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Abstract: 3 mm-thick Ti—-6Al-4V alloy plates were welded in butt joint configuration through autogenous TIG welding
method using a trailing gas shielding arrangement. After attaining full penetrated weld joint with appropriate heat input,
subsequent experiments were conducted by reducing the heat input, which was obtained through combination of higher
welding current and scan speed. An in-depth microstructural analysis of the weld joint executed under different heat
input conditions shows a strong correlation with the microhardness, tensile strength, and flexural strength of the weld
joint. A significant improvement in the mechanical properties of the weld joint was perceived for employing lower heat
input. Alteration in the primary-a, primary-f, and martensite-a phases, due to the variation in heat input, amended the
mechanical properties of the weld joint under lower heat input condition. With the reduction of heat input from 0.406 to
0.232 kJ/mm, the tensile and flexural strengths of the weld joint increased from 1020 to 1070 MPa, and from 1015 to
1950 MPa, respectively. The tensile strength of the joint reached up to 98% of the base material at minimum heat input
(0.232 kJ/mm). The experimental results show the potential of TIG welding for joining Ti—6Al—4V alloy under low heat
input condition.
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concerns associated with these welding processes.
PANDEY et al [5] showed that simplicity, cost-
effectiveness, and potential to produce good quality

1 Introduction

Ti—6Al-4V alloy encounters a wide range of
industrial applications due to its high specific
strength, low density, and excellent corrosion
resistance [1,2]. It needs an enduring joining
method that enables to provide an excellent
joint efficiency with minimum energy expenses.
AKMAN et al [3] and WANG and WU [4] showed
that Ti—6Al-4V alloy is usually welded by the
advanced welding methods like laser beam welding
(LBW) and electron beam welding (EBW), which
exhibits outstanding mechanical characteristics
without obviously affecting the bulk characteristic
of the material. Nevertheless, high equipment
cost, technological complexities, and difficulties in
controlling the welding conditions are the crucial

joint endorse the TIG welding as an effective and
efficient joining method for a wide range of
materials.

CAO and JAHAZI [6] showed that titanium
and its alloys have an affinity towards the reaction
with atmospheric gases at elevated temperatures,
which augmented its welding complexity during
fusion welding methods. According to LEYENS
and PETERS [7], above 450 °C, by absorbing
oxygen, nitrogen, and hydrogen from the
atmosphere, Ti-based alloy produces brittle phases
that reduce the welding strength substantially.
Hence, shielding of weld melt pool during and after
the welding becomes indispensable for titanium
alloy joining. In this regard, LISIECKI [8] proposed
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a multi-nozzle shielding system to protect the weld
melt pool during the laser welding of Ti—6Al-4V
alloy. In separate work, KARPAGARAIJ et al [9]
recommended a trailing shielding arrangement,
which locally shielded the weld melt pool during
and after the TIG arc scanning.

Further, KUMAR and SHAHI [10] recognized
current and scan speed as the most significant
parameters that define the energy density employed
during the TIG welding. It was also reported that
the scan speed led to the shape of the molten pool,
and the welding current influenced the size of the
weld bead [11]. KARPAGARAJ et al [9] showed
that suitable welding current and scan speed
combination produced appropriate bead geometry,
which exhibited weld strength superior to the
strength of commercial pure (CP) titanium.

A recent study by LIU et al [12] has revealed
that minimum heat input obtained through
combination of a high current and high scan speed
is favorable for the economical production of a
defect-free weld joint. It was reported that the weld
bead geometry, microstructure, and mechanical
properties of the TIG-welded joints are strongly
dependent on the heat input, which is controlled by
the combination of welding current, scan speed, and
arc voltage [13]. KUMAR and SHAHI [10] showed
that due to the formation of smaller dendrite and
smaller inter-dendritic spacing in the fusion zone,
the weld joint obtained at low heat input possessed
better mechanical properties than those obtained at
higher heat input. It was also suggested that higher
welding current and lower speed combination
exhibited better weld quality in terms of penetration
depth and tensile strength [9]. BOCCARUSSO
et al [14] reported that for reducing the specific heat
input, the weld bead width reduced expressively
compared to the penetration depth, which resulted
in a higher weld aspect ratio and eventually higher
welding strength.

Although the effects of welding parameters,
i.e., processing current (for TIG welding), beam
power (for LBW), and scan speed were studied on
the weld joint quality for wvarious advanced
materials, in very limited works, similar analysis
was conducted for Ti—6Al—4V alloy. In the present
work, 3 mm-thick Ti—6Al-4V alloy plates were
TIG-welded in butt joint configuration with the
support of a trailing shielding gas arrangement. The
weld bead geometry, macro-, and micro-structures

of the fusion zone (FZ) and heat-affected zone
(HAZ) for the welding current variation were
evaluated. An appropriate welding current for full
penetration welding was identified. After obtaining
a full penetration welding with adequate strength,
additional experiments were performed by reducing
the heat input, which was attained by increasing the
welding current and scan speed simultaneously.
Detailed microstructural analysis and assessment
of mechanical performance, i.e., microhardness,
tensile strength, and flexural strength of the weld
joint, were carried out, and the effect of heat input
was evaluated.

2 Experimental

For the present investigation, 3 mm-thick
Ti—6Al—4V plates with dimensions 50 mm x 75 mm
were used as work-piece. The faying surfaces of the
plates were cleaned by polishing them with abrasive
paper and acetone to remove any pre-existing
oxide layer and other contaminations. A TIG welding
machine (Fronius MV 2200) equipped with a semi-
automated moving unit was used to perform the
single-pass autogenous butt joint. To protect the
weld melt pool during and after the TIG arc
scanning, argon gas was supplied through a
secondary trailing shielding nozzle and a fixed
bottom shielding arrangement with a flow rate of
20 L/min as illustrated in Fig. 1. A 2.4 mm diameter
tungsten electrode was used, and 3 mm gap
between the workpiece and the electrode tip was
maintained for the entire set of experiments. The
appropriate measure was taken for the alignment of
the plates to attain uniform welding. Before actual
experiments, trial experiments of butt welding were
carried out by varying the welding current and scan
speed, and a suitable heat input condition for full
penetration welding was identified. Based on the
results, experiments were performed by increasing
the welding speed and current simultaneously, so
that the employed heat input followed a reducing
trend. The detailed experimental conditions are
presented in Table 1. A standard heat input equation
(H=nVl/s, H is heat input per unit length, and V, I, s,
and # are voltage, current, scan speed, and TIG
welding efficiency, respectively) for TIG welding,
which was reported by MRIDHA and RAKER [15]
and many other research groups, was considered
to assess the heat input. As suggested by various
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TIG torch | Ti-6Al-4V
\alloy plates
| Bottom shielding
arrangement

Trailing shielding
arrangement
Argon gas inlet

X ] —"" Work holding
Welding direction fixture

Fig. 1 Schematic diagram of TIG welding setup with
trailing secondary shielding and bottom shielding
arrangement

Table 1 TIG welding conditions at different heat inputs

Speed/ Average  Heat input/

No. Current/A (mrr)n-s“) Voltageg/V (kJ-mnlf-l)
1 150 2.3 13 0.406
2 175 3.5 13 0.312
3 200 4.7 13 0.265
4 220 5.9 13 0.232

researchers [15,16], the TIG welding efficiency for
the present investigation was considered to be 48%.

After performing the welding, the samples of
specific dimensions were sectioned from the
welded plates. The specimens were then polished
through the standard metallographic procedure and
etched with Kroll’s reagent (HF: 3 mL, HNOs:
2 mL, and distilled water: 95 mL) to expose the
weld bead and its microstructure. The weld bead
dimensions and morphology of the FZ, HAZ, and
unaffected base material (BM) were identified
from the optical microscopy images and analyzed
through Image analysis software. Besides, the
microhardness across the weld bead (at 0.5 mm
depth from the top surface) covering the FZ, HAZ,
and unaffected BM was measured using a Vickers
microhardness tester with 200 g load and 10s
indentation time. The hardness value was measured
along the entire weld bead by maintaining 0.5 mm
spacing between the successive indentations.

For the assessment of tensile strength, the
specimens were cut from the welded plates as per
ASTM E—S8 standard, according to the dimensions
illustrated in Fig. 2. The transverse tensile strength
for the welded samples and the base material was
measured at room temperature, using a computer-
controlled wuniversal testing machine with a
cross-head speed (strain rate) of 0.5 mm/min. The

fractured surfaces of the tensile specimens were
analyzed through a scanning electron microscope.
The flexural strength of the weld joint was
measured through a three-point bend test setup
attached to the same universal testing machine. The
bend test specimens (150 mm X 20 mm x 3 mm)
were prepared as per [S:1599—1985 standard, and
the bend test was performed with a cross-head
speed of 0.5 mm/min, by keeping the weld-face
under tension and weld-root under compression.
The schematic representation of the bend test
arrangement is shown in Fig. 3. The test was
continued till 30 mm downward displacement of the
bending punch or the failure of the test specimen,
whichever is earlier.

150

Fig. 2 Schematic diagram of tensile test specimen as per
ASTM E—8 standard (Unit: mm)

Bending punch
(d12.5 mm)

Weld face
Span length (100 mm)

Supporting rollers

Fig. 3 Schematic representation of bend test arrangement
3 Results and discussion

From the analysis of the trial experiment, it
was revealed that for 150 A current and 2.3 mm/s
scan speed, a full penetration welding with
adequate strength was achieved. The heat input per
unit length under this condition was calculated to be
0.406 kJ/mm. Further, the experiment of KUMAR
and SHAHI [10] showed that relatively low heat
input by maintaining a higher welding current
enhanced the quality of the welding by improving
its strength. Accordingly, experiments were performed
by reducing the heat input, which was obtained
by increasing the welding current and speed
simultaneously, as shown in detail in the
experimental procedure.
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3.1 Weld bead geometry

The cross-sectional images of the weld joints
under different heat input conditions are illustrated
in Fig. 4(a), from which the weld penetration depth,
FZ, HAZ, and unaffected BM were identified. The
images revealed the formation of full penetrated
(3 mm) welding under all different heat input
conditions, except for 0.312 kJ/mm. The weld melt
pool width, HAZ width, and the weld aspect ratio
were plotted against the employed heat input and
depicted in Figs. 4(b—d), respectively. It was
evident that the weld melt pool width and HAZ
width were increased almost steadily with the
increase of heat input; whereas, the weld aspect
ratio was reduced gradually.

In the present experiments, lower heat input
was obtained with a high current and high scan
speed combination. It was reported that with the
increase of welding current, the arc force increased
gradually, which enhanced the weld penetration
depth more prominently as compared to the melt
pool width [17]. Furthermore, the increase in
scan speed narrowed down the weld melt pool
width, and with the increase in welding current,
the melting depth increased considerably [11].

0.232 kJ/mm

Henceforth, it is expected that with the reduction of
heat input (by increasing scan speed and welding
current simultaneously), the weld bead width will
also decrease. In the present case, after considering
a full penetration welding (3 mm), with the
reduction of heat input, the weld aspect ratio
increased due to the reduction of melt pool width.
The reduction of heat input by increasing the
welding speed further caused lower arc-metal
interaction and consequently reduced the melt pool
width. A similar observation was also reported by
BOCCARUSSO et al [14] for laser welding of
3 mm-thick Ti—6Al—4V alloy.

3.2 Microstructure

Figures 5(a, b) depict the microstructures of
the unaffected BM interface and the FZ of the
welded joint produced at 0.406 kJ/mm heat input
(marked 1 and 2 in Fig. 4(a)), respectively. The
images show that the unaffected BM consists of the
equiaxed a phase (white shaded) and intergranular f
phase (dark shaded), distributed along the boundaries
of a phases; whereas, the HAZ consists of primary-
a, primary-£3, and acicular-o phases. On the contrary,
the FZ (Fig. 5(b)) was characterized by relatively
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Fig. 4 Cross-section morphologies of weld bead under different heat inputs (a), and effect of heat input on weld melt
pool width (b), HAZ width (c) and weld aspect ratio (d) for TIG-welded Ti—6Al-4V alloy
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- g-phase

Fig. 5 Microstructures of BM (inset) and HAZ (a), and
FZ (b) of weld joint at heat input of 0.406 kJ/mm

large size grains consisting of Widmanstitten o
colony separated by prior £ boundaries.
According to the research results in Ref. [6],

the morphology appeared in the HAZ corresponds
to the structure of Ti—6Al—4V alloy obtained due to
quenching occurring below f-transus temperature
(about 985 °C). Further, the evolved microstructure
in the FZ was mainly obtained due to the
diffusional transformation of f to acicular-a
at or above p-transus temperature during the
solidification of the molten Ti—6Al1—4V alloy [18].
DING et al [19] showed that during TIG welding of
Ti—6Al-4V alloy, unlike the FZ, in the HAZ, a and
p phases were not transformed completely to high-
temperature f phase. It was also reported that the
initial o phase and a fraction of f phase remained
unaffected below the f-transus temperature. During
solidification, rapid cooling allowed a small portion
of B phase to transform into martensitic o phase.
Hence, a mixed mode of transformation occurred,
and a mixed type structure was obtained in the
HAZ.

3.3 Grain size

From the magnified images of the weldment
under different heat input conditions, as shown in
Fig. 6, the individual grain size was measured using
image analysis software. The grain size distribution
in the FZ under different heat input conditions is
illustrated in Fig. 7. The plots show an almost normal

Fig. 6 Representative images of grain structure in FZ of weld joint obtained at heat inputs of 0.406 kJ/mm (a),

0.312 kJ/mm (b), 0.265 kJ/mm (c), and 0.232 kJ/mm (d)
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Fig. 7 Grain size distribution in FZ of weld joint obtained under different heat input conditions: (a) 0.232 kJ/mm;

(b) 0.265 kJ/mm; (c) 0.312 kJ/mm; (d) 0.406 kJ/mm

distribution in the grain size under all different heat
input conditions. The comparison of the plots also
revealed the presence of a higher number of
larger-sized grains in the FZ at higher heat input
state; whereas, under lower heat input conditions,
the smaller size grains were more in the count.
Figure 8 shows the variation of average grain
size in the FZ and HAZ under different heat input
conditions. The average grain size in the FZ was in
the range of 460—510 pm; whereas, in the HAZ that
was in the range of 100—150 pum. The significant
variation in the grain size between FZ and HAZ
was attributed to the variation in the thermal cycle
experienced by the weld melt pool. During TIG
welding, the FZ temperature reached the melting
temperature of Ti—6Al—4V alloy; whereas, the HAZ
experienced f-transus temperature of the material.
Furthermore, the low thermal conductivity of
Ti—6Al-4V alloy retained the heat in the weld
melt pool for an extended period. Accordingly,
slower cooling happened in the melt pool region
and yielded relatively coarse grains. In contrast, a
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Fig. 8 Variation of average grain size in FZ and HAZ

under different heat input conditions

0.232 0.406

steep temperature gradient as experienced by the
HAZ led to the formation of more refined grains.
Figure 8 also indicated a reduction in the
average grain size both in FZ and HAZ for the
reduced heat input. The average grain size declined
from 510 to 460 um in the FZ, and from 160 to
100 um in the HAZ for the reduction of heat input



3718 Kamlesh KUMAR, Manoj MASANTA/Trans. Nonferrous Met. Soc. China 33(2023) 3712—-3724

from 0.406 to 0.232 kJ/mm. It is expected that due
to the induction of a large amount of heat and
subsequent melting of a larger volume of the
material, the cooling rate of the melt pool declined
substantially and consequently yielded larger size
grains. However, under lower heat input conditions,
a faster cooling experienced by the weld melt pool
led to smaller size grains.

3.4 Phase analysis results

The XRD patterns of the as-received
Ti—6Al-4V alloy and the FZ of the weld joints
under different heat input conditions are depicted in
Fig. 9. The patterns show that for the BM, a-Ti
peaks are present at 26 values of 41.17°, 44.93°,
47.13°, 62.58°, 75.07°, 84.62°, and 92.06°
corresponding to (1010), (0002), (1011), (1012),
(1120), (1013), and (1122) crystallographic planes,
respectively; while, f-Ti peak appears at 26 value
of 44.938°, corresponding to (1120) plane. A
semi-quantitative analysis performed based on the
relative peak intensity of a-Ti and f-Ti phases
as represented in Table2 shows the contents
of different phases under different heat input
conditions. The data show the presence of 78.14 wt.%
o-Ti and 21.86 wt.% of p-Ti phase in the
as-received Ti—6Al—-4V alloy, which is equivalent
to the commercial Ti—6Al-4V alloy. On the
contrary, the fraction of the f-Ti phase decreased
noticeably in the FZ of the weldment under all
different heat input conditions. The values also
depicted that the percentage of a-Ti phase increased
with the increase of the heat input. The a phase

.I ® — a-T@
. *—p-Ti
. A — AlTi,
L 0.232 kJ/mm
®
*w\«‘/ WWI%M WA i mavinaed
O ! 0.265 kI/mm
MMM\J LU, 1‘ ,‘_Amﬁ_./! PR WO Ll NSRRI
‘ |
‘ Jl M(Z}i 2 kJ/mm
‘ I 0.406 kJ/mm
MWMM LTP— AN VW
} \ BM
30 40 70 80 90 100 110

200(°)

Fig. 9 XRD patterns of TIG-welded
Ti—6Al—4V alloy under different heat input conditions

surface of

along with as-received BM

Table 2 Contents of o and S phases under different
welding heat input conditions

Heat input/ Content/wt.%
(kJ-min™") a phase S phase
BM 78.41 21.58
0.406 84.07 15.93
0.312 83.91 16.09
0.265 83.01 16.99
0.232 81.89 18.11

enhancement in the FZ is predominantly attributed
to partial transformation of  phase to martensitic o
phase during the solidification of the weld melt
pool. In addition to a-Ti and S-Ti phases, low-
intensity AlTi; peak was also observed. However,
due to the negligible proportion, phases were not
considered in the quantitative analysis.

3.5 Microhardness

Microhardness values of the weld joint under
different heat input conditions were measured on
the lateral section and plotted against the distance
from the weld bead centerline as depicted in Fig. 10.
Figure 10 exhibited a reasonably higher hardness
value in FZ as compared to that of the BM.
Depending on heat input, the FZ hardness was
recorded between HVy, 325 to HV,360; whereas,
the hardness value in the BM was found HV,,300—
HV2310. The enhanced hardness value in the FZ
was predominantly due to the microstructural
alteration that occurred during the melting and
subsequent solidification of the weld pool [20]. As
described in the microstructural analysis, the
weld metal is composed of a+f phase, martensitic
o (needle-type structure), and retaining S with
basketweave structure. The formation of martensitic
o in the FZ of the Ti—6Al-4V alloy is responsible
for the high hardness value [6,21]. The plot
indicated that the hardness variation in the FZ at
heat inputs of 0.232, 0.265, and 0.312 kJ/mm
is from HVo,325 to HV,.340. However, at
0.406 kJ/mm heat input, the FZ hardness was
stretched up to HV,2 360, which is sensibly higher
as compared to that under lower heat input
conditions. As the grain sizes of the FZ marginally
increased under higher heat input conditions,
it is expected that the formation of significant
proportion of a- and martensitic o phases enhanced
the hardness value of the weldment. As reported
by LIU et al [22] and WAN et al [23], the hardness
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Fig. 10 Variation of microhardness in weld melt pool for
weld joint under different heat input conditions

values of a- or a martensitic phases are relatively
high as compared to that of the § phase. As evident
from the XRD analysis, the proportion of « phase in
the FZ increased with the increase of heat input,
and consequently, an improved hardness value was
recorded. Nevertheless, no significant variation in
the hardness value was recorded in the HAZ as
compared to that in the FZ. As the HAZ is much
narrower as compared to the FZ, and the hardness
value was measured at an interval of 0.5 mm, it was
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difficult to identify the exact hardness value of the
HAZ, and a sharp fall in the hardness value was
observed near the HAZ—BM interface.

3.6 Tensile test results

Figure 11(a) illustrates the images of
post-tensile-test TIG-welded Ti—6Al-4V alloy
specimens under different heat input conditions.
Visual analysis of the specimens showed that under
all different heat input conditions, fracture occurred
in the FZ only. As discussed in the microstructural
analysis,
o-martensite phase made the FZ more brittle, and
the strength of the weldment was also reduced
significantly as compared to that of the base
material. Henceforth, during tensile test, the failure
of the weld joint occurred in the FZ. Similar
observation was also reported by WAN et al [23],
where the failure of 78 mm-thick TIG-welded
Ti—6Al-4V plate happened in the FZ. The
load—extension plot and stress—strain plot as
recorded during the tensile test for the TIG-welded
and the BM specimens are represented in
Fig. 11(b, c), respectively. The plot exhibited
reasonably lower extension for the weld joints
as compared to the BM. The stress—strain plot as

the formation of large amount of

0 1 23 456 7 8 910
Extension/mm
1200 (d) 22 Tensile strength 19
1100 -= Extension 13
17
1000 g
16 g
900 1s 2
5
800 14 %
m
700 13
12
600

0.232 0 265 0. 312 0. 406
Heat input/(kJ-mm™T)

Fig. 11 Weld joint specimens after tensile test (a), load—extension plot (b), stress—strain plot (c), and strength and

extension (d) during tensile test of weld joint specimens under different heat input conditions
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illustrated in Fig. 11(c) shows that failure of the
welded specimen initiated before reaching the
ultimate tensile strength (UTS) value of the
as-received Ti—6Al—4V alloy, and the stress value
plunged suddenly without any plastic deformation.
This phenomenon of the stress—strain curve is
mainly witnessed in brittle materials. As evident
from the microstructure and XRD analysis, the
o-martensitic phase in the FZ was reasonably high,
which led to strain hardening in the FZ and
enhanced the brittleness of the weldment [24].

The tensile strength and the maximum
extension of the welded specimens as plotted in
Fig. 11(d) indicated that the ultimate tensile
strength values of the weld joints produced under
different heat inputs (except for 0.312 kJ/mm) are
almost equivalent to that of the BM. It was also
evident that the tensile strength of the weld joint
was reduced marginally with increasing the heat
input (except for heat input of 0.312 kJ/mm). For
the as-received Ti—6Al-4V alloy,
strength value was recorded as 1140 MPa; whereas,
for the weld joints, the tensile strength values
changed between 1020 to 1070 MPa (except for the
sample with 0.312 kJ/mm heat input, where the
value was recorded as 850 MPa). Hence, it may be
concluded that the tensile strength values for the
TIG-welded Ti—6Al-4V alloy plates are almost
equivalent (90%—98%) to those of the BM.

The extensions at failure for the as-received
Ti—6Al-4V alloy and the weld joints produced
under different heat input conditions (0.232, 0.265,
0.312, and 0.406 kJ/mm) were recorded as 8.73,
3.73, 3.52, 226 and 3.12mm, respectively.
Similarly, the percentage of elongations were found
to be 14.0%, 3.9%, 3.7%, 2.4%, and 3.3%,
respectively. These data revealed a steep reduction
in the ductility of the weld joints as compared to the
BM. The percentages of elongations of the welded
specimens under different heat input conditions are
significantly lower compared to that of the BM due
to the post welding microstructure alteration. As
discussed in the microstructure analysis, the weld
zone consists of acicular-a, martensitic a phases
and Widmanstitten a colony separated by prior f
boundaries. Martensitic o is a hard and brittle
phase, which reduced the ductility of the material.
Accordingly, the percentage of elongations of the
welded specimens was reduced significantly.
However, the data also indicated that with the

the tensile

increase in heat input, the extension of the
weldment during failure was reduced gradually.
Hence, it can be concluded that the ductility of the
weld joint was improved for the reduction of heat
input employed during the TIG welding of
Ti—6Al-4V alloy. The extension of the test
specimen during the tensile test largely depends
on the weld joint microstructure. Owing to the
formation of a martensitic structure, the ductility of
the weld joint was reduced drastically, which
resulted in lower extensions of the welded
specimens as compared to the BM. KUMAR and
SHAHI [10] showed that lower heat input during
the TIG welding of AISI 304 steel produced fine
grain microstructure and consequently enhanced the
ductility of the weld joint. In the present case, lower
grain size was also observed in the weldment for
reducing the heat input.

3.7 Fractograph of tensile test specimen

To comprehend the fracture mechanism and
mechanical properties of the weld joint, the
fractured surfaces of the tensile test specimens were
examined through optical and scanning electron
microscopy. Figure 12 illustrates the OM images of
the fractured surfaces for as-received Ti—6Al-4V
alloy and the weld joints with the heat inputs
of 0.232 and 0.406 kJ/mm, respectively. Here,
maximum and minimum heat input conditions were
considered to analyze the effect of heat input more
accurately. From the images, necking was observed
for the as-received Ti—6Al—4V alloy, which is the
characteristic of a ductile material. However, no
specific necking was witnessed for the weld joints.
The formation of martensite structure in the
weldment and consequent reduction in the ductility
of the weld joint led to the failure of the weld
specimen without appreciable necking.

From the SEM images as depicted in Fig. 13,
an appreciable difference in the fractured
morphology can be observed for the as-received
Ti—6Al-4V alloy and the weld specimens. The
images (Figs. 13(a, b)) revealed that the fractured
surface of the as-received BM was of dimple-
shaped feature in combination with a homogeneous
flat faceted structure and river line pattern. Due to
the ductile nature of the BM, the specimen got
elongated and experienced plastic deformation
before the failure. As suggested by YANG et al [25],
these features are primarily obtained owing to the
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(a) (b)
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Fig. 12 OM images showing fractured surfaces of tensile specimens: (a) BM; (b, ¢) Weld joints with heat inputs of

0.232 kJ/mm and 0.406 kJ/mm, respectively

ductile failure of the material. On the contrary, the
images (Figs. 13(c) and (e)) of the fractured surface
of the weld joint showed the presence of cleavage
steps, tongue, and feather-like patterns at the failure
location. These cleavage steps, tongue, and feather-
like patterns were predominantly obtained during
the brittle failure of the weld joint. The magnified

Elongated St

dimples k;\ —_—-
|t

Fig. 13 SEM images showing fractured morphologies of tensile specimens: (a, b) BM; (c, d) Weld jO]Ilt at heat input of
0.232 kJ/mm; (e, f) Weld joint with heat input of 0.406 kJ/mm

images of the fractured surfaces of the weld joints,
as illustrated in Figs. 13(d) and (f), also showed the
formation of dimple patterns, which were elongated
in shape with cleavage facets. The fractured surface
of the weld joint at higher heat input (0.406 kJ/mm)
exhibited larger population of non-uniform
elongated dimples along with tear ridges on its
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surface. However, elongated dimples are nearly
uniform, and tear ridges are almost absent on the
fractured surface of the weld joint for lower heat
input (0.232 kJ/mm). The material strength and
ductility largely depended on the size and shape of
the dimples that appeared on the fractured surface
during the tensile test [26]. The uniform and smaller
size dimples were characteristic of high strength
and ductile materials. Hence, non-uniform and
elongated or parabolic-shaped dimples on the
fractured surface of the welded specimen with
higher heat input suggested lower ductility than the
weld joint obtained at lower heat input. According
to CAO and JAHAZI [6], the cleavage pattern on
the fractured surface mostly appeared due to the
reduction in ductility of the weld joint. The above
observations indicated a mixed-mode of failure
(both ductile and brittle fracture) in the weld joint
during the tensile test, and the ductility of the weld
joint was reduced with the increase of heat input
during the welding process.

3.8 Bend test results

After the bend test, the bend angles of the test
specimens were measured using a protractor, and
values were correlated with the heat input employed
during the welding process. The results indicated
that for the as-received BM, the recorded bend
angle was approximately 48° whereas for the
welded specimens, lower bend angles, i.e. in the
range of 21°-36°, were noted. For the specimens
with the heat inputs of 0.232, 0.265, 0.312, and
0.406 kJ/mm, the bend angles were recorded as 36°,
32°, 21°, and 29°, respectively. The data indicated
that with the increase of heat input, the bend angle
was reduced almost gradually (except for the
specimen with 0.312 kJ/mm of heat input). A higher
bend angle signifies the formability of the material.
Hence, the analysis revealed superior formability of
the welded specimens for the lower heat input
employed during the welding process. During laser
welding of Ti—6Al-4V alloy, LISIECKI [8] showed
that the bend angle increased from 18° to 37° with
reducing the heat input from 96 to 60 J/mm, and the
brittleness of the weld joint augmented with the
increase in heat input.

Flexural strength is the capacity of a material
to resist deformation under bending or the
maximum bending stress withstood by the material
before yielding. It is also referred to as the bending

strength of the material. The flexural stress—strain
curves and the flexural strength values for the
welded samples under different heat input
conditions and the BM are recorded during the bend
test, as illustrated in Fig. 14. Figure 14(a) showed
that the flexural stress of the weld joint under the
lower heat input condition was higher than that of
the BM, and the value was reduced with the
increase of heat input. The magnitude of flexural
strength, as illustrated in Fig. 14(b), showed that the
strengths of the weld joints with lower heat input
(0.232 and 0.265 kJ/mm) were 1950 and 1630 MPa,
which were approximately 27% and 6% higher
than that of the as-received BM. However, the
flexural strengths for the weld joint with higher heat
inputs (0.312 and 0.406 kJ/mm) were recorded as
945 and 1015 MPa, approximately 39% and 35%
lower than that of the BM, respectively. It can also
be noted that the maximum flexural strain of the
BM was approximately 5.5%. However, the flexural
strain values for the weld joints at the heat inputs
0f 0.232, 0.265, 0.312, and 0.406 kJ/mm were

2100
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Fig. 14 Flexural stress—strain curves (a) and flexural
strength (b) of BM and weld joints under different heat
inputs
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approximately 3%, 2.5%, 1.2%, and 1.8%,
respectively, much lower than that of the BM. The
plot also showed an increasing trend in the flexural
strain values for reducing heat input (except for the
weld joint at 0.312 kJ/mm). GAO et al [27] reported
that the formation of residual S phase became more
prominent during electron beam welding for
employing lower heat input, which consequently
exhibited higher ductility in the weldment as
compared to the higher heat input condition. In the
present case, it was expected that at lower heat
input (combination of higher current and higher
scan speed), due to the smaller size grain formation,
the strength of the weld joint was improved
substantially. On the other side, at higher heat input,
the formation of larger size grains reduced the weld
joint strength considerably. Furthermore, under
higher heat input condition, the formation of larger
percentage of a phase enhanced the brittleness of
the weldment. Thus, the flexural strength of the
weld joint increased for reducing the heat input
during the TIG welding of Ti—6Al-4V alloy.

4 Conclusions

(1) The full penetration weld joint of 3 mm-
thick Ti—6Al—4V alloy plate was obtained at 150 A
current and 2.3 mm/s scan speed, which
corresponded to heat input of 0.406 kJ/mm. By
reducing the heat input (from 0.406 to
0.232 kJ/mm), with increasing the welding current
and scan speed simultaneously, full penetration
welding with superior mechanical properties was
achieved.

(2) The microstructural analysis revealed that
the HAZ was composed of primary-a, primary-g,
and acicular-a phases while the FZ was
characterized by larger size grains consisting of
Widmanstitten o colony separated by prior /S
boundaries. The average grain size both in FZ and
HAZ was reduced with the reduction of heat input
during the welding process.

(3) The tensile strength of the full penetrated
weld joint increased almost gradually with the
reduction of heat input. The maximum tensile
strength was achieved under the lowest heat input
(0.232 kJ/mm) condition, which was 98% of the
BM strength. Post tensile test fracture surface
analysis revealed a mixed-mode of failure (ductile
and brittle fracture) in the weld joint. Due to the

lower ductility of the weld joint under higher heat
input conditions, non-uniform elongated dimple
formation was witnessed.

(4) Compared to that of the BM, the flexural
strength of the weld joint was enhanced by up
to 27% under lower heat input condition
(0.232 kJ/mm). However, at higher heat inputs
(0.312 and 0.406 kJ/mm), the flexural strength was
reduced by almost 39% and 35%, respectively as
compared to that of the BM.
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