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Abstract

Ti-6Al-4V alloy is a unique material for structural applications of aerospace industry for the excellent strength and lightweight. The 

fusion welding of this Titanium alloy resulted severe residual stress formation and coarser grains in the fusion zone. To overcome 

these problems, a solid state linear friction welding (LFW) is a emerge technique to joining of blade and disk assembly in the next 

generation aero engines. The plastic deformation followed by forging action resulted finer grain structures in welded regions.  This 

investigation elaborated mechanical behavior and microstructural characteristics of linear friction welded joints. The welding 

parameters established by statistical response surface methodology. The fabricated joints yielded maximum tensile strength and joint 

efficiency of 1011 MPa and 98%. The lower microhardness recorded in the thermo mechanical affected zone (TMAZ) among the weld 

cross section. The weld nugget microstructure composed of equiaxed grain structure. The fracture surface revealed that joints failed 

under ductile mode. The result concluded that the weld failure mainly due to grain coarsening subsequent deformation leads to weld 

failure in the LFW joint. 

Keywords: Linear friction welding; titanium alloy; microhardness; microstructures; fractography.

1.0   Introduction 

Ti-6Al-4V [Ti-64] alloy is a unique super alloy consider for high 

strength to weight ratio, high-temperature sustainability, and 

anti corrosion behaviors suitable in defence, aerospace, 

nuclear and, petrochemical sectors. In particular, Ti-64 alloy is 

used in bladed and disk [blisk] assembly in aero engines [1-3]. 

Gas tungsten arc welding (GTAW) is a most common process 

for joining titanium alloys. But, the higher heat input results in 

greater distortion, and inclusion defects in weldment [4]. 

Radiant energy welding processes like a laser and electron 

beam welding processes also used for joining titanium alloys 

but the higher cooling rate possesses problems like porosity 

and fusion zone cracking [5]. Therefore, the researchers prefer 

solid-state techniques to join both similar and dissimilar 

aerospace alloys. Among these techniques, the friction welding 

offers many advantages like the elimination of consumables, 

less welding time, higher joint efficiency, etc. 

Linear friction welding (LFW) is a variant of the friction welding 

process, where the joint between two materials is made by the 

relative motion and the compressive forces [6]. In LFW, one 

part is kept stationary and the other part is oscillating linearly. 

During this process, the frictional heat will be generated 

between the surfaces and the plasticized region forms at the 

interface. Then the symmetrical and asymmetrical flash 

formed at the end of applied force [7]. Abbasi et al. analyzed 

metallurgical characteristics of different filler metal 

composition on Ti-6Al-4V alloy joints. The weld metal micro-

structure consists of both acicular and basketweave 

morphologies [8]. Babu et al. reported Pulsing current 

characteristics on GTA welded Titanium alloy joints. The 

pulsing effect improved strength and ductility by grain 

refinement of prior β phase [9]. Balasubramanian et al. 

investigated the corrosion behavior of pulse enhanced GTA 

welded Ti64 alloy. The corrosion resistance increased with 

increasing pulsing frequency and peak current and then get 
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decreased. The finer grains developed in the fusion zone will be 

responsible for the increased corrosion resistance [10]. Cao et 

al. reported that microstructure characteristics of laser welded 

Ti64 joints. It found that 20% martensite (α') increased in weld 

region compared with parent. The inhomogeneous micro-

structure resulted reduction in tensile strength and lower 

ductility [11]. Romero et al. establish the forging pressure 

characteristcis on residual stress development of LFW joints. 

They concluded that the forging pressure has more influence 

on weld width and thermomechanically affected zone (TMAZ). 

During welding, the temperature developed at the weld region 

and TMAZ exceeds β transition temperature [12]. Li et al. 

reported that friction time influence on flash shape and upset 

of steel joints made by LFW process. They reported upset 

length increases linearly with increasing time. The flash 

formation is an undulating-ribbon structure in the direction of 

friction and curly edges in the vertical direction [13]. From the 

literature survey, limited investigation has been conducted on 

linear friction welding of titanium alloys. Also most of the 

published information on Titanium alloys are related to fusion 

welded joints. Therefore, the present work deals with linear 

friction welding joint configuration mechanical and 

microstructural characteristics of Ti-6Al-4V joints.

2.0  Materials and Methods 

Ti-6Al-4V plates with 6 mm thickness was used for this 

investigation.  Tables 1 & 2 represents the relative elemental 

composition and mechanical properties of parent alloy. Fig. 1 

(a-b) represents the base metal microstructure of titanium 

alloy, which consists of bimodal phases of α and β with different 

crystallinity structures such as hexagonal closed packing (HCP) 

structure and body-centered cubic (BCC) structure.  

The welding experiment was carried out through Hydraulic 

enabled Linear friction welding (LFW) machine (Make: RV 

machine tools). As shown in Fig. 2(a-b) represented blisk 

assembly and working mechanism of Linear friction welding 

process. The most influencing process parameters are: Friction 

α

β

(a) Optical micrograph of Ti64 alloy

(b) SEM image of Ti64 alloy

Fig. 1 : Micrographs of Ti64 alloy

Table 2 : Parent alloy Mechanical properties 

Table 1 : Elemental constituents (wt%) in Parent alloy

 Elements  Al V Fe O C N H Ti

 Ti-6Al-4V 6 4 0.18 0.16 0.061 0.039 0.01 Bal.

0.2 % Yield
Strength (MPa)

980

Ultimate Tensile 
Strength (MPa)

1030

Elongation
(%)

12

 Vickers hardness, 
(HV0.05)

439

 
Impact Toughness

@ RT (J)

26

68



Hariprasath et al. : Influence of Joint Configuration on Linear Friction Welded Ti-6Al-4V Alloy Joints

Pressure (FRP), Friction Time (FRT), Forging Pressure (FOP), 

Forging Time (FOT), and Oscillating Frequency (OF). Table 3 

represented the suitable working limit for defect-free joints 

obtained from trial experiments. Table 4 exhibited the 

optimized LFW process parameters for welding Titanium alloy 

obtained with aid of response surface methodology (RSM). 

The tensile test has performed on defect-free joints using a 

hydraulic enabled UTM with constant strain rate. Fig.2 

displays the fabrication details of LFW joints and tensile 

specimen. And, Vicker's microhardness tester was used to 

measure the hardness across weld cross section with 50 g load 

and 15 sec dwell time (Make: SHIMADZU). To examine 

metallurgical features acrkss the weld cross-section, a stereo 

zoom macroscope (Make: Zeiss) and optical microscope 

(Make: Nikon climax) were used to characterize the defect-free 

LFW joints. The Kroll's reagent (100 ml H 0 + 2 ml HF + 5 ml 2

HNO ) was applied to reveal the microstructural features. The 3

failure surfaces were characterized with help of scanning 

electron microscopy (SEM) and elemental analysis done by 

electron diffraction spectroscopy (EDS) (Make: JEOL). 

Fig. 2 : (a). blisk assembly set up; (b). working mechanism of Linear friction welding; 
           (c). Fabricated joints; (d). tensile specimen configuration

(a)

(c)

(b)

(d)
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Table 3 : Identifying feasible working limit of fabricated joint

Parameters Photograph Macrograph Observation

OF 

FRP

FOP

FRT

FOT 

OF 

FRP

FOP

FRT

FOT 

OF 

FRP

FOP

FRT

FOT

OF 

FRP

FOP

FRT

FOT

OF 

FRP

FOP

FRT

FOT

<11 Hz

<12 MPa 

<11 MPa

<15 sec 

=3 sec

<13 Hz 

<11 MPa

<3 MPa

<25 sec

=2 sec

>14 MPa

>25 sec

>3 MPa

=2 sec

>15 Hz

<22 MPa

=40 sec

<11 MPa

=3 sec

>17 Hz

>27 MPa

>35 sec

<11 MPa

=3 sec

>19 Hz

Not welded------

Welded with 
macro level 
defect

Welded with 
non-uniform 
flash 
formation

Welded with 
the good 
flash 
formation 
on both sides

Welded with 
macro level 
defect

Parameter LFW

Oscillating frequency (Hz) 17

Forging pressure (MPa) 11

Forging time (sec) 6

Friction pressure (MPa) 22

Friction time (sec) 40

Table 4 : Optimized welding parameters 
              used to fabricate the joints

3.0 Results 

3.1 Tensile Behavior 

The tensile test has conducted for analyzing elastic to plastic 

deformation changes and the load-carrying capacity of the 

LFW joint. The maximum obtained yield strength of 926 MPa, 

ultimate tensile strength of 1011 MPa and uniform elongation 

of 7.5 % and with joint efficiency of 98% was obtained, it 

showed in Table 5. 

The weld failure observed in the fixed end of 

thermomechanical affected zone (TMAZ). The weld failure 

mainly due to grain coarsening of α phase and subsequent 

deformation. The severe deformation at the weld interface 

leads to lower ductility than the base metal. Fig. 3 represented 

before and after tensile test specimens. According to Fratini et 

al. reduction in strength and failure occurred mainly due to 

dissolution or segregation precipitates [14] .
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Table 5 : Tensile properties for optimized parameters

0.2% Yield 

strength

(MPa)

926

Ultimate 

Tensile strength

(MPa)

1011

Uniform 

elongation

(%)

7.5

Joint 

efficiency 

(%) 

98

Fracture 

region 

TMAZ

(a)  Before testing (b) After testing

Fig. 3 : Photograph of tensile specimen

Fig. 4 : Microhardness variation across the LFW joint

3.2 Microhardness Variations Across the Joints

The microhardness measurement helps to analyze the 

hardness variation along the cross-section. Fig. 4 illustrates 

the hardness map of LFW joint across the weld cross-section. 

Chamanfar et al. reported that microhardness is sensitive to 

reflect small microstructural changes during plastic 

deformation and solidification [15]. The maximum recorded 

hardness value of 389±10 HV due to the formation of 

recrystallization grains at the weld interface. The micro-

hardness steeply dropped in the thermomechanical affected 

zone (TMAZ) about 310±5 HV. The combined action of 

frictional heat and forging pressure resulted in elongated 

coarse grains at the TMAZ region, so the hardness is slightly 

decreased in this region [16]. The heat-affected region (HAZ) 

lower deformed region compared with the TMAZ region. 

Therefore, the HAZ region recorded a hardness value of 330±5 

HV.

3.3 Macro and Microstructural Features of the LFW 

Joint

The macrograph was used to analyze the joint quality and weld 

integrity of the LFW joint and it is shown in Table 3. At lower 

range parameters frictional heat was not enough to plasticize 

the material. At higher level welding parameters more diffusion 

occurred at the interface which led to inclusion defects. In 

optimized condition defect-free and asymmetric flash formed 
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at both side of Ti64 alloy joint and it showed in Fig.5. Fig. 5a 

represents the fully deformed microstructure of the weld 

center, which composed of fine equiaxed grain structure. The 

dynamic recrystallization grains exhibited α and β phases along 

with needle-like martensite (ά) and widmanstantten (basket-

weave) structure. According to Ji et al. the recrystallized grain 

structure formed due to applied mechanical force at the end of 

the deceleration section [17]. As shown in Fig 5b, the dark 

field SEM microstructure illustrates the presence of needle-like 

martensites at the weld center (NZ). During plastic 

deformation bimodal α–β phases transformed into widman-

stantten α phase and prior β grain boundaries mutate to 

martensite (ά) structure as discussed by Xinyu Wang et al [18]. 

Fig. 5 (c-d) represents the TMAZ of oscillating and fixed end 

region, it observes metal flow and grain deformation. This is 

narrow region compared to NZ and it is formed due to the 

combined action of frictional heat and forging pressure. Also, 

the microstructure of HAZ having lower plastic deformation 

compared with TMAZ and it is shown in Fig. 5 (e-f).

I.  Macrostructure

(b) TMAZ Osilatation  end

(c) HAZ Osilatation end

(d) WNZ(a) WNZ 

 

α 

β 

 

Metal flow  

 

β 

α 

 

ά 
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α  

β  
Deformation  

(e) TMAZ fixed end
(a) Low magnifaication 

(b) Dimple features

(c) Dimple features

Fig. 6 : Fracture surfaces of tensile specimens

(f) HAZ fixed end

Fig. 5 : Macro and Microstructural features of LFW joints

 

β 

α 

 

propagation 

 depth 

 

Fine dimples 

3.4 Fractography 

The fractogaphy reveal the mode of failure on the LFW joint. 

The weld failure initiated and propagated through the TMAZ 

region, due to severe deformation and lower microhardness. 

As shown in Fig. 6a, the semi quasi cleavage fracture occurred 

in the LFW joint. The lower microhardness attributed to this 

failure. Fig. 6 (b-c) revealed fine dimple features in the 

propagated region in the fractured specimen, whereas dimple 

features ensured the ductility of LFW joint. The strength and 

hardness superior in finer dimples compared to coarser [19].

4.0  Discussion

The solid-state LFW process produces several advantages 

rather than fusion welding processes. The derived tensile 

properties ensure ensure that 98% equals to the base metal. 

The elastic straining followed by deformation assist the weld 

failure in LFW joints. The differential cooling rates attributed to 

higher microhardness in the Nugget zone (NZ). In most of the 
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cases weld center recorded higher hardness, although similar 

hardness variation observed in LFW joints [20,21]. It mainly 

due to phase transformation and ultra-refined grain structure 

in the nugget zone (NZ) [22]. The failure initiates from the 

TMAZ region, it is found to beweakest region among the weld 

cross-section. Also, the superior tensile and hardness 

properties attributed by refinement of grains. The nugget 

microstructure details the phase transformation morphologies 

of LFW joints. The bimodal microstructure of alpha (α) and 

beta (β) grains in the base metal is transformed into the 

Widmanstädtern (basketweave) and needle-like martensite 

(ά) structure.The following phase changes occurred in the 

microstructure such as α �  β �  α  (Widmanstädtern) + 

martensite (ά) phase during weld thermal cycle. Dong He et al. 

evident that phase transferred refined prior-βgrains in the fully 

deformed region (FDZ) at weld center [23]. The beta transition 

temperature at 995 °C in the Ti64 alloy, whereas except weld 

center there is no phase transformation occurred in the other 

regions [24,25]. The heterogeneous microstructure of TMAZ 

region attributed to weld failure. The finer dimple patterns 

observed from the fractured surface, which confirms that 

ductile features in the Ti64 alloy joint. 

4.0 Conclusions

The important conclusions derived from this investigation:

i. The maximum observed yield and tensile strength of LFW 

joints are 926 MPa and 1011 MPa; it is 98 % equal to 

unwelded base metal strength.  

ii. The hardness is inhomogeneous across the LFW joint and 

the lowest hardness value is recorded at the TMAZ region, 

where the failure initiated and propagated. 

iii. In LFW joints, the failure occurred at the TMAZ region due 

to the grain coarsening and subsequent softening. 

iv. The microstructural analysis reveals the formation of 

Widmanstädtern (α) and martensite (ά) structure at the 

weld nugget zone and reoriented and elongated bimodal 

alpha and beta grains in the TMAZ region. 

v. The ductile mode of failure is observed in the joints and it 

is confirmed with finer dimple pattrens in the fracture 

surface.
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