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Highlights 

• Hard joint showing sharp macro-zones and marked by asymmetrical process effects 

• Gradient of thermomechanical loads identified through progressive stages of transformation 

• Highly textured recrystallized β grains at the joint core prior to martensitic transformation 

• Martensitic lath decomposition and α globularization from the αsecondary fragments after heat 

treatment 
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ABSTRACT 

 

Linear Friction Welding (LFW) is a solid-state joining process producing narrow 

joints mainly developed for the aircraft industry. The thermo-mechanical loads involved 

in LFW lead to significant local microstructural changes. This study aimed at identifying 

the mechanisms impacting these changes in order to develop a Post-Weld Heat Treatment 

(PHWT) optimizing the joint microstructure. The temperature fields showed that a zone 

of 1 mm on either side of the weld center line experienced thermo-mechanical processing 

in the β-domain for 2 s followed by a rapid cooling to 400 °C. Inspection of the weld by 

Optical Microscopy (OM) and Scanning Electron Microscopy (SEM) revealed a strongly 

affected microstructure characterized by a sharp microstructural refinement and the 

presence of defects at the interface. The joint consists of: 1) the Welding Line (WL) which 

underwent a complete α→β transformation accompanied by the recrystallization of the 

prior-β grain and the development of a {110}<111> texture followed by intragranular 

precipitation of textured α’ Hexagonal Close-Packed (HCP) martensitic laths; 2) the 

Thermo-Mechanically Affected Zone (TMAZ) characterized by a partial α→β 

transformation resulting in a microstructure refinement by α variant selection upon 

cooling. A third zone, the Heat Affected Zone (HAZ), was revealed as having a 

microstructure indistinguishable from the base material (BM) but being slightly harder. 

The texture analysis of the reconstructed β phase in the joint core showed that the local 

deformation conditions were asymmetrical between the forging and the oscillating part 

and that the WL may have experienced a complex material stirring with turbulent flow. 

These microstructural changes generate an increase in hardness in the joint with a 

maximum increase of HV0.3 by 40% in the WL. The PWHT consisting of an α+β 

annealing followed by ageing resulted in an α’→α+β decomposition and α globularization 
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in the TMAZ leading to a gradual microstructure refinement from the BM to the WL. A 

rather homogenous hardness was obtained across the assembly after the PWHT. 

Key words: Linear Friction Welding, titanium, texture, EBSD, microstructure, β 

reconstruction, recrystallization. 

 

1. INTRODUCTION 

 

Near-α Ti-alloys such as the Ti-6Al-2Sn-4Zr-2Mo (Ti6242) are of interest for gas 

turbine components as they offer an advantageous compromise between tensile strength, 

creep resistance and toughness [1], [2].  

The near-α alloys are known to have a fairly good weldability using conventional 

fusion welding techniques. Nevertheless the weld pool generated by those processes 

could lead to solidification defects and/or oxygen and nitrogen pollution into the joint if 

the protective environment is deficient [3], [4]. This pollution could be responsible for a 

substantial embrittlement of the weld [5], [6]. As a result, solid-state joining processes 

are considered as encouraging alternative techniques for joining Ti-alloys because they 

prevent the joint from solidification defects and environment/surface pollution [7]. Ti-

alloys are excellent candidates for Linear Friction Welding (LFW) as the local friction 

heating in combination with their low thermal conductivity leads to the formation of thin, 

sound welds.  

Preliminary studies on LFW Ti-alloys focused on determining indicators based on the 

main process parameters (amplitude, frequency, axial pressure and axial shortening) to 

define whether a sound joint was achieved [8], [9]. Following studies aimed at providing 

microstructure and mechanical characterizations of LFW joints mainly focused on α+β 

Ti-6Al-4V (Ti64) assemblies, however only few papers were dedicated to joining near-α 



3 
 

alloys such as Ti6242 or IMI834 [10]–[13]. The approaches adopted in the previous 

studies for characterizing the microstructures relied on basic observations as their main 

scope was mechanical characterization. In fact, the microstructures formed in the joint 

appeared quite similar between α+β and near-α LFW assemblies [14], [15]: highly 

textured ultra-fine martensitic α’ laths precipitating within recrystallized-like prior-β 

grains in the core of the joint (100 μm in width) with squeezed α+β layers on the sides (1 

mm in width). Such a microstructure led to a substantial hardening of the joint resulting 

in failure in the base material (i.e. far from the weld) upon tensile testing. As a result the 

authors developed PWHTs mainly for stress relieving purposes using intermediate 

temperature ranges (600-700 °C) [11], [13]. However, reshaping the microstructures 

resulting from LFW by means of high temperature PWHTs might be of interest as the as-

welded microstructures in the joint core are in a metastable state due to the displacive 

transformation leading to discontinuous mechanical properties across the assembly. 

 The present study follows on from previous investigations on LFW of the β-

metastable Ti17 [16] aiming at: 1) characterizing the very local microstructures and 

crystallographic configurations; 2) identifying the mechanisms impacting the 

microstructural changes and the hardness properties within the weld. A similar 

quantitative approach has been performed in this paper on the near-α Ti6242. However 

the article will focus on using the crystallographic information from the martensitic as-

welded (AW) microstructures to reconstruct the high temperature β microstructure before 

cooling. The information gathered will permit to design a PWHT that ensures equilibrium 

in the joint, smooth microstructure transitions without any changes in the as-received 

microstructure, or in the hardness of the base material. The characteristic LFW macro-

zones will be investigated by Optical Microscopy (OM), Scanning Electron Microscopy 

(SEM), Electron Back-Scattered Diffraction (EBSD), X-Ray Diffraction (XRD) and 
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micro-hardness measurements. The results of monotonic tensile tests and fatigue behavior 

characterization on the as-welded configuration are reported by others in [17]. 

 

2. MATERIAL AND METHODS 

 

The LFW equipment used was a MDS-30 developed by the company ACB, Nantes, 

France. The samples were welded using: a forging pressure of 90 MPa, an oscillating 

motion amplitude and frequency of 2 mm and 50 Hz, respectively, and a threshold in the 

axial shortening of 3 mm. The temperatures experienced during the process were 

measured by nine INCO sheathed thermocouples on each part (forging and oscillating) 

placed centrally (i.e. at a depth of 7.5 mm) and initially located at 2, 4, 6 and 8 mm from 

the contact surface. 

Blocks of 15*80*70 mm3 were obtained by electrical discharge machining from a 

forged billet (R=250 mm ; L=570 mm) of TIMETAL®6-2-4-2 with the 80 mm edge 

parallel to the billet axis. The material was provided in the solution treated then aged 

configuration (STA) by TIMET Savoie S.A., France. The specimen were welded on the 

raw 15*80 mm2 surface, the 80 mm edge being aligned with the oscillation direction (see 

Figure 1a). In Figure 1b the flash of expelled material along <x> and <y> can be clearly 

seen. The samples dedicated to microstructural characterization were cut across the weld 

ensuring a sample height about 10 mm on either side of the weld center line (Figure 1a). 

The specimens were polished using the following papers at 100 rpm: P80, P220, P1200, 

P2400, and P4000; the papers above grade 1000 were used twice for 30 s each. Surface 

finishing required using polyester cloth polishing, first with a 6 µm diamond suspension 

then with a Struers oxide polish suspension (OPS) for 2 min each at 100 rpm. Vibratory 

polishing was performed for EBSD investigations using a solution composed by 50 ml of 



5 
 

OPS and 50 ml of H2O on a Buehler VibroMet 2 for 48 h under a load of 200 g. Optical 

microscopy required the use of an etchant for 12 s at room temperature with the following 

composition: 2 ml HF, 98 ml H2O [18]. 

Macro-scale analysis was performed using both an OM Olympus BX41M and a 

micro-hardness machine Zwick-Roell ZHUµ-S. Micro-scale observations were 

performed on a Zeiss Σigma SEM (at 15 kV) coupled with an EBSD system (at 25 kV). 

The crystallographic investigations were carried out on a Bruker D8 ADVANCE Twin 

X-Ray diffractometer using a Cu source at 20 kV/40 mA through a 0.1 mm slit with 

symmetrical beam path. Electrical-tape masks were used to irradiate only the areas of 

interest. The PWHTs were performed using a Nabertherm P330 oven under an Argon 

protective atmosphere. 

The Matlab© tool box Mtex 5.1.1 was used for post-processing the EBSD data and 

for reconstructing the β orientations at high temperatures prior to the martensitic 

transformation with self-developed subroutines. The XRD diffractograms were post-

processed using the software Diffrac.Eva©.  

 

Figure 1 : a) Sketch of the geometry of the welded parts and the sampling method for 

observations and diffraction analysis [16] with the forging direction <z> and the 

oscillating direction <y>; b) picture of the whole assembly. The forging part is the upper 

part (z>0) and the oscillating part is the lower part (z<0). 

 

3. RESULTS AND DISCUSSIONS 

 

3.1. MICROSTRUCTURE OF THE BASE MATERIAL 
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The base material near-α Ti-6Al-2Sn-4Zr-2Mo in the as-received, fully-equiaxed 

state is characterized by predominant textured nodular primary α (αp) grains (90 vol.%) 

within a β matrix (10 vol.%) (Figure 2). This microstructure results from β thermo-

mechanical processing forming large recrystallized β grains followed by lamellar α 

precipitation upon cooling; then α+β forging steps are performed to obtain globularization 

through lamellar break down of the α colonies [19]. The fully-equiaxed Ti6242 in this 

study is characterized by a β-transus of 990 °C, a yield strength and ultimate tensile stress 

of 895 MPa and 1018 MPa, respectively, with an elongation at fracture of 19%. 

Quenching the fully-equiaxed Ti6242 from the β domain forms entangled α’ martensitic 

laths precipitated within prior-β grains; fast cooling from the α+β domain forms a bimodal 

microstructure made of shrunk αp nodules and lamellar secondary α (αs) precipitated 

within transformed β (βt) zones  [1], [2], [20]. 

 

Figure 2 : Fully-equiaxed microstructure of the as-received Ti6242 base material. SEM 

micrographs of the αp nodules in dark grey (marker #1) within the bright β matrix (marker 

#2). 

 

3.2. MACROSCALE ANALYSIS OF A WELDED SPECIMEN 

 

An overall micrograph of the Ti6242 LFW joint is displayed in Figure 3. Friction 

heating combined with the forging pressure made the viscous material to flow out of the 

assembly, into the flash, mainly on the long sides of the sample (as also seen in Figure 

1b). A significant curvature of the joint can be noted which is characterized by a point 

symmetry at the weld center. This particular joint morphology is associated with a 

remarkable asymmetry between both transversal flashes. Both features could be resulting 
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from an initial misalignment of the two parts prior to welding (seen by the offset of the 

parts in the welded state) which might have affected considerably the material flow during 

the process. The total LFW process time lasted 1,35 s with an axial shortening of 3,31 

mm. 

 

Figure 3 : Preliminary inspection of the weld by OM after etching revealing an offset in 

the alignment of the parts along <x>, asymmetrical flashes and the curvature of the joint. 

 

Temperature measurements shown in Figure 4a were conducted at 7.5 mm in depth 

(i.e. in the center of the specimen) across the weld and initially placed at 2, 4, 6 and 8 mm 

from the contact surface, their initial positions are detailed in Figure 4b. Only one LFW 

test was instrumented for qualitative temperature investigations.  

 

Figure 4 : Temperature measurements across the joint showing a) the thermocouple data 

from the forging part and the oscillating part; b) the initial thermocouple positions. The 

colors indicate the initial distance from the contact surface prior to axial shortening: 

TC1+5+9, TC3+7, TC2+8 and TC4+6 were placed at 2 mm, 4 mm, 6 mm and 8 mm, 

respectively. 

 

The temperature data in Figure 4 showed that solely the thermocouples TC1+5+9, the 

closest to the weld center line, experienced a local β thermo-mechanical processing 

characterized by a brisk heating to 1200 °C (1000 K/s) followed by fast cooling (-80 K/s). 

However one can notice important differences between TC5 at the center and TC1+9 at 

the edges in terms of their cooling rates as the core cooling was much slower than the 

ones on the sides. This heterogeneity could have a major impact on larger parts 
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concerning microstructure changes and residual stresses. The second and third rows of 

thermocouples (namely TC3+7 and TC2+8) recorded similar symmetric maximum 

temperatures delayed from the end of the oscillations. This delay increases and the local 

maximum temperature decreases when getting farther from the interface as expected from 

heat conduction. Furthermore, a rather pronounced {xz} mirror symmetric behavior can 

be noted between the opposite thermocouples TC1+9, TC3+7 and TC2+8 in both welded 

parts indicating a probable {xz} mirror symmetry in the heat flux. Yet both fourth rows 

of thermocouples (TC4+6) were subject to anomalies which might result from the 

deterioration of the thermocouple connection during the process. Due to the axial 

shortening by material extrusion, the z position of the thermocouples changed during the 

process resulting in the TC1+5+9 of the front rows to be approximately at 0.5 mm from 

the weld center line at the end of the process. A rather symmetrical axial shortening have 

been noted between the forging part and the oscillating part. Combining the temperature 

data with the axial shortening enabled the identification of the local temperature maxima 

depending on the final distance of a material point from the weld center line. These data 

in Figure 5 revealed that a band of approximately ±1 mm from the interface reached the 

β-transus of 990 °C and above with a dwell time in the β domain about 2.5 s. A band of 

approximately ±2 mm experienced temperatures above 700 °C critical for the start of a 

(partial) α→β transformation [20], [21]. 

 

Figure 5 : Local temperature maxima measured by the thermocouples (black dots) in 

dependence on the final distance from the weld center line after axial shortening 

combined with the local dwell time in the β domain experienced during the process (red 

triangles). 
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The joint observation by polarized-light OM before etching in Figure 6 highlighted 

the presence of a strong microstructure heterogeneity between the base material and the 

joint. A sharp transition has been identified from the equiaxed initial microstructure to a 

region with microstructure refinement starting 800 μm from the weld center line. This 

central zone named the Thermo-Mechanically Affected Zone (TMAZ) seemed to exhibit 

a continuous grain refinement similar to nodule fragmentation. However, such an abrupt 

microstructure change could not be observed any longer after etching, but it allowed to 

reveal the subdivision of this central fragmented-like zone into three sub-zones: the 

narrow Welding Line (WL) of 60 μm in width made of fine laths within recrystallized-

like equiaxed grains (with grain diameter about 5 µm); highly deformed α nodules in the 

near-TMAZ (NTMAZ) of 300 μm in width, and the far-TMAZ (FTMAZ) up to a width 

of 800 μm. An antagonism exists with the FTMAZ looking just plastically affected on the 

etched sample while exhibiting a remarkable microstructure refinement under polarized-

light. 

 

Figure 6 : Combined data from OM observations with polarized-light and corresponding 

local hardness across the Ti6242 LFW joint detailing the characteristic macro-zones: the 

Welding Line (WL), the Thermo-mechanically Affected Zone (TMAZ) and the Heat 

Affected Zone (HAZ). The polarized-light showed the global microstructure refinement 

in the joint and etching revealed a further subdivision of the TMAZ into the far-TMAZ 

(FTMAZ) just deformed, the near-TMAZ (NTMAZ) heavily deformed and the WL fully 

transformed. 

 

These microstructure changes result in a significant gradual increase in hardness in 

the joint with a sharp maximum in the WL (a 40% increase). A third weld zone 
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characterized by a microstructure similar to the one of the base material but displaying 

slightly higher hardness values has also been identified as the Heat Affected Zone (HAZ) 

of  800 μm  in width connecting the base material and the TMAZ. The total Process 

Affected Zone (PAZ) width is thus about ±1.6 mm on either side of the weld center line 

and slightly thinner (by 20%) than expected from the temperature fields. 

The temperatures recorded in this study were in the same order of magnitude of 1000 

°C as identified in [22], [23] for LFW of Ti-6Al-4V. Comparable microstructures have 

been identified in [10]–[13] on LFW welds of near-α Ti-alloys with a similar weld 

hardening. Cross-checking the results from OM and micro-hardness data was 

fundamental to precisely identify the positions of the characteristic macro-zones of this 

joint despite the temperature data. However, it only suited preliminary identifications of 

the major microstructural changes. The limited information that can be extracted from 

those methods solely do not allow any proper characterization of the thermo-mechanical 

load accommodation mechanisms, nor of the crystallographic changes that happened in 

the joint during LFW. The following sections are thus dedicated to the microscale 

characterization of the three macro-zones forming the PAZ with the use of SEM, EBSD 

and XRD. The information gathered in these sections will be crucial for designing the 

specific PWHT. 

 

3.3. MICROSTRUCTURAL AND CRYSTALLOGRAPHICAL ANALYSIS 

OF THE CHARACTERISTIC ZONES OF THE JOINT 

 

High magnification observations by SEM in Figure 7 showed the important changes 

in the microstructure across the weld. The WL is characterized by thin laths precipitated 

within fine equiaxed grains without any traces of plastic deformation (the discussion will 
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be the subject of the specific section 3.4.2.). On the contrary, the NTMAZ exhibits a 

severely deformed prior-nodular microstructure, this aspect is diminished when 

approaching the FTMAZ as well as a gain in contrast with respect to the retained inter-

nodular β matrix. Furthermore, the image contrasts suggest that the α grains are 

progressively fragmented and/or transformed in the TMAZ with traces of fine-lath 

networks formed within the former β matrix in the NTMAZ. Just deformed fragmented-

like former αp within a clear β matric can be observed in the FTMAZ. Attentive 

observations at the core of the weld revealed the presence of fine defects and/or porosities 

at the supposed center of the WL shown in Figure 8. These porosities, highly detrimental 

to fatigue resistance, have already been reported in [17] and were attributed to the 

shrinkage of microscopic liquid pockets. A local enrichment in copper and zinc from 

electrical discharge machining was believed to cause this liquefaction.   

 

Figure 7 : Microscale observations by SEM in Back-Scatter Electron (BSE) mode of the 

joint showing the microstructures in the different zones within the joint a) WL: ultra-fine 

laths (1) precipitated within fine equiaxed grains (2); b) NTMAZ: highly deformed α 

nodules (3) and transformed “Ghost” prior-β matrix (4); c) FTMAZ: slightly deformed α 

nodules with traces of fragmentation (5) and retained β matrix (6). 

 

Figure 8 : Microscale observations by SEM in Back-Scatter Electron (BSE) mode of the 

center of the WL showing the presence of defects/porosities along the central line. 
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Additional EBSD analysis of the HCP phase across the joint in Figure 9 revealed 

a considerable microstructure refinement involving different mechanisms in the three 

macro-zones of the joint: the WL, the NTMAZ and the FTMAZ. The zoom in the WL in 

Figure 9b showed the formation of fine HCP entangled laths in the WL corroborating the 

SEM observations; no traces of prior-β grains were identifiable here. The FTMAZ 

fragmented-like microstructure in Figure 9d displayed fine α precipitates together with 

coarse α grains slightly smaller than the α nodules in the base material coexisting with 

residual β matrix. The NTMAZ microstructure in Figure 9c appeared to be a hybrid 

between the two previously depicted microstructures by exhibiting a very fine acicular 

microstructure interspersed with highly deformed residual nodules. However, the super 

fine laths formed within the former β matrix in the NTMAZ could not be indexed. 

 

Figure 9 : EBSD orientation map of the HCP phase (step size=0.3 μm) within the joint 

highlighting a) the microstructure refinement at the TMAZ/HAZ border (z≈800 μm) and 

the change of microstructure in the joint from fragmented-like in the TMAZ to acicular 

in the WL. The arrows indicate the positions of the three magnified local regions b) WL 

HCP entangled laths; c) NTMAZ squeezed/shrunk prior-nodular α and fine laths; d) 

FTMAZ showing fragmented-like coarse prior-nodular α within a β matrix (grey). The 

colors indicate the crystallographic directions of the HCP phase along the <x> direction. 

Grains formed by less than five measurement points were considered as not indexed. 

 

A specific feature could be noted in the FTMAZ as some fine α precipitates appeared 

to share clear Burgers Orientation Relationship (BOR) with the adjacent β phase. The 

results in Figure 10 showed that notable <0001>α//<110>β and <112�0>α//<111>β 
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alignments could be identified between the tested β grain and its α neighbors (40 α grains). 

Such a BOR between the α nodules and the β matrix could not be found in the base 

material due to lamellar breakdown. 

 

Figure 10 : EBSD analysis in the FTMAZ highlighting of the Burgers Orientation 

Relationship ({0001}α//{110}β ; <112�0>α//<111>β) between the β matrix (green) and 

neighboring α fragments (blue) showing in a) a selected β grain marked by the symbol 

and its neighbors (outlined by white boundaries); b)-c) overlaid 110-0001 and 111-112�0 

pole figures of the mean grain orientations of the reference β grain (red stars) and its α 

neighbors (black dots). 

 

One can also notice an occurring texture in the HCP orientation map in Figure 9a 

which has been confirmed by plotting the 0001 and 112�0 pole figures in Figure 11. This 

texture is characterized by the gradual formation of one dominating texture component 

when approaching the WL from the oscillating FTMAZ. The most frequent texture 

component in the WL is {0001}<112�0> with the {0001} plane slightly misaligned with 

the transversal plane {xz} and the <112�0> direction along the main material expulsion 

direction <x>. Nevertheless no particular texture was observed past 600 μm from the weld 

center line. 

 

Figure 11 : Local texture analysis of the HCP phase from the orientation map in Figure 9 

through 0001 and 112�0 pole figures obtained from: a) z = [50 ; -50] μm (WL); b) z = [-

150 ; -250] μm (oscillating NTMAZ); c) z = [-350 ; -450] μm (oscillating FTMAZ); d) z 
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= [-550 ; -650] μm (oscillating FTMAZ). The orientation density function was obtained 

from the measured orientations using a half width of 2° and used to plot the pole figures 

with a minimum of 120 000 orientations (10000 and 3000 grains in the WL and in the 

TMAZ, respectively). 

 

Complementary crystallographic analysis by XRD across the joint performed on a 

{yz} central surface with the diffraction vector aligned with <x> in Figure 12 verified the 

absence of β phase in the core of the joint (WL+NTMAZs) with strong similarities with 

the α’ martensitic microstructure obtained by water quenching the base material from the 

β domain. A similar analysis conducted in the FTMAZ showed the presence of the β 

phase in this zone corroborating the EBSD data. One can also notice an increased peak 

width in the FTMAZ compared to the base material in as-received condition (BM AR) 

which could result from the grain size broadening due to microstructure refinement. The 

abnormal intensity of the 0002 peak observed in case of WL+NTMAZs suggests the 

presence of a texture component with <0001> along the <x> direction additional to the 

{0001}<11-20> texture component of the WL. This apparent contradiction to the EBSD 

texture analysis of the WL is caused by the much larger information volume in XRD 

including the adjacent layers of the NTMAZs which exhibits such a 0001 pole close to 

<x>. The low thickness of the WL did not allow the authors to analyze the WL separately 

from the adjacent NTMAZs by XRD. 

 

Figure 12 : XRD diffractograms of restricted ranges of the diffraction angle of the core 

of the joint (WL+NTMAZs) and the FTMAZ compared to the base material water-

quenched (BM WQ) sample and the base material as-received (BM AR). The surface 

irradiated is {yz}. 
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3.4. THERMO-MECHANICAL LOAD ACCOMODATION MECHANISMS 

ACROSS THE WELD 

 

3.4.1. PHASE TRANSFORMATIONS AND MICROSTRUCTURE 

REFINEMENT 

 

The main consequence of the LFW process on the joint is the heterogeneous 

partial/complete α→β phase transformation due to gradients of the thermo-mechanical 

processing conditions leading to significant microstructural changes. These gradients 

resulted in the formation of macro-zones distinguishable by sharp microstructure 

transitions as well as different hardness properties. The thermocouple data suggested that 

a central band about ±1 mm along <z> experienced temperatures above the β-transus (990 

°C) followed by quenching. One could expect from the literature [1], [2] that such a heat 

treatment should have turned the whole central band into a fully transformed martensitic 

microstructure. However the phase identification by EBSD and XRD showed solely the 

joint core (WL+NTMAZs) to exhibit strong correlations with the α’ martensitic 

microstructure obtained in the water quenched sample. Indeed it has been proven by [24], 

[25] that a substantial superheat above the conventional β-transus is required to complete 

the α→β transformation in zones that endured high heating rates (500-1000 K/s) during 

gas tungsten arc welding of Ti-6Al-4V. Furthermore the identification of coarse deformed 

former αp-like nodules in the NTMAZ could be a marker of a partial α+β→α+α’ 

transformation, so that solely the WL might have undergone a complete α→β 
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transformation. Thus the authors, with the help of EBSD and β reconstruction algorithms, 

will provide crucial information about phase transformation and microstructural 

refinement in LFW Ti6242. A quantitative analysis of the EBSD data concerning the 

features of α/α’ grains and the β phase area fraction summarized in Figure 13 confirmed 

the microstructural refinement in the TMAZ visible by OM with polarized light. At the 

HAZ/TMAZ border a sharp local drop in the grain diameter occurs. Those changes in the 

grain features are accompanied by a gradual decrease in the volume fraction of the β phase 

throughout the FTMAZ; the absence of β phase in the WL and the NTMAZ is confirmed 

corroborating the XRD measurements. 

 

Figure 13 : Evolution of the α/α’ grain diameter (longest distance between any two pixels 

along the grain boundary) and aspect ratio (length/width) combined with the local β phase 

area fraction across the joint (along <z>) showing an abrupt microstructural refinement 

at the TMAZ/HAZ border, a gradual loss of β phase in the FTMAZ and its total absence 

in the WL and the NTMAZ. 

 

Complementary analysis on the cumulated misorientation angle distribution at the 

α/α’ grain boundaries plotted in Figure 14 also revealed a significant microstructure 

change in the joint from the base material features, the trends appeared in fact quite similar 

to the α’ of the water quenched sample. Indeed the data from the WL, NTMAZ and 

FTAMZ also showed steps on the curves at the characteristic angles of 60° and 90°. Such 

distributions are analogous to the ones obtained from the β→α variant selection during 

the β→α’/αs transformation within a single β parent grain in [26], thus indicating a 

probable microstructure refinement by β→α variant selection relying on BOR. However 



17 
 

the differences with the water quenched sample with respect to the occurrence of small 

misorientations might be due to two effects in the joint: 1) the fragmentation of prior-β 

grains which increases the frequency of common boundaries between α laths precipitated 

from different β parent grains; 2) an increase in poorly indexed regions jeopardizing the 

theoretical stepped curve. The HAZ exhibited a microstructure and cumulated 

misorientation angle distribution comparable to the ones of the base material as-received 

(BM AR) corroborating the threshold effect of the microstructural refinement. 

 

Figure 14 : Cumulated correlated misorientation angle distributions across the boundaries 

between α/α’ grains in the different joint zones compared to the base material as-received 

(BM AR) and the water-quenched sample (BM WQ). The kinks at 60° and 90° are 

typically observed between α variants precipitated from a common β parent orientation. 

The zones investigated were taken from the orientation data in Figure 9 from the 

oscillating part at the following <z> positions in μm: [50 ; -50], [-150 ; -250], [-550 ; -

650] and [-950 ; -1050] for the WL, NTMAZ, FTMAZ and the HAZ, respectively. A 

threshold of 2° was used for grain boundary detection. The data of the water-quenched 

sample were obtained from 4780 α’ laths precipitated within the same prior-β parent 

grain. The data of the base material as-received were obtained from 2210 αp nodules from 

a single 4.103 μm2 macro-zone. 

 

Local orientation observations in the FTMAZ revealed that most “fragments” 

constituting different former αp nodules had orientations whose specific <0001> and 

<112�0> directions were collinear to <110> and <111> directions of the adjacent β matrix 

respectively. This indicated probable orientation relationships inherited from a common 
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β parent grain through the BOR. As a result the authors proposed here to reconstruct the 

prior-β orientations of clusters that share a common β parent to identify the contribution 

of the α→β→α’/αs phase transformation to the microstructure refinement. To do so, an 

algorithm based on the work of [27]–[30] for prior-austenitic grain reconstruction from 

martensitic clusters has been developed which relies on the following major steps: 1) 

finding each local α/α’ cluster containing at least three neighboring laths separated by 

grain boundaries with misorientations above 15°; 2) computing each possible β parent 

orientation for each HCP orientation ensuring the BOR {0001}α//{110}β and 

<112�0>α//<111>β; 3) comparing the β parent orientations of a reference lath with the 

orientations of the other laths of the cluster; 4) assigning to this reference lath the β 

orientation ensuring a minimum average misorientation among the solutions that have at 

least two neighbors with misorientation angles lower than 4°; 5) repeat steps 3-4 for each 

lath in a cluster and 6) steps 2-5 for each cluster. The α/α’ laths and fragments 

dissatisfying these conditions were classified as unreconstructable grains. The Matlab© 

scripts using the Mtex 5.1.1 tool box were tested and validated on clusters of entangled α 

lamellae within large prior-β equiaxed grains (D=1 mm) of a Ti17 Widmanstätten α+β 

microstructure. 

 

Figure 15 : Orientation map of the BCC β phase obtained by parent grain reconstruction 

from the α/α’ clusters shown in Figure 9 combined with the experimental retained β 

matrix displaying: the significant area fraction of α “fragments” sharing common β 

parents in the TMAZ associated with a gradual β <111> texture development in the 

NTMAZ and a noticeable prior-β grain fragmentation in the WL. The color indicates the 

crystallographic directions of the BCC β phase along the <x> direction. The white lines 
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represent grain boundaries with a misorientation angle above of 5°. The grey color 

indicates unreconstructable fragments. 

 

The result of the reconstruction shown in Figure 15 revealed that, contrary to the base 

material as-received and the HAZ, the algorithm identified a significant area fraction of 

α/α’ grains sharing common β parents in the joint. Different features across the 

WL/NTMAZ and the FTMAZ can be noticed: the WL and the NTMAZ are characterized 

by much fewer unreconstructable α fragments (6% vs. 20% of the indexed data for the 

WL/NTMAZ and the FTMAZ, respectively) and the development of a strong texture with 

<111> along <x> associated with the visible formation of subgrains within deformed 

large prior-β grains. A retro analysis of the misorientation angle frequency over the α/α’ 

grain boundaries in the joint separating the reconstructable fragments from the 

unreconstructable ones is shown in Figure 16. The distribution for the unreconstructable 

α grains revealed the absence of kinks, but a rather continuous increase remarkably 

different from the distribution of the reconstructable ones. Furthermore the distribution 

of the reconstructable fragments appeared remarkably similar to the angle distribution for 

random variant selection from a single β parent grain thus corroborating the 

microstructural refinement by β→α variant selection. 

 

Figure 16 : Cumulated correlated misorientation angle distributions excluding the 

reconstructable fragments (solid red) from the unreconstructable ones (solid black) 

compared to uncorrelated distribution of random orientations (dashed black). 650 

unreconstructable α grains were used in the analysis. 
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Comparing the SEM and XRD observations with the reconstructed high temperature 

β microstructure confirmed that actually both the WL and the NTMAZs underwent a 

complete α→β transformation during the process. The few remaining unreconstructable 

grains were assumed to be due to a 3D effect where the α’/α lath matching would be found 

above or below the observed surface. The combined results from the β reconstruction, the 

boundary misorientation data and the clear BOR between the β matrix and neighboring α 

fragments suggest that the FTMAZ experienced local thermo-mechanical loads that might 

be similar to a conventional α+β processing (T>700 °C). The latter is known to refine the 

fully-equiaxed microstructure into a duplex/bimodal one as depicted in [31]–[34]. 

Furthermore the shear strains experienced in the TMAZ during LFW associated with the 

local shear induced by the βt→αs transformation upon cooling might have enhanced the 

fragmentation of the remaining αp nodules into unreconstructable fragments. The 

presence of retained β matrix after fast cooling in the FTMAZ might be due to a 

combination of two effects: the lack of time at high temperatures associated with a poor 

material mixing. These would lead to a negligible redistribution of β-stabilizing elements 

into the bulk thus jeopardizing the common duplex-microstructure formation (αs lamellae 

interspersed with scattered β spots).  

 

3.4.2. MATERIAL FLOW AND RECRYSTALLIZATION 

 

  The traces of fine equiaxed grains revealed by SEM observations combined with 

the misorientation angle distribution of the α’ laths in the WL led to the proposal that the 

martensitic laths precipitated within fragmented prior-β grains in the joint core. This 

suggestion was corroborated by the computation in Figure 15 showing a visible subgrain 
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formation within deformed prior-β grains in the WL. A preliminary analysis was 

conducted on the misorientation angles (correlated between neighboring grains and 

uncorrelated between randomly chosen grains). The results are displayed in Figure 17a 

combined with the computed β texture within the WL and the NTMAZ presented as pole 

figures in Figure 17b and Figure 17c respectively.  

 

Figure 17 : a) Correlated misorientation angle distributions across the boundaries of the 

reconstructed prior-β grains and the corresponding uncorrelated misorientation angle 

distributions in the WL, the oscillating NTMAZ and the oscillating FTAMZ; recalculated 

110 and 111 pole figures of the reconstructed prior-β grains in b) the WL and c) the 

oscillating NTMAZ. With decreasing distance from the weld center, i.e. from the FTMAZ 

to the WL, first an increase in the frequency of low misorientation angles at the expense 

of higher misorientation angles is observed, followed by a slight decrease in favor of 

boundaries with very high angles. These high fraction of boundaries with very high angles 

are a consequence of the developing texture from one dominating component towards 

two dominating components. A threshold of 5° was used for grain boundary detection 

and halfwidth of 5° was set for the orientation distribution function calculation. 

 

The analysis in Figure 17a revealed a significant increase in the frequency of low 

misorientation angles between the oscillating FTMAZ and the oscillating NTMAZ. This 

effect might be due to re-orientation of the β grains during deformation towards an ideal 

orientation properly aligned with the deformation conditions [35]. Indeed a single 

{110}<111> texture component (with a <111> direction along <x> and a {110} plane as 

{xy} plane) can be observed in the oscillating NTMAZ in Figure 17c corroborating the 
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increase in frequency of low misorientation angles at the expense of the higher angles. 

The WL, on the contrary, appeared to be defined by two main twin-symmetric 

{110}<111> texture components as seen from the pole figures showed in Figure 17b. 

However solely one could be identified as coming from the NTMAZ of the oscillating 

part requiring a detailed local analysis for revealing the origin of the twin-symmetric 

component (βTWIN). To do so, a preliminary approach was to compare the ideal 

reconstructed orientations of the β phase from the WL to the ones from the forging and 

the oscillating NTMAZs in the pole figures displayed in Figure 18. 

 

Figure 18 : Local analysis of the BCC {hkl}<111> texture development among the prior-

β grains close to the weld center line relying on the reconstructed β orientations (βRec) 

from the experimental α/α’ orientations (αExp). The 0001 and 112�0 pole figures of the αExp 

are plotted for a) the forging NTMAZ (αFRG); b) the WL (αWL) and c) the oscillating 

NTMAZ (αOSC). The corresponding 110 and 111 pole figures of the βRec are plotted in d)-

f). Four ideal orientations are marked, one for each of the NTMAZ (βFRG on the forging 

side in blue and βOSC on the oscillating side in red) and two in the WL (a local component 

βWL in purple and the corresponding twin component βTWIN in green). 

 

Inspection of the experimental α/α’ HCP orientations from the joint core revealed 

that the texture of the pole figure of the two opposing NTMAZs appeared significantly 

similar, but characterized by a 30° rotation around the 112�0 pole aligned with <x>. 

Furthermore an extensive study of the distribution of the poles revealed that each NTMAZ 

seemed to be composed of a single dominant texture component of the β phase prior to 

cooling, moreover also mutually rotated by 30°. The orientation reconstruction of the β 
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phase from the α/α’ data points confirmed the presence of solely one dominating 

{hkl}<111> texture component in each NTMAZ, namely βFRG and βOSC in the forging 

part and the oscillating part, respectively. All these {hkl}<111> components have a 

<111> direction in common aligned with <x>, but differ in their crystallographic plane 

{hkl} aligned with the {xy} plane (i.e. the forging plane). Where the forging NTMAZ 

shows solely the {110}<111> texture component, an apparent {112}<111> texture 

component might be noted in the oscillating NTMAZ. The latter is actually equivalent to 

the {110}<111> texture component from the forging NTMAZ rotated by 30° around 

<111>. This interesting asymmetry is resulting from the alignment of the local 

{110}<111> slip system to different planes and directions: in the forging NTMAZ the 

<110> direction is aligned with the forging direction <z> and in the oscillating NTMAZ 

the <110> direction is aligned with the oscillating direction <y>. The observed 

misorientation angle of 30° is a direct consequence of this shifting alignment taking into 

account crystal symmetry; the two different alignments might result from an asymmetric 

plastic behavior between the forging and the oscillating part during LFW. Furthermore, 

one of the two orientations of the β phase present in the WL (βWL) appeared to be just the 

intermediate between these two components of the two NTMAZs due to an overlapping 

effect. The spatial distribution of the ideal orientations combined with the local 

misorientation to the reference are shown in Figure 19. 

 

Figure 19 : Spatial distribution of the three main {hkl}<111> texture components of the 

β phase (i.e. βFRG, βOSC, and βTWIN) combined with the local angular deviation from the 

closest reference orientation. The recrystallized nuclei highlighted by white boundaries 

were identified as having at least one boundary with a misorientation above 15° and 
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ensuring a grain orientation spread lower than 1°. The white dashed line represents the 

weld center line (WCL). 

 

A sharp border can be observed in Figure 19 between the two sides of the weld 

(i.e forging and oscillating) and the local misorientations to the ideal parent orientation 

showed the absence of any gradual crystal rotation from one part to the other. Solely a 

random orientation spread from the ideal orientations could be observed (10° and 8° for 

the forging and the oscillating part, respectively). The twin component βTWIN which is 

twin-symmetric to βWL appeared to be mostly present in the oscillating part in the form 

of large clusters and as scattered fine grains in both NTMAZs. An analysis along the WL 

from a band of 700x50 μm2 identified an even blending of βWL and βTWIN (as defined in 

Figure 18e within the joint center line characterized by an area fraction of 45% of βWL, 

44% of βTWIN and 11% of unrelated orientations. This texture blending could be caused 

by a local interpenetrating material flow mixing of the two single-component textures 

coming from the forging and the oscillating NTMAZs. 

Such a material mix could be of major importance as: 1) it could enhance the β-

stabilizing element redistribution in the bulk explaining the differences of microstructure 

noted by SEM between the WL and the NTMAZ (“Ghost” β in the NTMAZ); 2) it might 

have an influence on the defect redistribution impacting the weld quality. Material stirring 

and the related plastic deformation could also be responsible for the significant increase 

in frequency observed at the misorientation angle of 60° in the WL compared to the 

NTMAZ (in Figure 17a) through recrystallized nuclei formation in twin orientation and 

the generation of βWL/βTWIN boundaries. Indeed large deformation could lead to such an 

apparently recrystallized microstructures due to a phenomenon called continuous 
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dynamic recrystallization (CDRX) [36], [37] by grain subdivision or fragmentation 

forming large misorientation boundaries as depicted in [38], [39].  

The recrystallized nuclei drawn in Figure 19 within the stirred microstructure and 

the corresponding 110 and 111 pole figures for each weld side plotted in Figure 20 

revealed the following major features: 1) the nuclei are scattered across the WL and the 

NTMAZs; 2) The nuclei orientations are mainly related to the local ideal orientations but 

slightly rotated; 3) a recrystallized area fraction of 16% was identified with a mean nuclei 

diameter of 9 μm ± 3 μm. In addition to that the asymmetric behavior identified through 

local texture development is also visible in terms of recrystallization features as: 1) the 

nuclei rotation from the ideal orientations appeared to be much more remarkable in the 

oscillating part compared to the forging side; 2) the oscillating part exhibits a higher 

recrystallized area fraction (17% vs. 14%) with slightly smaller nuclei diameter (8.8 μm 

vs. 9.2 μm). 

 

Figure 20 : 110 and 111 pole figures of the mean orientation of all recrystallized nuclei 

for a) the forging part and b) the oscillating part. The ideal orientations βFRG, βOSC and 

βTWIN are shown in blue, red and green stars respectively. 

 

Preceding studies on LFW of near-α Ti-alloys proposed that dynamic recrystallization 

might have happened in the WL and in the NTMAZs resulting in a similar grain size [10]–

[14]. Yet slightly different α textures were identified in previous studies on LFW joints 

of Ti-alloys mainly characterized by the prismatic plane being coplanar with the 

theoretical friction plane and the <112�0> direction being parallel to the oscillation 

direction which was also the main material expulsion direction [40]–[42]. Furthermore a 
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slight rotation in texture in the TMAZ was also observed in [41] compared to the weld 

center corroborating the results shown in this study. The differences between those and 

the {0001}<112�0> texture reported here with <112�0> parallel to the main expulsion 

direction, but perpendicular to the oscillation direction might be caused by: 1) the welding 

configuration (i.e. process parameters, aspect ratios of the welded blocks, the oscillating 

direction …); 2) the experimental method chosen for texture identification (XRD, EBSD 

…) and the area investigated which affects the fraction of NTMAZ incorporated in the 

analysis. Nevertheless it has been shown that the {0001}<112�0> texture of the α/α’phase 

revealed here resulted from the {110}<111> texture of the β phase developing during 

LFW in the joint core.  Similar texture of the β phase have been reported for LFW β Ti-

alloys in [16], [43]; yet the authors are presently unable to explain the tendency of those 

precipitates towards developing specific variants rather than a random distribution among 

all the possible variants from the prior-β grain with {110}<111> orientations. This could 

be caused by concurrent developing residual stresses or temperature gradients during 

cooling. Furthermore, the proposal of an asymmetric texture development in the β phase 

towards different plastic behavior in the forging and the oscillating part (caused by 

forging and oscillating motion) stated in this study has not been reported in the literature 

yet, a preceding study on LFW Ti17 also showed an asymmetric behavior between the 

forging and the oscillating part with the oscillating part being more affected by the heat 

flux [16]. 

 

3.5. POST-WELD HEAT TREATMENT 
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Previous studies [13], [42] highlighted the fact that LFW of Ti-alloys causes important 

residual stresses within the joint in the as-welded configuration  which could be 

detrimental to the assembly fatigue resistance. It has been shown in [13] that ageing near-

α Ti-alloy LFW joint at 700 °C permitted to lower the residual stresses drastically. 

However, authors in [11] identified that an ageing at 700 °C for 2 h led to a drop in 

toughness due to interface weakening resulting from β and silicide precipitation along the 

α lath boundaries. Homogenizing PWHT through β annealing followed by α+β ageing as 

realized in [16] has been tested by the authors, but led to a loss of the fully-equiaxed 

microstructure of the base material in favor of a lamellar microstructure (1000 °C/3 h ; 

1000 °C → 400 °C at 2 °C/min). Such a microstructure was characterized by highly-

textured α macro-zones with significant hardness fluctuations (α phase anisotropy) known 

to be detrimental to cold dwell fatigue resistance [2]. The PWHT shown here consisted 

in an α+β annealing followed by ageing (910 °C/2 h ; 910 °C → 635 °C /2 h ; 635 °C/8 

h) in order to allow the α’→α+β decomposition and the α globularization in the TMAZ 

to form a gradual microstructure refinement across the TMAZ.  

OM and SEM observations on the joint after this PWHT are shown in Figure 21 

depicting the local microstructure. The annealing in the α+β domain at 80 K below the β-

transus for 2 h permitted to decompose the α’ into equilibrium α+β in the WL, in the 

TMAZ this led to αs→β transformation and partial α→β in the rest of the assembly 

without abnormal β grain growth due to grain pinning by remaining partially transformed 

αp nodules. Slow cooling followed by ageing at 635 °C allowed to form coarse entangled 

α laths within a β matrix in the WL and equiaxed α grains in the TMAZ. Furthermore no 

porosities/defects formerly present in the joint were noticeable after PWHT which might 

be due defect dissolution into the bulk as observed in diffusion bonding processes  [44]. 
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Figure 21 : Microstructure observations of the weld after PWHT with a) OM observation 

of the whole joint under polarized light; and SEM micrographs in BSE mode for b) the 

WL c) the TMAZ and d) the BM (unaffected by LFW but the PWHT). In the SEM images, 

the α phase in dark grey is distinguishable from the β phase in light grey. 

 

The effect of the PWHT on the microstructural features (i.e. β phase fraction, α grain 

diameter/aspect ratio and micro-hardness) of the former LFW macro-zones and the base 

material are shown in Figure 22 in comparison with the ones of the base material as-

received. It can be seen from these results that the PWHT ensured: 1) quasi-uniform levels 

of β phase fraction and micro-hardness were obtained in the whole assembly; 2) a gradual 

microstructure refinement from the HAZ to the WL instead of the as-welded sharp 

TMAZ/HAZ border; 3) microstructural features of the treated base material similar to the 

ones of the as-received configuration. 

 

Figure 22 : Comparison of the microstructural features between the base material in the 

as-received configuration (BM AR) and the macro-zones of the joint after the PWHT 

depending on their distances to the weld center line. It revealed a gradual microstructure 

refinement in the joint core while exhibiting homogenized β phase fractions and hardness 

values across the weld. No significant changes were noted in the treated base material 

compared to the as-received configuration. 

 

Complementary XRD investigations were performed on the joint and the base 

material after the PWHT, the diffractograms are shown in Figure 23. Similar results were 

obtained between the base material after the PWHT and in the as-received configuration 
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corroborating the microstructural observations. The surprisingly high intensity of the 

(112�0) peak in the joint indicates that a strong texture is remaining in the weld after the 

PWHT. The 0001 and 112�0 pole figures of the α orientations in the WL shown in Figure 

24 confirmed that a weakened {0001}<112�0> is still present after PWHT. A <112�0> pole 

close to the <y> axis corroborates the texture observed by XRD. The residual β matrix 

formed by the PWHT from the martensitic microstructure also showed a significant 

{110}<111> texture resembling the one identified through the reconstruction of the β 

grains in Figure 17. No particular texture was noticeable any longer past the former 

NTMAZ border after PWHT. 

 

Figure 23 : XRD diffractograms of restricted ranges of the diffraction angle of both heat 

treated joint and base material (BM) confirming the α’→α+β decomposition in the joint 

and the presence of a strong texture in the α phase. The surface irradiated is {xz}. 

 

Figure 24 : a) 0001 and 112�0 pole figures of the α phase b) 110 and 111 pole figures of 

the β phase in the acicular central band after PWHT showing weakened {0001}<112�0> 

and {110}<111> textures compared to the as-welded WL. 

 

4. CONCLUSION 

 

A sound weld has been achieved by LFW on the near-α alloy Ti6242. The 

microstructures and hardness properties resulting from the process have been investigated 
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in the as-welded condition as well as after a PWHT and the following conclusions can be 

drawn: 

1) The supra-transus thermo-mechanical loads occurring near the contact interface 

caused the formation of a hard joint characterized by three distinct zones: the WL made 

of highly textured ultra-fine martensitic α’ laths precipitated within fine recrystallized 

prior-β grains, the TMAZ consisting of highly deformed αp nodules and αs fragments 

with scattered retained β phase, and the HAZ indistinguishable from the base material 

but displaying a slight increase in hardness which might be due to residual stresses. 

2) The high strain and strain rates combined with supra-transus temperatures activated 

recrystallization and recovery mechanisms to accommodate the deformation. Prior-β 

grain reconstruction permitted to identify three main β texture components formed 

before cooling depending on the local asymmetrical deformation conditions. All three 

components have their <111> directions aligned with <x> (perpendicular to the 

oscillation axis), the <110> direction is aligned with <z> and <y> for the forging and 

the oscillating NTMAZs respectively; a twin-symmetric component was formed in 

large clusters in the joint core. Martensitic β→α’ (WL and NTMAZ) and βT→αs 

(FTMAZ) transformations upon cooling resulted in a strong texture in the core of the 

joint with the {0001} plane being parallel with the friction plane {xy} and the <112�0> 

direction being aligned with the transversal direction <x>. 

3) The material consumption and the temperature fields revealed a rather symmetrical 

behavior between the oscillating and the forging block. 

4) A PWHT is proposed which homogenizes the hardness properties within the whole 

assembly by α’ decomposition into equilibrium α+β acicular microstructure in the WL 

and α globularization in the TMAZ ensuring smooth microstructure transitions across 

the joint. 
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a) 

 

b) 

 
 

Figure 1 : a) Sketch of the geometry of the welded parts and the sampling method for 

observations and diffraction analysis [16] with the forging direction <z> and the 

oscillating direction <y>; b) picture of the whole assembly. The forging part is the upper 

part (z>0) and the oscillating part is the lower part (z<0). 
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Figure 2 : Fully-equiaxed microstructure of the as-received Ti6242 base material. SEM 

micrographs of the αp nodules in dark grey (marker #1) within the bright β matrix (marker 

#2). 
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Figure 3 : Preliminary inspection of the weld by OM after etching revealing an offset in 

the alignment of the parts along <x>, asymmetrical flashes and the curvature of the joint. 
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a) 

 
b) 

 
 

Figure 4 : Temperature measurements across the joint showing a) the thermocouple data 

from the forging part and the oscillating part; b) the initial thermocouple positions. The 

colors indicate the initial distance from the contact surface prior to axial shortening: 

TC1+5+9, TC3+7, TC2+8 and TC4+6 were placed at 2 mm, 4 mm, 6 mm and 8 mm, 

respectively. 
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Figure 5 : Local temperature maxima measured by the thermocouples (black dots) in 

dependence on the final distance from the weld center line after axial shortening 

combined with the local dwell time in the β domain experienced during the process (red 

triangles). 
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Figure 6 : Combined data from OM observations with polarized-light and corresponding 

local hardness across the Ti6242 LFW joint detailing the characteristic macro-zones: the 

Welding Line (WL), the Thermo-mechanically Affected Zone (TMAZ) and the Heat 

Affected Zone (HAZ). The polarized-light showed the global microstructure refinement 

in the joint and etching revealed a further subdivision of the TMAZ into the far-TMAZ 

(FTMAZ) just deformed, the near-TMAZ (NTMAZ) heavily deformed and the WL fully 

transformed. 
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a) 

 

Figure 7 : Microscale observations by 

SEM in Back-Scatter Electron (BSE) 

mode of the joint showing the 

microstructures in the different zones 

within the joint a) WL: ultra-fine laths (1) 

precipitated within fine equiaxed grains 

(2); b) NTMAZ: highly deformed α 

nodules (3) and transformed “Ghost” 

prior-β matrix (4); c) FTMAZ: slightly 

deformed α nodules with traces of 

fragmentation (5) and retained β matrix 

(6). 

b) 

 
c) 
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Figure 8 : Microscale observations by SEM in Back-Scatter Electron (BSE) mode of the 

center of the WL showing the presence of defects/porosities along the central line.  
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a) 

 
b) 

 

c) 

 

d) 

 
 

Figure 9 : EBSD orientation map of the HCP phase (step size=0.3 μm) within the joint 

highlighting a) the microstructure refinement at the TMAZ/HAZ border (z≈800 μm) and 

the change of microstructure in the joint from fragmented-like in the TMAZ to acicular 

in the WL. The arrows indicate the positions of the three magnified local regions b) WL 

HCP entangled laths; c) NTMAZ squeezed/shrunk prior-nodular α and fine laths; d) 

FTMAZ showing fragmented-like coarse prior-nodular α within a β matrix (grey). The 

colors indicate the crystallographic directions of the HCP phase along the <x> direction. 

Grains formed by less than five measurement points were considered as not indexed. 
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a) 

 

b) 

 

c) 

 
 

Figure 10 : EBSD analysis in the FTMAZ highlighting of the Burgers Orientation 

Relationship ({0001}α//{110}β ; <112�0>α//<111>β) between the β matrix (green) and 

neighboring α fragments (blue) showing in a) a selected β grain marked by the symbol 

and its neighbors (outlined by white boundaries); b)-c) overlaid 110-0001 and 111-112�0 

pole figures of the mean grain orientations of the reference β grain (red stars) and its α 

neighbors (black dots).  
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a) 

 

b) 

 

c) 

 

d) 

 
 

Figure 11 : Local texture analysis of the HCP phase from the orientation map in Figure 9 

through 0001 and 112�0 pole figures obtained from: a) z = [50 ; -50] μm (WL); b) z = [-

150 ; -250] μm (oscillating NTMAZ); c) z = [-350 ; -450] μm (oscillating FTMAZ); d) z 

= [-550 ; -650] μm (oscillating FTMAZ). An orientation density function was obtained 

from the measured orientations using a half width of 2° and used to plot the pole figures 

with a minimum of 120 000 orientations (10000 and 3000 grains in the WL and in the 

TMAZ, respectively). 
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Figure 12 : XRD diffractograms of restricted ranges of the diffraction angle of the core 

of the joint (WL+NTMAZs) and the FTMAZ compared to the base material water-

quenched (BM WQ) sample and the base material as-received (BM AR). The surface 

irradiated is {yz}. 
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Figure 13 : Evolution of the α/α’ grain diameter (longest distance between any two pixels 

along the grain boundary) and aspect ratio (length/width) combined with the local β phase 

area fraction across the joint (along <z>) showing an abrupt microstructural refinement 

at the TMAZ/HAZ border, a gradual loss of β phase in the FTMAZ and its total absence 

in the WL and the NTMAZ. 
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Figure 14 : Cumulated correlated misorientation angle distributions across the boundaries 

between α/α’ grains in the different joint zones compared to the base material as-received 

(BM AR) and the water-quenched sample (BM WQ). The kinks at 60° and 90° are 

typically observed between α variants precipitated from a common β parent orientation. 

The zones investigated were taken from the orientation data in Figure 9 from the 

oscillating part at the following <z> positions in μm: [50 ; -50], [-150 ; -250], [-550 ; -

650] and [-950 ; -1050] for the WL, NTMAZ, FTMAZ and the HAZ, respectively. A 

threshold of 2° was used for grain boundary detection. The data of the water-quenched 

sample were obtained from 4780 α’ laths precipitated within the same prior-β parent 

grain. The data of the base material as-received were obtained from 2210 αp nodules from 

a single 4.103 μm2 macro-zone. 
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Figure 15 : Orientation map of the BCC β phase obtained by parent grain reconstruction 

from the α/α’ clusters shown in Figure 9 combined with the experimental retained β 

matrix displaying: the significant area fraction of α “fragments” sharing common β 

parents in the TMAZ associated with a gradual β <111> texture development in the 

NTMAZ and a noticeable prior-β grain fragmentation in the WL. The color indicates the 

crystallographic directions of the BCC β phase along the <x> direction. The white lines 

represent grain boundaries with a misorientation angle above of 5°. The grey color 

indicates unreconstructable fragments. 
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Figure 16 : Cumulated correlated misorientation angle distributions excluding the 

reconstructable fragments (solid red) from the unreconstructable ones (solid black) 

compared to uncorrelated distribution of random orientations (dashed black). 650 

unreconstructable α grains were used in the analysis. 
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a) 

 
b) 

 

c) 

 
 

Figure 17 : a) Correlated misorientation angle distributions across the boundaries of the 

reconstructed prior-β grains and the corresponding uncorrelated misorientation angle 

distributions in the WL, the oscillating NTMAZ and the oscillating FTAMZ; recalculated 

110 and 111 pole figures of the reconstructed prior-β grains in b) the WL and c) the 

oscillating NTMAZ. With decreasing distance from the weld center, i.e. from the FTMAZ 

to the WL, first an increase in the frequency of low misorientation angles at the expense 

of higher misorientation angles is observed, followed by a slight decrease in favor of 

boundaries with very high angles. These high fraction of boundaries with very high angles 

are a consequence of the developing texture from one dominating component towards 

two dominating components. A threshold of 5° was used for grain boundary detection 

and halfwidth of 5° was set for the orientation distribution function calculation. 
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a) 

 

d) 

 
b) 

 

e) 

 
c) 

 

f) 

 
 

Figure 18 : Local analysis of the BCC <111> texture development among the prior-β 

grains close to the weld center line relying on the β reconstructed orientations (βRec) from 

the experimental α/α’ orientations (αExp). The 0001 and 112�0 pole figures of the αExp are 

plotted for a) the forging NTMAZ (αFRG); b) the WL (αWL) and c) the oscillating NTMAZ 

(αOSC). The corresponding 110 and 111 pole figures of the βRec are plotted in d)-e). Four 

ideal orientations are marked, one for each of the NTMAZ (βFRG on the forging side in 

blue and βOSC on the oscillating side in red) and two in the WL (a local component βWL 

in purple and the corresponding twin component βTWIN in green). 
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Figure 19 : Spatial distribution of the three main {hkl}<111> texture components of the 

β phase (i.e. βFRG, βOSC, and βTWIN) combined with the local angular deviation from the 

closest reference orientation. The recrystallized nuclei highlighted by white boundaries 

were identified as having at least one boundary with a misorientation above 15° and 

ensuring a grain orientation spread lower than 1°. The white dashed line represents the 

weld center line (WCL). 
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b) 

 

 

 
 

Figure 20 : 110 and 111 pole figures of the mean orientation of all recrystallized nuclei 

for a) the forging part and b) the oscillating part. The ideal orientations βFRG, βOSC and 

βTWIN are shown in blue, red and green stars respectively. 
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d) 

 
 

Figure 21 : Microstructure observations of the weld after PWHT with a) OM observation 

of the whole joint under polarized light; and SEM micrographs in BSE mode for b) the 

WL c) the TMAZ and d) the BM (unaffected by LFW but the PWHT). In the SEM images, 

the α phase in dark grey is distinguishable from the β phase in light grey. 
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Figure 22 : Comparison of the microstructural features between the base material in the 

as-received configuration (BM AR) and the macro-zones of the joint after the PWHT 

depending on their distances to the weld center line. It revealed a gradual microstructure 

refinement in the joint core while exhibiting homogenized β phase fractions and hardness 

values across the weld. No significant changes were noted in the treated base material 

compared to the as-received configuration. 
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Figure 23 : XRD diffractograms of restricted ranges of the diffraction angle of both heat 

treated joint and base material (BM) confirming the α’→α+β decomposition in the joint 

and the presence of a strong texture in the α phase. The surface irradiated is {xz}. 
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b) 

 

 

 
 

Figure 24 : a) 0001 and 112�0 pole figures of the α phase b) 110 and 111 pole figures of 

the β phase in the acicular central band after PWHT showing weakened {0001}<112�0> 

and {110}<111> textures compared to the as-welded WL. 
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Graphical abstract: Multi-scale and multi-technic analysis of a linear friction welded 

near-α Ti6242 joint revealing a significant microstructural refinement and a consistent 

hardening due to extreme thermo-mechanical processing transforming the as-received 

fully-equiaxed microstructure into:  martensitic laths precipitating within 

recrystallized prior-β grains; - plastically deformed and fragmented α nodules. 
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