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ABSTRACT

The titanium (Ti) and its alloys are taken into interest for commercial purpose due to its low density, high yield
strength and high corrosion resistance properties. The present work deals with microstructural observation and
mechanical property analysis of tungsten inert gas (TIG) welded Ti-6Al-4V alloy joints. For the purpose, two dif-
ferent set of plates were welded at same current and voltage, i.e., 190 A and 24 V, by the TIG welding technique.
A critical analysis of the microstructure and mechanical properties like tensile strength and hardness of the welded
Ti-6Al-4V plates was carried out in this work. It was found that both plates showed different behavior during the
tension test. Plate 1 had 464.54 MPa of tensile stress and it broke at the welded joint. Plate 2 was unaffected at the
welded zone but was broken at the base metal zone. The second plate had tensile strength of 501.83 MPa. Accord-
ing to the hardness test, both the welded plates possessed the highest hardness at the welded zone. However, plate 2
showed approximately 10% higher hardness than that of plate 2. A proper inter-relationship was observed between
the mechanical behavior and microstructural appearance. The microscopic view of the welded joints revealed the
presence of a,  and martensitic-a phases.
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INTRODUCTION

Ti-alloys are widely used for industrial pur-
poses. They exhibit a beneficial combination of
strength, impact toughness, hardness and resis-
tance to corrosion. The main characteristic of the
Ti-alloys is very high strength to density ratio.
Due to their light weight, they are usually ap-
plied in aerospace industries. Besides, Ti-alloys
are also highly suitable for manufacturing vari-
ous products like discs, rings, fasteners, fans, and
various parts of jet engines in the automobile and
chemical industries. Titanium can be used at an
elevated temperature (nearly up to 650°C) with
an ideal level of reliability [1, 2]. Ti-alloys can
be distinguished by their constituents. They can
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be categorized in four ways: (1) pure titanium,
(2) o phase-titanium, (3) o+ phase-titanium,
(4) high B phase-titanium. Pure titanium is gener-
ally not used for engineering purpose, although
it has good weldability. It imparts a very little
amount of O, C, N and Fe. If the pure titanium
is alloyed with aluminum (up to 7%), it converts
into a phase-titanium. Other elements like oxy-
gen, nitrogen and carbon are also added along
with aluminum to form a phase-alloy. When the
elements like vanadium (V), chromium (Cr) and
molybdenum (Mo), called p forming elements,
are added to the o phase-alloy, the mixture be-
comes o+f phase-titanium alloy. If the B forming
elements are added in large amount, weldabil-
ity decreases remarkably. These alloys contain
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B-phase rich Ni-Ti alloys [3]. For majority of
engineering works, the titanium alloy with o+f
phase is preferred [4, 5]. Ti-6Al-4V is the com-
mercially available and is the most widely used
o+f titanium alloy. It is also called grade-5 alloy
[6]. It imparts a beneficial combination of yield
strength, wear resistance, weldability and hard-
ness [7]. The properties of Ti-6Al-4V alloys have
been discussed very well. As these alloys impart
good amount of tensile strength, fatigue strength
and high corrosion resistance, they are highly de-
manded in jet engine structural industry and pet-
rochemical plants [8]. By the virtue of existence
of two different phases i.e. a+f phases, grade-5
alloy has both good amount of ductility and high
hardness. The a-phase can exist up to a tempera-
ture level of 882°C. As soon as the temperature
goes beyond 882°C, the closely packed structure
of a-phase converts into the body centered cubic
structure of B-phase [2]. This phenomenon takes
place in welded titanium plates. The welding of
titanium alloys can be done suitably by using the
TIG welding method. Other techniques which
produce comparatively lesser heat can also be
used, for example: friction welding, electron beam
welding, laser beam welding, diffusion welding,
etc. [9]. In this regard, Short has explained that
laser beam welding (LBM) technique is the best
way to weld titanium alloys, although it is an ex-
pensive method. However, the TIG welding tech-
nique can also be effectively used as an alterna-
tive to LBM [10]. TIG is the best welding method
to join relatively thin plates (up to 9.5 mm thick-
ness) of metals. Many metals that are difficult to
weld through other fusion welding approaches
can be fabricated by TIG. No slag is produced
in this method and therefore the defects like slag
inclusion is eliminated in TIG [11, 12]. Many re-
search works related to titanium welding and its
analysis were already done in the past. Some of
them were discussed here comprehensively.

The TIG welding of Grade-5 Ti-alloy was
performed with the similar metal. The aim was
to reveal the inter-relationship between micro-
structure and mechanical properties after per-
forming welding under two different conditions:
with pulsating current and without pulsating
current. The pulsed current condition critically
enhanced the mechanical properties like hard-
ness and ductility [13]. It was reported by that
the pulsating current affected the toughness of
the T-64 alloy [1]. Bendikiene et al. compared
three different modes of TIG welding applied

to weld pure titanium plates available com-
mercially. These modes are: (1) welding under
the full presence of argon inert gas by using
tracks and shielding tools; (2) pulsed welding
in a short interval; (3) conventional TIG weld-
ing. It was reported that the welding process by
using tracks and shielding tools in presence of
high amount of inert gases was the best way to
weld titanium, as this process was character-
ized by higher stability than others. In addi-
tion, the destructive and non-destructive tests
showed a very good result for the welded joint
done by this method [14]. Chamanfar et al. in-
vestigated the microstructure and mechanical
properties of the laser welded Ti1023 alloy. It
was noticed that the primary o phase converted
into P phase across the welded plate. The fusion
zone showed a complete conversion of a phase
into B phase, whereas the heat affected zone in-
cluded a comparatively lesser amount of a to
B conversion. It was reported that the hardness
of the base metal was greater than the heat af-
fected zone and fusion zone due to possessing
o primary phase in high amount. In addition,
the yield strength and ultimate tensile strength
were found to decrease at the fusion zone [15].
The heat and processing methods highly affect
the microstructure and mechanical properties of
the Ti-alloys. Therefore, they are the key factors
to decide the final properties of the alloy [16,
17]. It was investigated by Min et al. that the
increase in heat input could enhance the width
of heat affected zone. In the case of Mg alloyed
with Ti, the welded zone and heat affected
zones had coarse grains of a-Mg phase [18].
Maawad et al. reported the microstructure and
mechanical properties of the laser beam welded
Ti-alloys [19]. In addition, welding of dissimi-
lar grades of Ti-alloys e.g. Ti-15V-3Cr-3A1-3Sn
with Ti-6AL-4V [20], Ti-alloys with nickel
based alloys [21] and Ti-alloys with 304 grade
stainless steel [22] were also reported in previ-
ous literature. Gao et al. performed the fracture
toughness test on friction stir welded Ti-alloy
joints. The welded joint was found to have al-
most 90% fracture toughness with respect to
base metal. The welded zone had fine o phases.
The fracture was mainly inter-granular in na-
ture [23]. A complex thermal gradient was also
reported during the TIG welding of Ti-6Al1-4V
alloy. The Ti-alloys showed a very fast cooling
at the welded joint. This heating and cooling
variation significantly affected the mechanical
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behavior as well as microstructures [2, 4]. Af-
ter an experiment of welding of 304L austen-
itic stainless steel/Incoloy 800HT nickel alloy,
it was found that the joint had good mechani-
cal and microstructural attributes as compared
with the base metal parts [24]. The orbital TIG
welded titanium tubes with bottom made up of
Ti-clad steel showed a satisfactory result when
tested under non-destructive and macrographic
tests [25]. The hydroxyapatite coating was per-
formed on laser modified Til3Nb13Zr alloy by
using electrophoretic deposition. The coating
thickness was reported from 4.06+0.76 um to
9.05+1.05 pm. The modified surface layer was
reported to have lesser roughness [26]. Ti6A14V
(Grade 5) titanium alloy was taken under study
for the tribological property analysis at room
temperature and at elevated temperature of
150°C. A ball-on-disc apparatus was used for
this purpose. It was found that the ball had a
higher wear rate at room temperature than at el-
evated temperature [27]. The surface layer de-
velopment on HS 6-5-2 steel by carbonitriding
and carbonitriding with oxidation methods was
analyzed. A significant improvement in surface
hardness was reported after carbonitriding [28].
Dental materials like CeramX and I-Light were
also tested for the tribological and mechanical
properties. A1203 balls were selected as coun-
ter-body for the test. Satisfactory results were
observed after experimentation [29].
Nowadays, the research work to investigate
a wide range of material behaviors under differ-
ent operational conditions like welding [30, 31],
CNC lathe machining [32], heat treating [33, 34],
etc., is underway. In addition, worldwide increas-
ing applications of Ti-alloys, especially in chemi-
cal plants and aerospace industries, makes the
on-going research work necessary. In the present
work, an attempt was made to study the micro-
structure variation in Ti-6Al-4V alloys after weld-
ing. Moreover, variation of tensile strength and
hardness of the welded specimen was discussed.

Table 1. Chemical composition of Ti-grade 5 alloy

MATERIALS AND METHOD

The experimental work concerns the TIG
welding phenomena of thin Ti-6Al-4V alloy
plates. Two such pairs of plates have been weld-
ed. Each plate has a dimension of 100 mm length,
50 mm width and 3 mm thickness. As this grade
of Ti-alloy is a commercially available, the plates
have been purchased directly from the manufac-
turing industry. Due to its typical chemical com-
position, the grade 5 alloys are hard and brittle
below 500°C but as soon as the temperature
is increased, the alloy gains ductility. The typi-
cal chemical composition and various mechani-
cal properties of Ti-6Al1-4V alloy are shown in
tables 1 and 2, respectively. TIG 400 Mosfet DC
Inverter Welding Machine was used for weld-
ing the plates. The tungsten electrode of 2 mm
diameter was selected for the process. A random
selection of yield parameters for welding was car-
ried out i.e. 24 V and 190 A of arc voltage and
welding current, respectively. A filler material of
Ti-6Al-4V alloy was also used during welding.
The diameter of the filler metal rod is 2 mm. The
welded zone was protected by applying inert gas
(argon>99%) during welding. The gas identifica-
tion number is Ar 5.0. According to BS EN 439,
argon (>99%) comes under I-1 designation [35].
The shielding gas was provided with a flow rate
of 11.5 I/min. After joining, the two welded plates
were named plate 1 and plate 2.

As both the welded plates were analyzed for
microstructure, strength and hardness, the re-
quired procedures of sample preparation were
followed prior to testing. Three samples were
cut from each welded plate. The first sample was
used for the microstructural analysis, the second
sample was used for tensile test and the third sam-
ple was analyzed for its hardness. The sample,
which was used for microstructure observation,
was properly polished by using a polishing ma-
chine and polishing papers of 500, 1000 and 2000
grit sizes. The cross-sectional parts of the plates

Elements Carbon (C) Iron (Fe) Nitrogen (N) | Oxygen (O) | Aluminium(Al) | Vanadium (V) | Titanium (Ti)
Weight % 0.08 0.25 0.05 0.20 5.50-6.75 3.5-4.5 Bal.
Table 2. Mechanical properties of Ti-grade 5 alloy
Parameters Yield strength Ultimate tensile Elongation Hardness MOdUI.U.S of Fatigue strength
strength elasticity
Typical values 950 MPa 1020 MPa 14% 36 HRC 120 GPa 510 MPa
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were polished to observe the microstructure. An
etchant preparation is necessary after polishing
of the sample. Etchant is a chemical/ mixture
of chemicals which is applied on the polished
surface prior to the microstructure observation.
Etchant removes the oxide layers on the polished
surface and allows the microstructures become
exposed on the surface. Kroll’s reagent is an ap-
propriate etchant for Ti-alloys. Therefore, it was
taken under study. It contains 92 ml of distilled
water, 6 ml of nitric acid and 2 ml of hydrofluoric
acid. For the tension test and the hardness test, the
standard sized specimens were prepared to obtain
satisfactory results. The specimens were prefer-
ably cut with the wire-electric discharge machin-
ing method.

TESTING AND RESULT ANALYSIS

Microstructure analysis: The microstructural
observation requires prior surface preparation of
the metal. As the cross sectional surfaces of the
welded plates underwent microstructural obser-
vation, these surfaces were properly cleaned and
polished. In this work, n Motic image plus op-
tical microscope (made in Germany) was used.
The previous studies revealed that o and f are the
two phases present in the Ti-alloys. The a- phase
is usually characterized as a soft phase whereas
the B phase is known to possess high hardness [2,
6]. The different types of alloying elements in ti-
tanium are classified on the basis of their effects
on o-fB transformation temperature. On the basis
of the solubility in the o and B phases, the alloy-
ing elements are categorized under a or [ stabi-
lizers. Aluminium, oxygen, nitrogen and carbon
are known as strong stabilizers of a-phase. Al
is a substitutional element and others (O, N, C)
take interstitial positions. As the amount of these
elements (solute) are increased, the transus tem-
perature of titanium increases. Conversely, the B
stabilizers, such as, Vanadium, Molybdenum, Ni-
obium, Iron, Chromium, Cobalt, Nickel, Silicon,
etc., decrease the transus temperature [3]. Grade
5 alloy of titanium contains 6AI1-4V, which means
it is a a+f alloy. The transformation temperature
of this alloy is lower than that of pure Ti. More-
over, the commercial grade of alloys contain an
increased width of the a+ phase. As the Ti-alloy
melts, it crosses the transformation temperature
and the whole alloy converts into the  phase. At
the time of cooling, with Al and V solute contents,

the single B phase converts into a two phase (a+)
system at low rate. Further, nucleation of o and
B grain boundaries takes place. In this work, the
welded joints were cooled in atmospheric air.
Hence, the cooling rate can be assumed as the
same for both the welded plates. The microscopic
images of both the welded joints were captured
at a same scale of 10um. Figs. 1 and2 show the
micrographs of plate 1 and plate 2, respectively.
In this study, the above mentioned two different
phases were observed in the fusion zone as well
as in the heat affected zone.

With regard to Fig. 1 (a, b), it can be seen that
the B phase has properly converted into a phase.
Moreover, a large region of retained § phase is
present. These figures belong to the fusion zone
(FZ) of the plate 1. It means that FZ consists a
bi-model type microstructure where the o+f
phases are evenly dispersed in the zone. For a
clear recognition of the phases, it can be noted
that all the bright (in color) structures show the
a-phase, whereas the  phase has a dark appear-
ance. The Ti-alloys are dense due to the presence
of closed-packed hexagonal crystal structure
of a phase. This HCP structure converts into a
body-centered cubic crystal structure (B-phase)
when the alloy undergoes an allotropic transfor-
mation at nearly 882.5°C.

A separate heat affected zone (HAZ) in plate
1 could be observed (Fig. 1 c). A clear view of
HAZ is shown in Fig. 1 (d). The microstructure of
HAZ is completely different and it can be easily
recognized in the presence of FZ. Unlike FZ, the
presence of o+f phase is not even. On the basis
of an assumption, the platelets of the o phase are
surrounded by B phase boundaries.

The microstructures in plate 2 are completely
different from plate 1. Although the FZ in plate 2
is similar to that of plate 1, the characteristics of
HAZ are completely different. As predicted, FZ
imparts a bi-model o+f phase structure where a
nearly globular a-phase is surrounded by the
phase boundary (Fig. 2 a, b). The HAZ in plate
2 shows a martensitic transformation. Although
both the plates were cooled in atmospheric air,
the formation of acicular martensitic o phase
is observed in HAZ. The continuous o phase
(needle-like structure) is formed due to prefer-
ential precipitation along the B grain boundaries.
These needle-shaped structures of o phase pos-
sess very less ductility and the material becomes
very hard (Fig. 2 c, d).
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Fig. 1. Microstructure of welded plate 1; (a, b) bi-model microstructure in FZ; (c, d) a clear observation of HAZ

Tensile test: For performing this test, the
samples were cut according to ASTM standard.
The gauge length was kept approximately 45 mm.
The specimens used for this test are shown in
Fig. 3(a). The tension test was conducted on a ser-
vo hydraulic controlled universal testing machine
(company name: INSTRON 8800 UTM) which
had the maximum capacity of 125 kN. An exten-
someter was used to control the strain rate in the
process. A common strain rate of 0.001s-1 was se-
lected for both the specimens. As soon as the load
was applied, the material started to extend. The
stress-strain diagram was automatically recorded
by data acquisition system. After performing test,
it was noticed that plate 1 was completely broken
at the joint whereas the welded joint of plate 2
was unaffected. Plate 2 was broken through the
base metal zone. A ductile failure was observed
in plate 2. Both the tested specimens are shown
in Fig. 3 (b). Also, the stress-strain graphs for the
two specimens are shown in Fig. 4 (a, b).

The ultimate tensile strength (UTS) of welded
joint of specimen 1 was 464.54 MPa. The total
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elongation up to UTS point was 2.56921 mm.
Specimen 2, failed at base metal part, showed
an UTS of 501.83 MPa with an extension of
0.41585 mm.

Both specimen 1 and specimen 2 showed dif-
ferent nature of the stress-strain curves. The tensile
behavior of specimens corroborates with the mi-
crostructural results. The microstructural images
of plate 1 showed a bi-model structure means o+f3
phases were evenly distributed at the welded por-
tion. The a phase was reported as nearly globular
in size which provided the ductility to the welded
joint. In contrary, the micrograph of plate 2 had
an acicular and martensitic a-phase which made
the welded joint very hard and relatively brittle.
Therefore, the specimen 2 failed at the base metal
part. This failure was ductile in nature.

Hardness test: Hardness was analyzed in both
the plates by conventional Rockwell hardness
test. In order to determine the exact profile of
hardness in three different zones i.c. base metal,
heat affected zone and fusion zone, this test was
performed on the cross sectional surfaces of the
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Martensite formationjs

Fig. 2. Microstructures of Plate 2; (a) A bi-model a+3 mixed phase was observed in fusion zone; (b) o phase is
properly intermixed with  phase; (c, d) Martensitic transformation was reported in HAZ, an acicular structure of
o phase in the retained 3 phase was observed

(a) Tensile test specimens (b) Broken specimens after test

| Jointis
completely
broken

Plate 1 Plate 2

Fig. 3. (a) Tensile test samples, plate 1 and plate 2; (b) tested samples, plate 1 is completely bro-
ken at the joint and plate 2 has a ductile failure at base metal part with unaffected joint
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(a)
500
400
Tensile
Stress 300
[MPa]
200
100
o1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Tensile strain (Extension) [%]
Specimen | Modulus (E- Extension at Tensile stress at Load at Tensile
modulus) Tensile strength Tensile strength strength
[GPa] [mm] [MPa] [kN]
1 61.92 2.47 464.54 13.94
(b)
600
Tensile 500 »
Stress
[MPa] 400 =
300 L
200 -
100 =
0
o0 o1 02 03 04 05 06 0.7 08 09 10 1.1 1.2
Tensile strain (Extension) [%]
Specimen | Modulus (E- Extension at | Tensile stress at | Load at Tensile
modulus) Tensile strength | Tensile strength strength
[GPa] [mm] [MPa] [kN]
2 63.92 0.42 501.83 15.05

Fig. 4. Stress vs strain diagram of two specimens (a) plate 1; (b) plate 2

Hardness test specimen 1

Hardness test specimen 2

Fig. 5. Hardness test specimens 1 and 2; indents were made on both the specimens

162



Advances in Science and Technology Research Journal 2021, 15(1), 156—-165

=o=Hardness (HRC) of Specimen 1
80

e T ]

an’
lf"

30

20

HARDNESS (HRC)

10

0
_30 -20 -10

W\
"~ g

=m=Hardness (HRC) of Specimen 2

l—-l‘._.‘ﬂlplll-..

10 20 30

DISTANCE FROM THE WELD CENTER LINE (-X/4X) IN MM

Fig. 6. Comparison of hardness between specimen 1 and specimen 2

welded plates. In this test, a diamond indenter was
allowed to make indentation with 150 kg of load.
Actotal of 25 indentations was made on each speci-
men. Out of these 25 indents, 1 indent was made
at the weld center line, 12 indents were made at
the left side of the center point and next 12 indents
were performed at right side of the same. A gap
of approximately 2 mm was maintained between
two consecutive indents. The data related to the
distance from the center line and Rockwell hard-
ness values are given in table 1. On the basis of the
result obtained by hardness test, a graph between
hardness and distance from weld center line was
drawn. The two plates and their hardness profile
are shown in Figs. 5 and6, respectively.

According to the hardness profiles of both
the specimens (Fig. 6), the maximum hardness
was achieved in the weld center line. This is the
position of fusion zone (FZ). The hardness at the
FZ in specimen 2 (72 HRC) is higher than that
of specimen 1 (65 HRC). In addition to the FZ,
all the indents in both sides of the specimen 2
show a comparatively higher values of hardness.
Although the difference between the hardness
of both specimens is not very high, the results
can be compared with the outcome of micro-
structural analysis. As the formation of needle
shaped structure (martensite) was reported in
specimen 2, its hardness was found higher than
the bi-model (a+p) structure of specimen 1. In
both specimens, a common hardness profile at
different zones was noted. In other words, the
increasing order of hardness in three different
zones of two given specimens are: Base metal
< Heat affected zone < Fusion Zone. In general,
the hardness results proved that the weld quali-
ties of both joints are good.

DISCUSSION

Although the titanium alloys were extensively
investigated for their critical properties [36, 37],
still the scope of research in this field is quite
large. In the present work, two different kinds of
microstructures were reported even after process-
ing through a common environment. Both plates
were cooled in air, but one has the evidence of slow
cooling rate and another proves for a fast cooling
rate. Both plate 1 and plate 2 had the o and B phases
together. This result is similar to those of reported
by [2] and [6]. The appearance of the a+f} phases
is almost globular, which establishes that the weld-
ed joint is ductile. However, another structure of
acicular a (or martensite) in plate 2 proves that the
high temperature 3 phase does not have sufficient
time to convert into equi-axed structure. This na-
ture of material was found exceptional in the pres-
ent work. Although the hardness test results satisfy
with the outcomes of the micrographic observa-
tions, the hardness values are not up to the mark.
As per the expectations, the martensitic a phase is
too hard and relatively brittle. However, there is a
difference of only 7 HRC (approximately 11%) be-
tween the hardness values at fusion zones of speci-
men 1 and specimen 2. It may depend upon the
selection of area under microscopic observation.
In the same specimen, there may be two different
microstructural behaviors at two different area of
observations. In the case of tensile test, although
all the experimental conditions for welding were
same, the tension characteristics of both the speci-
mens got changed. One specimen broke at the joint
and another was unaffected at the area. It proves
an old concept that the base metal may fail under
external loading but a good welded joint may not.
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With the changing behavior of the metals, espe-
cially including Ti-alloys, a continuous research is
necessary to unfold the material properties.

CONCLUSIONS

This work presents an analysis into the micro-
structural behavior and mechanical properties of
TIG welded Ti-6Al1-4V alloy plates. This alloy is a
well-known commercial grade which is often called
otp Ti-alloy. Two different Ti-alloy plates were
welded at same the current and voltage of 190 A
and 24 'V, respectively. There was a random selec-
tion of current and voltage for welding, as the main
aim of this work was to find an inter-relationship
between microstructure and mechanical properties.
It was found that Ti-6Al-4V had a good weldability
if welded through TIG technique. A proper sample
preparation and etchant application were done prior
to microscopic observation. Moreover, the neces-
sary preparation of samples for tensile test and hard-
ness test was done. The results and outcomes of this
work can be concluded as follows:

The microstructures of the welded joints of
both the specimens showed different character-
istics. Specimen 1 revealed mainly a bi-model
structure, i.e., the a+p phases were evenly distrib-
uted in the overall welded zone. The o phase was
observed in globular form at some places. Speci-
men 2 had an acicular martensitic structure of the
o phase. It generally happens when the  phase
cools at a fast rate and it precipitates at the bound-
aries of the needle shaped o phase. This condition
made the specimen 2 harder than specimen 1.

The tensile properties of the specimens were
found comparable with the microstructures.
Specimen 1, with a bi-model o+f phase, showed
a defined yield strength, ultimate tensile strength
and a failure stress. The UTS of specimen 1 was
reported as 464.54 MPa. Specimen 2, having a
martensitic a phase, did not break through the
joint. However, the metal reached a ductile failure
at the base metal part. It showed the UTS value of
501.83 MPa which is approximately 8% higher
than that of specimen 1. However, the tensile be-
havior of both the specimens could not be com-
pared, because they fractured at different points.

In hardness test, again the microstructural
studies were corroborated with the hardness re-
sults of the specimens. Specimen 2, with martens-
itic o phase, was found almost 11% harder than
specimen 1. In both specimens, the hardness pro-
files are similar. In other words, hardness values
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were found to increase from the base metal zone
to the welded zone. The maximum hardness was
achieved at FZ, whereas the least hardness was
reported at the base metal part. HAZ had lower
hardness values than that of FZ but higher than
the same of base metal part.
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