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�emain objective of this investigation is to analyze the microstructure, tensile properties, and impact toughness of Ti6Al4V alloy
joints developed using optimized parameters of linear friction welding (LFW) for gas turbine blisk assembly applications. �e 6mm
thick plates of Ti6Al4V alloy were joined using a friction time of 40 sec, a friction pressure of 20MPa, a forging pressure of 10MPa, a
forging time of 3 sec, and an oscillating frequency of 14Hz. �e di�erent regions of joints were analyzed using a stereo zoom
microscope. Optical and scanning electronmicroscope (SEM) was used for analysing themicrostructural features of joints.�e room
temperature tensile properties, hardness, and impact toughness of LFW-Ti6Al4V alloy joints were evaluated and correlated to the
microstructural features of weld region. �e fractured sections of tensile and impact toughness specimens of joints were analyzed
using SEM and the failure of joints was correlated with the hardness survey. Results showed that the LFW-Ti6Al4V alloy joints
developed using the optimized parameters exhibited a tensile strength (TS) of 1015MPa, a yield strength (YS) of 940MPa, and an
elongation (EL) of 8%. �e joints revealed 98.54%, 95.91%, and 66.67% of tensile strength, yield strength, and ductility of the parent
metal. �e LFW joints disclosed impact toughness (IT) of 17.2 J which is 89.77% impact toughness of the parent metal. �e superior
tensile properties and impact toughness of LFW-Ti6Al4V alloy joints are mainly attributed to a greater degree of re�nement of α+ β
grains in the weld interface, which o�ers greater resistance to tensile deformation and crack propagation.

1. Introduction

Ti6Al4V is an α+β titanium (Ti) alloy extensively used in
automobile, aerospace, nuclear, and chemical industries [1].
It exhibits high corrosion resistance, high-temperature
mechanical properties, and lower density [2]. It is principally
used in the aero-engine blisk assembly [3]. Tungsten inert
gas (TIG) welding is extensively used for joining titanium
alloys [4, 5, 6]. �e greater heat input of TIG welding causes
coarsening of grain in the fusion zone microstructure, wider
heat a�ected zone (HAZ), softening in HAZ, distortion, and

weld metal contamination [7, 8, 9]. �e greater energy
density processes such as laser beam (LBW) [10, 11, 12] and
electron beam (EB) welding [13, 14, 15] are also utilized to
join Ti alloys. Nevertheless, a greater cooling rate in LBW
and EBW causes problems such as cracking in weld metal
and porosity defects [4, 16]. Solid-state welding (SSW)
methods such as friction welding (FW) [17, 18, 19], friction
stir welding (FSW) [20, 21, 22], and di�usion bonding (DB)
[23, 24, 25] are extensively employed for developing similar
and dissimilar joints of Ti alloys. Compared to di�erent SSW
processes, FW o�ers the bene�ts of enhanced joint
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efficiency, elimination of consumables, reduced processing
time, and so on. Linear friction welding (LFW) is a type of
FW process in which joints are developed by relative motion
between joining surfaces and application of compressive
forces [26]. In LFW, one joining surface will be kept sta-
tionary and the other joining surface is linearly oscillating.
'e heat is developed between joining surfaces due to
friction and develops a plasticized zone at the joint interface
during this process. After this, the final joint is produced by
applying forging force with limited TMAZ (thermo-
mechanically affected zone) [27]. 'e four stages in LFW
process are shown schematically as shown in Figure 1.

Abbasi et al. [29] investigated the influence of filler metal
on the microstructure and tensile performance of Ti6Al4V
alloy joints. 'e joints produced with matching fillers
exhibited higher tensile strength than others. Kishore Babu
etal. [30] investigated theeffectsof currentpulsingandPWHT
(postweld heat treatment) on the microstructure and tensile
properties of TIG weldments of Ti6Al4V alloy.'e pulsing of
current results in grain refinement of prior ß grains, which
improves both ductility and strength of the weldments.
Balasubramanian et al. [31] investigated the corrosion be-
haviour of pulsed gas tungsten arc welded joints and reported
increases in corrosion resistance at increased levels of peak
current and pulsing frequency up to a certain point. 'e
greater refinement in the fusion zone (FZ) of jointswasmainly
responsible for the superior corrosion resistance of Ti alloy
joints. Cao et al. [32] analyzed the influence of weld traverse
speed on laser-welding of Ti6Al4V alloy joints. 'e existence
ofα′ in FZwill increase hardness by 20%comparedwith abase
metal.'emicrostructure is inhomogeneous in theweld joint,
and the strength of the joint was found to be increased with a
reduction in ductility. Romero et al. [33] analyze the influence
of forging pressure onmicrostructure and the development of
residual stress in LFW-Ti6Al4V joints and reported that
forging pressure strongly influences weld width and TMAZ
(thermo-mechanically affected zone).'eweld interface (WI)
and TMAZ experience temperatures exceeding the β transi-
tion temperature during LFW. Li et al. [34] studied the in-
fluence of friction time on the shape of flash and upset of LFW
steel joints and stated that when upset length increases lin-
early, friction time also increases. 'e development of flash is

in the friction direction with curved edges in the vertical
direction. Effects of processing parameters were studied by Li
et al. [35] through a numerical study. At higher oscillating
frequencies, the temperature at the interface increases quickly,
and shortening in the axial direction occurs faster. Similar
behaviour is observed for friction pressure and amplitude.
Mukundhan et al. [36] reported that tensile strength increases
with an increase in forging pressure up to 10MPa. Further-
more, an increase in forging pressure reduces the strength of
joints. 'e strength of joints increases with an increase in
friction time up to 40 s. Further increases in friction time
reduce the strength of joints [19].'e tensile strength of joints
is superior to an optimum level of oscillation frequency [37].

'e reported literature shows that the research in LFW
of Ti6Al4V alloy is mainly focused on studying the effects of
amplitude, friction time, and forging pressure on micro-
structural features and the mechanical performance of
joints. However, there is a lack of investigation on the
analysis of the strength and impact toughness of LFW joints
of Ti6Al4V alloy for the optimized condition of process
parameters and its comparison to a base metal. Hence, the
main objective of this investigation is to analyze the mi-
crostructure, tensile properties, and impact toughness of
Ti6Al4V alloy joints developed using optimized parameters
of LFW for blisk assembly applications.

2. Experimental Details

'e rolled plates of Ti6Al4V alloy (6mm thick) were used in
this investigation for making the LFW joint. 'e elemental
composition and mechanical properties of Ti alloy are re-
ported in Tables 1 and 2. 'e plates were cut into the sizes of
40× 70× 6mm and 30× 60× 6mm using wire-cut EDM. A
linear friction welding (LFW) machine (capacity: 20 kN) was
employed for developing the joints. A photograph of the
LFW machine is shown in Figure 2. 'e configuration and
dimensions of the LFW-Ti6Al4V alloy joint are presented in

Contact Conditioning Burn-off Forge

Figure 1: Four stages in linear friction welding [28].

Table 1: Elemental composition of Ti6Al4V alloy (wt-%).

Al V Fe O C N H Ti
6 4 0.19 0.15 0.06 0.04 0.01 Bal.
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Figure 3. 'e joints were developed using the optimized
process parameters.'e photograph of welded Ti6Al4V alloy
joints is shown in Figure 4. Table 3 reports the optimized
LFWparameters for joining 6mm thick plates of Ti alloy.'e
tensile and impact toughness specimens were extracted from
the joints as per the dimensions presented in Figures 5 and 6.

Tensile testing was done on LFW-Ti6Al4V joints uti-
lizing a tensile testing machine as per the ASTM standard of
E8/18. Tensile loading was applied at a strain rate of
2.4×10−3/s. 'e microhardness survey was made across the
joint cross-sectional area using Vicker’s microhardness
tester as per the ASTM standard of E384-17. Hardness was
recorded at an interval of 0.2mm along the weld interface
(WI) and TMAZ (thermo-mechanically affected zone) re-
gion and at an interval of 0.5mm in the HAZ (heat affected
zone) and unaffected base metal (BM). 'e Charpy impact
toughness was measured using the impact toughness ma-
chine as per the ASTM standard of E23. 'e testing was

performed on 3 specimens, and the average was reported as
the final value for tensile and impact toughness testing. 'e
cross-section of the weld joint was polished and etched
utilizing Kroll’s reagent. 'e microstructural features of
joints were analyzed using optical microscopy (OM) and
scanning electron microscopy (SEM). 'e fractured test
specimens were studied employing SEM.

3. Results and Discussion

3.1. Macrostructure and Microstructural Analysis. 'e op-
tical and SEMmicrograph of the Ti6Al4V alloy parent metal

Table 2: Mechanical properties of Ti6Al4V alloy.

Tensile strength (MPa) 0.2% yield strength (MPa) Elongation (%) Microhardness (HV) IT (J)>
1030 980 12 325 18

Holding chucks

Control panel

Figure 2: Photograph of the LFW machine used in this
investigation.

All the dimensions are in “mm”
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Figure 3: Dimensions of the LFW-Ti6Al4V alloy joint
configuration.

Figure 4: Photograph of fabricated LFW-Ti6Al4V joints.

Table 3: Optimized process parameters used to develop the joint.

Parameters
Friction pressure (MPa) 20
Forging pressure (MPa) 10
Friction time (s) 40
Forging time (s) 3
Oscillating frequency (Hz) 14

10

30 32
100

6

Note:- All the dimensions are in “mm”

Figure 5: Dimensions of the tensile test specimen.

1055

4510

2

Note:- All the dimensions are in “mm”

Figure 6: Dimensions of the impact toughness test specimen.
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is shown in Figure 7. It consists of elongated α grains with an
intergranular β phase. Figure 8 displays typical macrographs
of LFW-Ti6Al4V joints. 'e joints were developed with any
defects such as porosity, inclusions, blow holes, and cracks.
'emacrograph of the joint shows the distinct regions of the
LF weld such as weld interface (WI), thermos-mechanically
affected zone (TMAZ), heat affected zone (HAZ), and parent
metal. 'ese regions are characterized on the basis of grain
size. 'e optical and SEMmicrographs of the LFW-Ti6Al4V
joint are shown in Figures 9 and 10.'eWI region exhibited
the evolution of finer α+ β grains. 'e TMAZ region dis-
closed the evolution of coarser and highly deformed α+ β
grains that are oriented along the deformation direction.'e
HAZ was recorded to be much narrower in the LFW-
Ti6Al4V joint.'is makes it difficult to differentiate between
the HAZ and the parent metal region. It is mainly due to the
microstructural stability of the Ti6Al4V alloy below
600–800°C.'emicrostructural features can be much clearly
seen in SEM micrographs. 'e WI zone is dynamically
recrystalized. It exhibits microstructural deformation from
the initial bimodal α+ β microstructure to Widmanstätten
morphologies along with the appearance of prior beta grains
on the boundaries of Widmanstätten grains. 'e micro-
structural modification is correlated to the evolution of heat
during LF welding at the joint interface. It causes the
transformation of α phase into β phase. 'is microstructural
modification in WI discloses that the temperature of fric-
tional heat generated at the WI centre exceeds the β phase
transformation temperature.

'e microstructure of the weld interface is different
compared to the parent metal. 'e prior bimodal α+β

microstructure of the parent metal was evolved into a
Widmanstätten microstructure outlined by prior β grain
boundaries. 'e temperature generated due to frictional
heating at the joint interface goes above the β -transus
temperature of 995°C and results in the microstructural
transformation into a single β phase. 'is causes progressive
α to β phase transformation. 'e temperature at the weld
centre is higher, and the evolution of prior β grains disclosed
a complete α to β phase transformation. 'e temperature at
the joint interface was reported up to 1100°C in the literature
[38].

'e important feature of the weld interface micro-
structure is the evolution of finer prior β grain micro-
structure. It is well reported in the literature that dynamic
recovery and recrystallization occur by thermomechanical
processing of the Ti6Al4V alloy above the β transus tem-
perature. 'e microstructural evolution of the Wid-
manstätten structure is the result of cooling conditions after
LFW. 'e transformed β grains from the single β phase
region during rapid cooling (410oC/s) develop into a mar-
tensitic structure. It achieves the diffusionless transforma-
tion of β into α phase. Alternatively, during slower cooling,
the transformed β grains from the single β phase region
during rapid cooling (410oC/s) develop into α phase at β
grain boundaries. 'e cooling rate influences the orientation
and thickness of α plates. 'e rapid rate of cooling results in
the evolution of multiorientated lamellae in the Wid-
manstättenmicrostructure.'e slower rate of cooling results
in the evolution of alpha lamellae arranged in packets or
colonies. In this investigation, the evolution of Wid-
manstätten features of the transformed beta grains in the
weld interface revealed a rapid cooling rate at the joint
interface after LFW. 'e TMAZ consisted of a highly de-
formed α+ β microstructure. It disclosed that the temper-
ature in TMAZ did not cross the transformation
temperature of β phase (995°C) [39].

3.2. Tensile Property of Welded Joints. 'e tensile properties
of the LFW-Ti6Al4V joint are reported in Table 4, and it is
compared with the parent metal. 'e tensile properties
reported in this investigation were evaluated from the joints
developed using the optimized LFW parameters. 'e tensile

β phase

α phase

200 μm

β phase

α phase

10 μm

(a) (b)

Figure 7: Micrograph of the unwelded Ti6Al4V alloy: (a) optical; (b) SEM.
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BM BM

HAZ

TMAZ

Figure 8: Macrograph of optimized LFW-Ti6Al4V alloy joints.
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Figure 10: SEM micrograph of different regions of LFW-Ti6Al4V alloy joint: (a) weld interface; (b) TMAZ; (c) HAZ, and (d) unaffected
parent metal.
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Figure 9: Optical micrograph of different regions of LFW-Ti6Al4V alloy joint: (a) weld interface; (b) TMAZ; (c) HAZ, and (d) unaffected
parent metal.
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specimen photographs are displayed in Figure 11.'e LFW-
Ti6Al4V joints failed in the TMAZ region.'e tensile failure
of joints is correlated to the evolution of coarsened and
plastically deformed oriented grains. 'is region provides

less plastic deformation during tensile loading and offers
easy crack initiation and propagation path. 'e tensile test
results revealed that the LFW-Ti6Al4V joint exhibited a
tensile strength of 1011MPa, which is 98% of the parent
metal strength. 'e yield strength of the joints was 926MPa,
which is 95.91% of the base metal yield strength. 'e tensile
elongation of joints was 7.9% which is 66.67% of base metal
ductility. 'e results reported in this investigation are su-
perior to the results reported in the literature for fusion
weldingofTi6Al4Valloy joints. It ismainlydue to the reduced
microstructural inhomogeneity across thedifferent regionsof
the weld joint, the evolution of much finer grains in the WI
region, and narrower HAZ. 'e SEM fractographs of tensile
specimens are shown in Figure 12.'e fractographs revealed
finer dimples with an elongated morphology.

Table 4: Tensile properties of LW-Ti6Al4V alloy joints.

Tensile strength (MPa) 0.2% yield strength (MPa) Elongation (%) Joint efficiency (%) Fracture region
1015 926 8 98 TMAZ

(a) (b)

Figure 11: Photograph of tensile specimens: (a) before testing; (b) after testing.
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Figure 12: SEM fractographs of fractured tensile specimen.
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Figure 13: Microhardness distributions across the weld joint.

Table 5: Mean microhardness of different regions of joints.

Zones Mean microhardness (HV)
WI 430
TMAZ 317
HAZ 325
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3.3. Microhardness. Figure 13 shows the microhardness
distribution of LW-Ti6Al4V joints recorded from the centre
ofWI.'emeanmicrohardness of different regions of joints
is reported in Table 5.'eWI disclosed the average hardness
of 430 HV which is 32.30% greater than the parent metal.
'e microhardness was recorded to be much higher up to
450 HV at the WI centre. It is due to the evolution of much
finer α+β grains. 'e lowest hardness of 315 HV was
recorded in TMAZ due to grain coarsening which is mainly
responsible for joint failure in this region. As the HAZ was
much narrower, the hardness was varied in the HAZ, and the
parent metal was not observed. 'e TMAZ showed a 4.61%
lower hardness than the parent metal.

3.4. Impact Toughness. 'e photographs of the tested
specimens are shown in Figure 14. 'e macrograph of the
tested sample in closer view is shown in Figure 15. 'e
impact toughness results of LFW-Ti6Al4V joints are re-
ported in Table 6. It was reported as an average of three. 'e
results showed that the LFW-Ti6Al4V joint exhibited an
impact toughness of 16.2 J which is 60% of parent metal
impact toughness.'e SEM fractographs of fractured impact
toughness test specimens are presented in Figure 16.'e test
specimens failed in the region of parent metal. 'is implies
that WI regions exhibited superior toughness than parent
metal owing to greater grain refinement in WI. 'e lowest
value of impact toughness was recorded to be 15 J, and the
highest value was 17.5 J. 'e fractographs showed that the
crack was initiated inWI and rapidly passed through TMAZ

towards the parent metal. 'e fractography of the sample
revealed three different regions, i.e., a thinner fibrous zone
close to the notch, a radiation zone along the middle, and a
shear lip zone over the other three sides, respectively.

Apart from these zones, crack initiation zone (CIZ), crack
propagation zone (CPZ), and shear failure were also located in
these 3 zones. Also, some tearing ridges, planes of cleavage, and
secondary cracks were observed at the CIZ. Near WI, finer
dimples and tear ridges were evolved, which revealed a ductile
fracture. In TMAZ, the quasicleavage fracture was observed. In
addition to this, a cleavagemode of the fracture obtained in the
weld interfacecrack initiationzonewasdueto the increasedrate
of loading during an impact test. Further analysis of fractog-
raphy revealed plastic deformation and the formation of sec-
ondary cracks in the cleavage region due to the presence of
superfinemicrostructure inWI,which yielded good elongation
andbetter resistance tocrackpropagation. Itdrives thecracks to
pass from WI into the parent metal. 'e analysis of CPZ
revealed the quasicleavage mode of the fracture, showing both
ductile and cleavage fractures. 'e brittle regions of the qua-
sicleavage zone consisted of tearing ridges as well as deformed
dimples. 'e shear-lip location exhibited a classical ductile

Crack

Weld Notch(a) (b)

Figure 15: Macrograph of fractured sample after the impact toughness test: (a) front view; (b) cross-sectional view.

Table 6: Impact toughness test results of joints.

Joint no. Impact toughness (J) Average impact toughness (J)
1. 15

16.22. 16
3. 17.5

(a) (b)

Figure 14: Photograph of impact toughness specimens.
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fracture mode with finer dimples dispersed in this zone. But at
the near edges of the crack propagation area and shear-lip
location, evidence of tear ridges and secondary crackswas seen,
whichexposed thecompositemodeof the cleavage fracture and
the presence of dimples.

4. Conclusions

(1) 'e plates of Ti6Al4V alloy were joined successfully
using linear friction welding without the defects of
fusion welding in joining this alloy such as porosity,
blow holes, solidification cracking, and
contaminations.

(2) 'e LFW-Ti6Al4V alloy joints developed using the
friction pressure of 20MPa, frequency of 14Hz,
friction time of 40 s, and forging pressure of 10MPa
disclosed a greater tensile strength of 1015MPa, yield
strength of 940MPa, and ductility of 8%.

(3) 'e LFW-Ti6Al4V alloy joints revealed 98.54%,
95.91%, and 66.67% of tensile strength, yield
strength, and ductility of the parent metal.

(4) 'e LFW-Ti6Al4V alloy joints disclosed the impact
toughness of 17.2 J which is 70% of basemetal impact
toughness.

(5) 'e superior tensile properties and impact toughness
of LFW-Ti6Al4V alloy joints are mainly attributed to
the greater degree of refinement of α+ β grains in the
weld zone which offers greater resistance to tensile
deformation and crack propagation.
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