the welded
specimen at heat input of 49.98 J/mm has also been observed
from stress-strain curve shown in Fig. 20. UTS of the welded
joint for exp. no. 3 is less than the parent base metal due to the
presence of microvoids. The fracture of the welded joint is
brittle at high heat input due to the presence of large size of

(a) (b) 

(c) (d) 

uniform dimples 

Micro void 

Fig. 22 FESEM images of
fractured surface at × 1500
magnification of a base metal, b
exp. no. 1 heat input = 43.71, c
exp. no. 3 heat input = 49.98 J/
mm, and d 75.6 J/mm
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micropores and coarser prior β grains in the fusion zone
which increases the stress concentration. Figure 23a, b shows
the UTS and elongation (%) of the parent metal and welded
joints. The tensile strength and elongation (%) for exp. no. 3
are maximum compared to all the welded joints but less than
the parent metal due to the presence of small-sized
micropores.

3.7 XRD analysis

X-ray diffraction (XRD) investigation of the base metal
Ti6Al4V and welded sample for exp. no. 3 has been per-
formed in this section to study the crystallographic structure
at various positions (2θ°). The XRD pattern peaks of the as-
received base metal Ti6Al4Vand welded specimen are shown
in Fig. 24a, b, respectively, measured in the range of 30 to 85°.
As shown in Fig. 24a, XRD spectrum pattern peaks for base
metal Ti6Al4V show the presence ofα-phase characterized by
hkl values containing (100), (002), (101), (102), (110), (103),
and (112) reflections matched with reference data available.

Base metal Ti6Al4V also contains β-phase characterized by
hkl values containing (110) and (200). XRD spectrum pattern
contains both α-phase (hcp) and β- phase (bcc) at heat input
of 49.98 J/mm in the welded specimen. It has been observed
that the XRD pattern peaks of the weld zone are dominated by
α-phase (hcp) spectrum peaks and few bcc spectrum peaks
because the transformation of α-β-phase occurs during
heating process in laser welding.

4 Conclusion

In the present investigation, pulsed Nd:YAG laser welding of
titanium alloy (Ti6Al4V) of 1.4 mm thickness has been car-
ried out at different laser process parameters in butt joint con-
figuration. The influence of heat input on weld surface mor-
phology, weld bead shape, FZ width, HAZ width, FZ area,
microstructure, and mechanical properties has been studied.
Based on the experimental work performed, the following
observation can be concluded:

& The shape of the weld bead profile is T-shaped at low heat
input (43.71, 48.57, 49.98, 60, and 75.6 J/mm) and be-
comes approximately X-shaped at high heat input
(103.5 J/mm).

& Fusion zone area, fusion zone width, and HAZ width in-
crease with increase in heat input.

& The average microhardness of the fusion zone decreases
with increase in heat input, and the microhardness of the
fusion zone is greater than that of the HAZ and base metal
due to the formation of α′ martensite in the fusion zone.

& Tensile strength firstly increases with increase in heat in-
put and attains maximum value of 820.67 MPa at heat
input of 49.98 J/mm and decreases further with increase
in heat input beyond 49.98 J/mm as micropore size in-
creases with increase in heat input which results high
stress concentration in the FZ.

& At low heat input (43.71, 48.57, 49.98, and 60 J/mm), the
presence of martensitic α′ and α grain boundary has been
observed whereas at high heat input (75.6 and 103.5 J/
mm), the presence of transformed martensite α′, massive
α, and α grain boundary has been found due to the differ-
ence in cooling rate at low and high heat input.

& The size of the micropores also increases with increase in
heat input. The dimensions of the micropores present in
the FZ are 8.672, 16.582, and 34.41 μm at heat input of
43.714, 49.98, and 75.6 J/mm, respectively.

Funding information The present research work was supported by
Central Mechanical Engineering Research Institute (CMERI) Durgapur,
India, and funded by the National Institute of Technology Patna, India.
Many of the testing facilities have been carried out at IIT Kharagpur and
IIT Kanpur.

(a) 

(b) 

Fig. 24 XRD spectrum pattern peaks for a base metal Ti6Al4V and b
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