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ABSTRACT 20 

Flow forming and inertia friction welding (IFW) have been widely used as manufacturing processes that 21 

produce high-value engineering components. Combining these two advanced processes facilitates the 22 

fabrication of near-net shape components leading to optimised designs. This study introduces the joining of 23 

flow formed seamless tubes of MLX®19 maraging steel using the IFW process to fabricate a near-net shape 24 

component used in landing gears and missile parts. The as-received material was initially provided ≈ 30% 25 

reduction in thickness from the flow forming trials and then welded at four varying weld energies while 26 

maintaining constant friction and forge pressures. The mechanical behaviour of the weldments was 27 

characterised, and the optimised weld parameters were determined. The concomitant microstructural 28 
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evolution of the optimised weld was also examined to comprehend the underlying deformation mechanisms. 29 

The weld strength, axial shortening and width of dynamic recrystallisation (DRX) displayed an increasing 30 

trend with an increase in the weld energy. The weld-zone (WZ) and thermo-mechanical affected zone 31 

(TMAZ) showed the presence of martensite, whereas in the HAZ presence of intermetallic precipitates and 32 

reverted austenite was confirmed along with tempered martensite. Based on microstructural evidence, it 33 

was concluded that the peak temperature attained in the WZ was above Ac3, whereas in the TMAZ it was 34 

in-between Ac1 and Ac3.  The evolution of crystallographic texture implied that WZ was subjected to pure 35 

shear deformation during the welding whereas, the TMAZ experienced a combined shear and compressive 36 

deformation.  37 

 38 
Keywords: Metal forming; Friction welding; Maraging steel; Phase transformation; Texture; 39 

Mechanical properties 40 

1. INTRODUCTION 41 

The green aviation concept in the aerospace industry has led to a continuous 42 

improvement in the mechanical properties of engineering materials to improve the fuel 43 

efficiency and propulsion system of aircraft. Several critical applications in defence and 44 

aviation industries necessitate materials with imperative characteristics such as optimum 45 

strength to weight ratio, high impact toughness and adaptability to different 46 

manufacturing processes. Maraging steels, a class of low carbon high alloy steel are widely 47 

used in aerospace and defence applications since they possess a unique combination of 48 

optimum fracture toughness and ductility, ultra-high strength, good formability and 49 

weldability. These steels are widely used for fabrication of aircraft undercarriage 50 

structures, landing gear components, submarine hulls, cryogenic missiles, fuselage and 51 

structural parts in wings, rocket motor and booster casings, pressure vessels, transmission 52 
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shafts etc. [1]. MLX®19 is a new grade of high-strength corrosion-resistant precipitate 53 

hardened steel developed by Aubert & Duval for aerospace applications. The use of this 54 

type of maraging steel is encouraged due to the need to eradicate harmful coatings of 55 

cadmium and chromium which are now required to be removed under the environmental 56 

regulation. The nano-metric precipitation within the martensite matrix is the main reason 57 

for the ultra-high strength of MLX®19 steel, while maintaining satisfactory ductility and 58 

toughness due to the presence of bcc martensite [2]. The high nickel content in maraging 59 

steels ensures a fully martensitic transformation with traces of austenite irrespective of 60 

the cooling rates. Similarly, the formation of precipitates in the martensite matrix during 61 

the ageing heat treatment restricts the dislocation movement and propagation of cracks 62 

during fracture.  63 

It is well understood that thin-walled seamless tubes are widely used in structural 64 

applications for their enhanced stiffness, excellent surface finish and strength [3]. 65 

Moreover, there are specific applications, for instance in landing gears and missile 66 

casings, which demand welding of these seamless tubes. Since these weldments are 67 

subjected to impact loading at very high-strain rates, it is significantly important to assess 68 

their structural integrity to ensure safe application and future performance.  69 

In recent decades, near net shape manufacturing has gained significant attention 70 

as it produces parts with optimum machining time and energy consumption while 71 

minimising raw material waste. The main objective of this technology is to produce 72 

intricate semi-finished components that are very near to their ultimate shape [4]. 73 
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Nowadays amongst the various near net shape manufacturing processes, flow forming 74 

and friction welding are gaining significant attention in the aerospace and defence 75 

industries. Flow forming is an inventive, near net shape and cold working manufacturing 76 

process that produces intricate and thin-walled seamless tubes from cylindrical preforms. 77 

In this process, the preform is initially placed into a rotating mandrel and is gradually 78 

compressed along the thickness direction by a set of rollers. The rollers simultaneously 79 

move in the axial direction, thus creating a spiral type deformation path [5]. Once the 80 

yielding is attained, the preform deforms plastically in both the axial and radial directions 81 

resulting in the manufacture of the target product. The major advantages of this process 82 

are (a) no / minimal wastage of raw material, (b) accurate profiles with precise control 83 

over material thickness, (c) custom manufacturing design flexibility, (d) faster production 84 

rate, (e) higher strength due to more refined grains than extruded material etc. [6].  85 

Inertia friction welding (IFW), also a near net shape manufacturing process and a 86 

variant of rotary friction welding, is a solid-state joining process where the welding is 87 

performed below the melting temperature. During IFW, one workpiece is connected to 88 

the flywheel while the other is connected to the fixture. The flywheel is disconnected 89 

from the motor once the targeted speed is reached and the workpieces are then welded 90 

using friction and forge forces. The detailed description about this process is provided 91 

elsewhere [7] 92 

  In recent times, the use of IFW has steadily increased because of significant 93 

reduction in solidification defects and improved joint quality [8]. Other advantages of IFW 94 
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over fusion welding are (a) no use of shielding gas or filler material, (b) low residual 95 

stresses, (c) reduced weld time etc. In our previous studies, weld energy (or rotational 96 

speed; 𝐸 =
1

2
𝐼𝜔2), forge and friction pressures have been identified as the vital process 97 

parameters affecting the weld integrity during IFW [9, 10]. Moreover, the weld energy 98 

has a significant effect in varying the shape and width of the HAZ, thus influencing the 99 

friction behaviour of faying surfaces [11]. Indeed, the intensity of heat liberation and 100 

process duration directly depends on the weld energy, which in turn, would significantly 101 

affect the microstructural evolution. Therefore, it is substantially important to study the 102 

influence of weld energy on the welds strength.   103 

Though sufficient literature is available on the welding of preform maraging steels, 104 

to-date, limited studies have been carried out on the welding of maraging steels in the 105 

flow formed condition. For instance, Lee et al. [12] conducted cold flow formed trails on 106 

C-250 maraging steel in the solution annealed condition and investigated the effect of 107 

heat treatment on the microstructural evolution. The formation of coarse grain type 108 

martensitic laths were observed for the aged specimens, whereas, a needle type structure 109 

was found for the solution and aged condition. In another study, Lee et al. [13] carried 110 

out electron beam welding on the flow formed parts of C-250 maraging steel and 111 

investigated the post-weld heat treatment effects on the mechanical properties. To the 112 

best of the authors’ knowledge, no studies describing the solid-state welding of flow 113 

formed parts of maraging steel are available in literature with an emphasis on the IFW of 114 

MLX®19 steel. Therefore, it is important to conduct a methodical study on the IFW of flow 115 

formed components for real-world engineering applications and industrial 116 
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transformation priorities.      117 

In an answer to the aforementioned scarcity of research studies, this investigation 118 

was encouraged to conduct IFW on the flow formed components of MLX®19 steel. The 119 

scope of this study contains (a) mechanical and microstructural characterisation of the 120 

flow formed components of MLX®19 steel, and (b) investigating the effect of weld energy 121 

on the integrity of the flow formed weldments. The as-received material was provided 122 

with ≈ 30% reduction from flow forming followed by IFW using varying weld energies and 123 

constant friction and forge pressures. The mechanical properties of the flow formed 124 

weldments were characterised by performing hardness and tensile tests. The 125 

concomitant microstructural evolution of the optimised weldment was examined using 126 

advanced characterisation techniques.   127 

2. EXPERIMENTAL PROCEDURE 128 

2.1. Material and process description  129 

 MLX®19 maraging steel with a nominal chemical composition of 0.03C-0.25Mn-130 

0.25Si-0.01P-0.01S-2.25Mo-10.5Cr-13.0Ni-1.5Ti-1.7Al-Fe (wt. %) was used in this study. 131 

The as-received forged billets in annealed condition were machined to cylindrical tubes 132 

having an inner diameter and thickness of 52.5 and 17.1 mm, respectively. These (8 off) 133 

cylindrical tubes were then cold flow-formed using a VUD600 vertical flow former 134 

machine (refer Fig. 1a) that has the capacity of forming large products up to 600 mm 135 

length and 800 mm diameter. The forming experiments were conducted in the reverse 136 

flow forming configuration with a feed rate of 80 mm/min and spindle speed of 150 rpm. 137 
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Two rollers were used during the forming process and a vertical gap of 2 mm was kept 138 

between them. These parameters were carefully chosen based on past experience of 139 

forming similar high alloy steels. The flow formed components were then welded using a 140 

125T rotary friction welding machine (see Fig. 1b). During the IFW, one component was 141 

clamped to the spindle and the other to the fixture. The values of different process 142 

parameters used in this study viz. weld energy, friction and forge pressures are provided 143 

in Table 1. Due to the proprietary information, scaled values have been provided instead 144 

of exact weld parameters. The macrograph of the flow formed components is shown in 145 

Fig. 1c and the weldment along with flash and the cross-section of weld joint for one of 146 

the welds is shown in Fig. 1d. Flash is the excess material extruded from the weld 147 

interfaces during the IFW.  148 

2.2. Microstructural and mechanical characterisation 149 

Metallographic samples were prepared to observe the microstructures before and 150 

after welding of the flow formed components as per the ASTM E3-11 standard [14]. The 151 

specimens were polished to 0.05 µm and etched using Vilella’s reagent (100 ml ethanol + 152 

5 ml HCL + 1 gm picric acid). The samples were examined using a Leica DM6000 M optical 153 

microscope (OM) and a Quanta 650 field emission gun (FEG) scanning electron 154 

microscope (SEM) equipped with energy dispersive spectroscopy (EDS) detector. The 155 

EBSD patterns were collected at an accelerating voltage of 25 kV and 0.15 μm step size 156 

using AZTEC software with a minimum hit rate of ~ 88%. The post-processing was carried 157 

out using HKL-channel 5 and ATEX softwares [15]. The chemical composition of 158 

intermetallic precipitates were determined by EDS analysis. The hardness was measured 159 
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on a Vickers scale by applying a load of 200 gf for a 12 s dwell time using Struers Vickers 160 

micro-hardness testing machine. Tensile tests were carried out at ambient condition on 161 

round specimens having a gauge diameter and length of 4 and 20 mm, respectively, at a 162 

constant engineering strain rate of 0.001 /s. The tests were performed till fracture using 163 

a Zwick Z250 screw-driven testing machine with a 250 kN load cell according to the ASTM 164 

E-8M standard [16]. Three tensile specimens were tested at each condition for statistical 165 

reliability.   166 

3. RESULTS AND DISCUSSION 167 

3.1. Microstructure of the as-received and flow formed materials before welding   168 

The microstructure of the MLX®19 steel in as-received state (i.e. before flow 169 

forming) is shown in Fig. 2. The OM and SEM micrographs of MLX®19 illustrated in Fig. 2a 170 

and b exhibited martensitic structure and a few titanium enriched intermetallic 171 

precipitates of size ranging from 3.5 - 8µm. The chemical composition of one of these 172 

precipitates is presented in Table 2. The average hardness of the as-received material was 173 

measured to be ≈ 350 HV. The band contrast image and the corresponding inverse 174 

polefigure (IPF) in the axial direction (AD) are shown in Fig. 2c and d, respectively. The 175 

band contrast image shows BCC-martensite and some retained austenite (yellow colour, 176 

~ 3%) with an average size of ~ 3.38 µm. The IPF image with superimposed high angle 177 

grain boundaries (HAGB) (<15°) shown in Fig. 2d exhibits the orientation of martensitic 178 

laths on different crystallographic planes. The corresponding φ = 45º section of the 179 

orientation distribution function (ODF) map shown in Fig. 2e demonstrates 180 

heterogeneous texture along with some random orientation of poles, this might have 181 
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developed during the forging operation.   182 

The OM and SEM micrographs of a flow formed component after 30% thickness 183 

reduction is shown in Fig. 3. It is important to mention that during the flow forming 184 

process,  the rollers and mandrel are in constant contact with the outer and inner 185 

surfaces, respectively, whereas, the mid-thickness section is not connected to any 186 

mechanical tool [5]. This leads to a strain gradient in the radial direction (through the wall 187 

thickness) and therefore, variation in the microstructure across the wall thickness is 188 

expected. However, since this study primarily focuses on the welding of flow formed 189 

components, the concomitant microstructural evolution across the thickness section of 190 

the formed component was not investigated and only the microstructure observed at the 191 

outer surface is reported. The OM and SEM micrographs demonstrated the presence of 192 

refined grains and shear marks (highlighted in Fig. 3a) in the forming direction. This 193 

refinement is associated with the forming stress developed during the thickness 194 

reduction. As evident from Fig. 3b, titanium enriched precipitates of composition similar 195 

to that of the as-received material (already presented in Table 2) were also observed. The 196 

phase map shown in Fig. 3c showed a martensitic structure with a marginal amount of 197 

austenite retained in the matrix, the effective grain size was ~ 1.92 µm. Moreover, as 198 

evident from the IPF shown in Fig. 3d, more laths with green colour were observed 199 

indicating that the grains were oriented in the <110> direction. The ODF map 200 

corresponding to φ = 45º is illustrated in Fig. 3e and as observed, the flow forming texture 201 

components exhibited some similar features of the ideal BCC rolling textures. The E1 202 

(111)[11̅0] and E2 (111)[01̅1] components showed the highest intensity whereas, 203 
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relatively weak Goss and Cube components were also observed. In general, E1 and E2 204 

orientations are the surface shear texture components formed as a result of friction 205 

between the rollers and flow formed material [17]. The notations of rolling texture 206 

components presented in this study have been adapted from Dhinwal et al. [18]      207 

3.2. Macrostructural features of the weldments 208 

  In IFW, the faying surfaces are subjected to plastic deformation at high strain 209 

rates (~ 10 to 20 /s) and the weld joint with a strong metallurgical bonding interface is 210 

attained by applying heat and pressure. It is fully understood that the variation in weld 211 

energy significantly effects the strain rate, frictional heat and cooling rate during the IFW, 212 

which is exemplified in terms of the flash profile, axial shortening (or upset) and width of 213 

the grain refinement zone. The cross-sectional macrographs of the flow formed 214 

weldments demonstrating flash and various weld regimes (WZ, TMAZ and HAZ) at 215 

different weld energies are shown in Fig. 4. The weld joint macrographs of the flow 216 

formed weldments corresponding to different weld energies viz. FF-IW1, FF-IW2, FF-IW3 217 

and FF-IW4 are shown in Fig. 4a to d, respectively.  Additionally, the presence of grain 218 

refinement zone in one of the conditions (FF-IW4, highest weld energy) is shown in Fig. 219 

4e. As observed, the flash formation at the outer and inner diameters (OD and ID, 220 

respectively) were unsymmetrical with higher flash at the inner edge irrespective of the 221 

weld condition. Additionally, the width of flash displayed an increasing trend with an 222 

increase in the weld energy, indicating higher volume of flash removal and axial 223 

shortening, which is the loss in the length of weld components after IFW. Generally, 224 

higher energy in the flywheel (𝐸 =
1

2
𝐼𝜔2) leads to higher heat generation due to friction. 225 
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This results in higher extrusion of viscous plasticised material from the weld interfaces 226 

thus, elucidating the reason behind the increase volume of flash formation and axial 227 

shortening with increasing weld energies. The axial shortening length corresponding to 228 

different weld energies is presented in Fig. 4f. The reported results are in agreement with 229 

previous studies on the effect of weld speed (or energy) on the flash formation of 230 

different metals [19, 20]. The flow formed weldments also exhibited the presence of a 231 

dark etched regime which is a two-phase microstructure consisting of reverted austenite 232 

in the martensite matrix along with the presence of nano precipitates, this has been 233 

thoroughly discussed in a later section. According to Lang et al. [21], the presence of 234 

reverted austenite in maraging steel is because of the peak temperature attained in the 235 

HAZ (~ 590 - 730 ºC) during the IFW process. An interesting observation found in Fig. 4d 236 

was the crack formation at the interface of the TMAZ and HAZ (i.e. the dark etched zone) 237 

for the weld conducted at the highest weld energy ≈600 - 610 kJ. In this study, finely 238 

dispersed nano-precipitates were observed in the HAZ, however they were not quantified 239 

due to the size constraint. The difference in the thermal conductivity and thermal 240 

expansion between the precipitates and steel generates high stress concentration thus, 241 

resulting in residual stress formation. The stress mismatch between the precipitates and 242 

parent material, which increases with increasing weld energy is attributed as the main 243 

reason for crack formation at the interface. Dislocation pile-up also occurs due to the 244 

formation of precipitates thus, resulting in generation of additional shear and 245 

compressive stresses, and acting as potential sites for crack nucleation.    246 

The presence of refined dynamically recrystallised grains was found in the weld 247 
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zone of all the weldments and evidence for one of the welds (FF-IW4) is shown in Fig. 4e. 248 

The difference in the grain morphology and size at the weld interface compared to the 249 

PM along with the occurrence of severe plastic deformation is an indication of strain-250 

induced dynamic recrystallisation. From our previous findings [8, 10], similar evidence of 251 

formation of recrystallised grains has been witnessed during the rotary friction welding 252 

of different metals in the WZ and TMAZ because of the peak temperature (≈ Ac3) attained 253 

in these regimes. The recrystallised grains are then subjected to intense plastic 254 

deformation before further growth and finally turns to fine grains in the weld interface. 255 

On moving away from the weld interface and depending on the cooling rate, growth of 256 

recrystallised grains occurs resulting in the formation of coarse grains. As evident from 257 

Fig. 4f, an increase in the weld energy strongly influenced the width of the refined grains 258 

in the weld zone. Moreover, the width of the dynamic recrystallisation zone showed a 259 

gradual increase from the centre to the peripheral ends (outer and inner ends) for all 260 

weldments. Likewise, the width of the TMAZ and HAZ was found to increase gradually 261 

from the centre to the peripheral ends.    262 

3.3. Flow behaviour of the weldments 263 

 The stress-strain plots of the as-received material and flow formed weldments are 264 

shown in Fig. 5a and the corresponding variation in the tensile strength and toughness is 265 

presented in Fig. 5b. As evident, the weld energy had a substantial effect on the strength 266 

and ductility of the flow formed weldments. At constant friction and forge pressures, the 267 

tensile strength showed a remarkable increase with increasing weld energy until 490 - 268 

500 kJ (i.e. FF-IW3). With further increasing the energy, though a minor increase in the 269 
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strength was found, this is within the error range of the results. A similar trend was found 270 

in terms of ductility where the FF-IW1 and FF-IW2 weldments showed poor toughness 271 

(Fig. 5b) and their values were calculated ≈ 4 and 12 J/mm3, respectively. On the other 272 

hand, the average toughness of the FF-IW3 and FF-IW4 welds was increased to ≈ 118 and 273 

116 J/mm3, respectively. These trends indicate that the strength and ductility of the 274 

weldments remains unaffected once the threshold energy (490 - 500 kJ in this case) is 275 

attained. The tensile strength and toughness of the as-received material were measured 276 

≈ 1030 MPa and 133 J/mm3, respectively. This suggests that higher weld energies yielded 277 

similar mechanical properties to that of the as-received material since the strength 278 

variation is within the error range. It is also worth mentioning here that the fracture in all 279 

the weldments occurred in between HAZ and BM. 280 

The difference in the strength of the weldments is associated with the welding 281 

time, which in turn, is influenced by the weld energy. It is fully understood that low weld 282 

energy results in a shorter weld time, thus leading to insufficient heat generation and 283 

plastic flow at the weld interface. On the other hand, an increase in the weld energy 284 

results in a rise in the interface temperature [20]. The rate of frictional heat generation 285 

increases with increasing weld energy and this heat is adequate to soften the material for 286 

viscous flow and plastic deformation. In general, longer heating times are required at 287 

weld energies for the circulation of thermal energy along the axial direction of the 288 

weldments thus, resulting in the heating of a large amount of material [22]. The amount 289 

of heat dissipated or transferred to the adjacent regimes is directly proportional to the 290 

weld energy (or rotational speed) and is expressed as: 291 
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                                                                 𝑄 =  
𝜋2𝑃µ𝑁𝑅3

20
                                                                  (1) 292 

where Q, P, R, N, and µ represents the heat, pressure, rotational speed, radius of weld 293 

component and friction coefficient, respectively. This concludes that higher cooling rates 294 

with wider HAZ will be achieved with increasing weld energy (or rotational speed), the 295 

same is manifested in the optical macrograph of the weldments shown in Fig. 4a-d where 296 

the width of the HAZ increased with increasing weld energy. Moreover, as evident from 297 

Fig. 4f, the width of the dynamic recrystallisation zone (DRZ) also exhibited an increasing 298 

trend with higher weld energy. The presence of strain-free refined grains in the DRZ 299 

enhances the metallurgical bonding and ductility of welds. This is represented in the flow 300 

behaviour where higher ductility was observed for the welds conducted at high weld 301 

energies (~ 490 - 500 kJ and 600 - 610 kJ).  302 

3.4. Hardness distribution and impact behaviour 303 

The hardness distribution of the flow form weldments across different weld zones 304 

is presented in Fig. 6. All the flow formed weldments exhibited similar hardness in the 305 

range of ~ 300 to 600 HV. The WZ and TMAZ of all the weldments demonstrated lowest 306 

hardness in the range of ~ 370 - 410 HV, nearly equal to that of the parent material. As 307 

earlier mentioned, during the IFW, complete and partial austenite transformation 308 

occurred in the WZ and TMAZ, respectively, due to the attained temperature (near to 309 

Ac3). Owing to the high nickel content, austenite completely transformed to martensite 310 

in these regimes irrespective of the cooling rates. Therefore, the WZ and TMAZ exhibited 311 

similar microstructure apart from the grain size variation and this is attributed as the main 312 
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reason for the almost alike and consistent hardness in these regimes. An increase in the 313 

hardness was observed at the TMAZ-HAZ interface (i.e. the dark etched zone) followed 314 

by a steep rise. The maximum hardness of ≈ 550 - 600 HV was found in the HAZ 315 

irrespective of the weld conditions and this is because of the presence of intermetallic 316 

precipitates. According to previous studies [1, 23-25], martensite in the HAZ experiences 317 

a peak temperature ~ 590 - 630 °C, which in turn, is the ageing temperature in maraging 318 

steels. The formation of precipitates in the HAZ is due to this ageing treatment, which was 319 

actually in the annealed condition prior to welding thus resulting in a hardness rise. The 320 

presented results are in agreement with the previous research findings where the HAZ 321 

exhibited maximum hardness [26, 27]. The parent material, adjacent to the HAZ remained 322 

unaffected during the IFW.    323 

Based on the reported results, the FF-IW3 condition corresponding to the weld 324 

energy of ≈ 490 – 500 kJ was concluded as the optimum weld joint exhibiting mechanical 325 

properties similar to that of the as-received material. Moreover, no cracks were found in 326 

the FF-IW3 weldment compared to the FF-IW4 weld where cracks are visible at the TMAZ-327 

HAZ interface. Therefore, further metallurgical characterisations were restricted to the 328 

FF-IW3 condition.     329 

3.5. Microstructure evolution after welding 330 

 The microstructure of the optimum weld across different weld regimes is shown 331 

in Fig. 7. The SEM and OM micrographs of the WZ (Fig. 7a, b) and TMAZ (Fig. 7c, d) 332 

exhibited martensitic structure, however with different morphologies. As marked by 333 
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arrows in Fig. 7a, predominantly block type martensite (≈ 85%) was present in the WZ 334 

along with refined martensite at the weld interface (see Fig. 7b). In the TMAZ, as indicated 335 

by arrows in Fig. 7c and d, the presence of both block (≈ 60%) and strip (≈ 40%) martensite 336 

was observed. In the HAZ (Fig. 7e), martensite was in the tempered condition exhibiting 337 

both block and strip morphologies. Additionally, the most remarkable feature observed 338 

in Fig. 7f was the presence of nano size intermetallic precipitates uniformly distributed in 339 

the matrix. The chemical composition of some of these precipitates (marked as 1 and 2) 340 

is presented in Table 3. The precipitates were found to be enriched with nickel, titanium 341 

and aluminium elements, and according to a previous study conducted on MLX®19 steel 342 

by Rocchi et al. [28], these are η-Ni3(Ti, Al) precipitates. According to the previous studies 343 

[1, 23-25], the martensite in this zone is expected to experiences peak temperatures in-344 

between 590 - 730 °C, resulting in the formation of reverted austenite and fine 345 

precipitates. Due to the very small size of reverted austenite, their presence was 346 

confirmed by ebsd analysis and has been discussed later. Generally in maraging steels, 347 

based on the nickel content, the fractional reversion of martensite to austenite occurs 348 

during the ageing process below the α→γ transformation temperature [29]. Moreover, 349 

due to the exposure of the HAZ regime at such high temperatures, the structure is 350 

inevitably aged and results in the formation of intermetallic precipitates. The parent 351 

metal (not shown here) remained unaffected during the IFW process.   352 

In order to study the phase evolution, grain morphology and dynamic 353 

recrystallisation phenomenon, EBSD maps were constructed. The IPF and phase maps of 354 

the optimum weld along with the misorientation angle distributions at different weld 355 
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regimes viz. WZ, TMAZ and HAZ are presented in Fig. 8. The IPF of the WZ with 356 

superimposed HAGBs (Fig. 8a) in the axial direction showed no preferred orientation and 357 

exhibited mainly grain structure in addition to laths. In low carbon steels, the prior 358 

austenite grain (PAG) consists of packets, blocks and laths, and the martensitic block 359 

boundaries are actually considered as HAGBs [30]. The average grain size in the WZ was 360 

measured ≈ 2.06 µm. The corresponding band contrast image (Fig. 8b) demonstrated a 361 

fully martensitic structure with negligible amount of retained austenite (less than 1%), 362 

and the misorientation angle distribution (Fig. 8c) exhibited ≈ 10.2% and 32.8% of low 363 

angle grain boundaries (LAGBs; 5 – 15°) and HAGBs (> 15°), respectively. The grain 364 

boundaries in-between 0 to 4.9° were not considered as LAGBs as they may be induced 365 

due to the presence of strain. Similarly in the TMAZ (Fig. 8d), equiaxed grains were found 366 

with an effective size of ≈ 1.92 µm. Moreover as shown in Fig. 8e, a complete martensitic 367 

structure was observed without any retained austenite. Generally in hypoeutectic steels, 368 

the fast cooling of austenite leads to the formation of martensite, whereas, slow cooling 369 

results in ferrite, bainite and perlite formation. However in maraging steels, the high 370 

nickel content suppresses the formation of bainite and ferrite ensuring a complete 371 

martensitic transformation [29]. This is attributed as the major reason for an entire 372 

martensitic structure observed in the WZ and TMAZ irrespective of the cooling rates. The 373 

fractions of LAGBs and HAGBs in the TMAZ were measured ≈ 7.7% and 26.4%, 374 

respectively, as calculated from the misorientation profile shown in Fig. 8f. The volume 375 

fractions of boundaries with less than 5°misorientation angle were calculated ≈ 57% and 376 

65.9% in the WZ and TMAZ, respectively (see Fig. 8c, f).   377 
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The above results imply higher boundaries with  less than 5°misorientation angle 378 

in the TMAZ compared to that in the WZ, and this variation is a result of the difference in 379 

the plastic deformation, shear strain rate and temperature experienced by the material 380 

at different weld regimes i.e. from the weld interface to the BM during the on-going IFW 381 

process [31]. It is obvious that the strain rate and temperature attained in the WZ are 382 

comparatively higher than the TMAZ. Consequently, the strain energy in the WZ exceeds 383 

the recrystallisation activation energy, which in turn, leads to a decrease in the 384 

boundaries (<5°). This is due to the reduction in the dislocation cell structures and 385 

formation of more strain free grains. Additionally, some LAGBs marked with arrows in Fig. 386 

8d were also found inside the grains oriented in the <110> direction. According to 387 

Mironov et al. [32], some neighbouring grains orientated in specific direction can 388 

converge and thus, local grain boundary migration is also a possible mechanism for an 389 

increase in the LAGBs or grains with less than 5°misorientation angle . 390 

The IPF of the HAZ (see Fig. 8g) exhibited lath morphology with an average size ≈ 391 

2.34 µm. The observed coarsening of the martensite than that of the WZ and TMAZ is due 392 

to the decreasing cooling rate on moving away from the weld centre. The corresponding 393 

band contrast image (see Fig. 8h) showed the presence of martensite and fine reverted 394 

austenite (≈ 5%) because of the segregation of alloying elements. Formation of reverted 395 

austenite during welding of maraging steels has been confirmed in earlier studies in the 396 

HAZ where martensite experiences temperature in-between 590 - 730 °C [23-25]. The 397 

fractions of LAGBs and HAGBs in the HAZ were higher than the WZ and TMAZ (refer Fig. 398 

8i), and were measured ≈ 6.1% and 20.5%, respectively. This increase is conceivably due 399 
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to the presence of fine reverted austenite.   400 

 The variation in martensite morphologies and concomitant microstructural 401 

evolution in the WZ, TMAZ and HAZ is an indication of the different temperatures attained 402 

in these regimes. Since no thermocouples were used in this investigation during the IFW, 403 

the prospective temperature attained by different weld regimes was determined based 404 

on the observed microstructures. The Ac1 and Ac3 temperatures of MLX®19 were 405 

calculated to be ≈ 687 ± 5 °C and 778 ± 13 °C, respectively based on the empirical equation 406 

provided by Mesplont [33]. From our previous studies on different steels [8, 9], it has been 407 

inferred, that the temperature in the WZ and TMAZ during the IFW is expected near Ac3, 408 

leading to the complete transformation of the child phases into parent phase i.e. 409 

austenite. The austenite undergoes shear deformation and transforms to different phases 410 

depending on the heat dissipation rate and alloying elements. Thus reconstructing the 411 

prior austenite grains (PAGs) from the EBSD maps will help in determining (a) the fraction 412 

of transformed austenite, and (b) the approximate temperature experienced by different 413 

weld regimes. Moreover, the prior austenite grain size also plays a significant role in 414 

tailoring the mechanical properties as it effects the formation, size and morphology of 415 

martensites which may be either packet, block or lath type [34]. The PAGs were 416 

reconstructed using the MTEX toolbox in MATLAB according to the procedure developed 417 

by Niessen et al. [35] with an emphasis on the WZ and TMAZ. However, the information 418 

on the HAZ has been provided for a comparative analysis. 419 

 The reconstructed PAG boundaries with variants and packets of each child grain is 420 
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shown in Fig. 9a, and the corresponding colour map is shown in Fig. 9b. As observed in 421 

Fig. 9a, more than 85% of the grains were transformed to austenite which indicate that 422 

the temperature attained during IFW was above Ac3 (778 ± 13 °C) where the BCC 423 

martensite transformed to FCC austenite. This temperature rise in the WZ is due to the 424 

enormous amount of heat generated during the conditioning and friction phases of the 425 

welding process, and is sufficiently high to recrystallise the transformed austenite grains. 426 

The austenite undergoes shear deformation followed by continuous dynamic 427 

recrystallisation and transforms to martensite on cooling. The martensitic transformation 428 

during rapid cooling is a diffusionless transformation and the decrease in the Gibbs free 429 

energy is considered as the driving force for this phenomenon. The average grain size of 430 

the prior austenite was measured to be ~ 7.87 µm. It is worth mentioning here that the 431 

presence of some uncoloured grains (that appear white) was also noticed which 432 

demonstrate untransformed martensite. In other words, a portion of the microstructure 433 

(≈ 15%) remained untransformed which suggests, that the temperature in the WZ was 434 

not above Ac3 for a long time to allow complete transformation of the microstructure.  435 

Contrary to the WZ, the microstructure in the TMAZ (Fig. 9c and d) was partially 436 

(≈ 50%) transformed to austenite whereas, the remaining portion was untransformed. 437 

This implies that the peak temperature experienced was in-between Ac1 - Ac3 during the 438 

IFW. However, the transformed PAGs were smaller than that of the WZ with an effective 439 

grain size of 6.02 µm. The smaller size of PAGs restricted the formation of packets inside 440 

them, thus leading to small blocks of lath martensite. In the HAZ as observed in Fig. 9e 441 

and f, a significant portion of the microstructure (almost 95%) was reconstructed, 442 
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however, this may be attributed to the manufacturing processes (forging and flow 443 

forming) of the material rather than any thermo-mechanical deformation during the IFW. 444 

No major difference in the microstructures of HAZ and BM was observed other than the 445 

grain size, which alternatively suggests, that the temperature experienced in the HAZ was 446 

below the Ac1.  447 

3.6. Crystallographic texture 448 

In friction welding, since shear is the major deformation mechanism, it is obvious 449 

that shear texture will be apparent in the weldments. In this study, the texture evolution 450 

across different weld regimes was assessed by plotting the orientation distribution 451 

function (ODF) maps. The ideal shear texture components are represented by the 452 

crystallographic plane {hkl} and direction <uvw> and these components for  FCC and BCC 453 

metals are presented in Table 4 [36]. The results obtained from the microstructural 454 

examination of different weld regimes conclude that the material was above the 455 

austenisation temperature (Ac3) and transforms to an austenitic phase (≈ 85%) having an 456 

FCC structure. On the other hand, the temperature in the TMAZ was in-between Ac1 and 457 

Ac3 indicating a microstructure consisting of BCC martensite (≈ 50%) and FCC austenite (≈ 458 

50%). Therefore, it is expected, that the deformation textures in the WZ and TMAZ 459 

regimes will match with the ideal shear texture components of the FCC and BCC metals. 460 

This takes into account the fact that the texture is acquired during the phase 461 

transformation of austenite to martensite while cooling as per the Kurdjumov-Sachs (KS) 462 

and Nishiyama-Wasserman (NW) orientation relationship [21, 31].  463 
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The ODF plots of reconstructed prior austenite grains in the WZ and TMAZ along 464 

with the superimposed ideal shear texture components of FCC metal are shown in Fig. 10. 465 

As illustrated in Fig. 10a, an excellent match was observed between the poles and 466 

projection of 𝐴2 {111}〈112̅〉 and �̅� {1̅12̅}〈1̅1̅0〉 components for FCC metals. The fractions 467 

of these components as evident from Fig. 10c were found ≈ 45.5 and 15.7%, respectively. 468 

Similarly, the ODF poles of the reconstructed prior austenite in the TMAZ (see Fig. 10b) 469 

showed a reasonable match with the 𝐴2
∗ , �̅� and 𝐵 {11̅2}〈110〉 ideal shear texture 470 

components. The sensible match of these ideal shear components with the poles of WZ 471 

and TMAZ implies that Ac3 temperature was attained in these regimes during IFW, and a 472 

significant portion of the parent metal was transformed to austenite. It also indicates, 473 

that the transformed austenite in these regimes during IFW was subjected to pure shear 474 

deformation and insignificant compression forces. The deformed austenite on rapid 475 

cooling transformed to BCC martensite according to the KS-OR relationship. This 476 

explanation is valid for those areas of the weld regimes where the temperature was above 477 

Ac3. Multiple weak shear components (quantified with low fraction counts in Fig. 10c, d) 478 

were observed in the WZ and TMAZ. According to Abbasi et al. [37], continuous dynamic 479 

recrystallisation due to the on-going plastic deformation in friction welding processes 480 

weakens the shear texture. Therefore, even though the prior austenite undergoes severe 481 

shear deformation, it does not exhibit strong shear deformation textures. The presence 482 

of multiple weak shear components during the friction welding process of other FCC 483 

materials has also been earlier reported [38]. Additionally, some unidentified poles 484 

(labelled “rest” on the histogram) which were not associated with any ideal shear 485 
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components were also observed in the WZ (~20%) and TMAZ (~14%). 486 

The superimposition of the ideal shear components for BCC metals on the ODF 487 

plots of untransformed microstructure (i.e. martensite) of WZ and TMAZ are presented 488 

in Fig. 11. In the WZ, as evident from Fig. 11a, strong match was observed between the 489 

ODF poles and 𝐸 {110}〈11̅1〉 and 𝐽 ̅ {1̅1̅0}〈1̅12〉 ideal shear components, the volume 490 

fractions were calculated ≈ 46.9 and 38.6% respectively (presented in Fig. 11 c). This 491 

implies that the untransformed microstructure (i.e. martensite) in the WZ where the 492 

temperature was near Ac3 was also subjected to pure shear deformation during the IFW. 493 

On the other hand, in the TMAZ (Fig. 11b), evidence of weak shear components such as 494 

�̅� {11̅1}〈11̅1〉 and 𝐽 {110}〈11̅2〉 components were noticed. Moreover, many poles were 495 

found to deviate from the ideal shear components, the fraction of these unidentified 496 

components was calculated ≈ 51% (refer Fig. 11d). This suggests that the untransformed 497 

microstructure (i.e. martensite) in the TMAZ where the temperature was in-between Ac1 498 

and Ac3 was subjected to combined shear and compression deformation during the IFW.  499 

3.7. Fracture morphology 500 

 The fractured surfaces of the tensile loaded FF-IW1 and FF-IW3 weldments 501 

corresponding to brittle and ductile failures, respectively, were examined for a 502 

comparative analysis and to understand the failure mechanisms. The fracture 503 

morphologies and features of the FF-IW1 are presented in Fig. 12a - c, and that of the FF-504 

IW3 are shown in Fig. 12d - f. The fracture morphologies of the FF-IW2 and FF-IW3 505 

weldments were similar to that of the FF-IW1 and FF-IW3 weldments, respectively, and 506 
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therefore not presented. As observed in Fig. 12a, the macrograph showed quasi-static 507 

cleavage with the presence of radial cracks. These cracks rapidly spread along the radial 508 

direction resulting in very little or no plastic deformation. The higher magnification 509 

images shown in Fig. 12b and c exhibited the presence of intergranular cracks, tear ridges 510 

and cleavage facets, which are characteristics of brittle failure. The macro features of the 511 

fracture surface of the FF-IW3 weldment (see Fig. 12d) exhibited cup and cone failure, as 512 

well as, a shear lip, which indicate ductile failure. In addition to voids, the higher magnified 513 

macrographs (Fig. 12e and f) showed the presence of isometric dimples in the tensile 514 

region and elongated dimples in the shear region. 515 

4. CONCLUSIONS 516 

 In this study, the mechanical and microstructural characterisations of flow formed 517 

MLX®19 steel subjected to varying weld energies during IFW have been investigated. The 518 

as-received material was provided with a 30% reduction in the thickness direction and 519 

then welded using selected weld parameters. The mechanical properties of the as-520 

received and flow formed weldments were compared and the optimised weld parameters 521 

were determined. The key findings are summarised below: 522 

1. The microstructure of the as-received metal showed the presence of martensite with 523 

traces of retained austenite (≈3%), whereas, fully martensitic structure was observed 524 

after flow forming. The weld joints of all the IFW trials conducted on flow formed material 525 

demonstrated the presence of different weld regimes such as WZ, TMAZ and HAZ. The 526 

weld energy was found to have a significant effect on the flash formation, axial 527 
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shortening, DRX WZ bandwidth and strength of the weldments as all of them were found 528 

to be increased with increasing weld energy.     529 

2. The mechanical properties of the flow formed weldments in terms of strength and 530 

toughness at higher weld energies of ~ 490-500 kJ and 600-610 kJ were found to be similar 531 

(i.e. within the error range) to that of the as-received material. The FF-IW3 condition 532 

corresponding to a weld energy of ~490-500 kJ, and friction and forge forces of 270-280 533 

MPa, respectively, was determined as the optimum weldment. The optimised weldment 534 

exhibited a tensile strength and toughness of ≈ 1017 MPa and 118 J/mm3, respectively. 535 

3. The microstructure of the WZ and TMAZ consisted of martensite, whereas, presence of 536 

reverted austenite and intermetallic precipitates was observed in the HAZ. The formation 537 

of precipitates was attributed to the peak temperature attained in the HAZ ~ 590 - 680 ºC 538 

(below the Ac3) which resulted in an aged microstructure. The presence of precipitates 539 

was the major reason for the highest hardness in the HAZ of all the weldments. Based on 540 

the observed microstructures it was concluded, that the temperature experienced in the 541 

WZ was near Ac3, whereas, that of the TMAZ was in-between Ac1 and Ac3.  542 

4. Crystallographic texture revealed that pure shear was the governing mode of 543 

deformation in the WZ during the IFW. On the other hand, in the TMAZ, the transformed 544 

microstructure (i.e. austenite) underwent pure shear deformation whereas, the 545 

untransformed microstructure (i.e. martensite) was subjected to both shear and 546 

compressive deformation.  547 
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5. The fracture surface of the weldments corresponding to FF-IW1 and FF-IW2 conditions 548 

exhibited features such as tear ridges, radial cracks and cleavage facets, indicating brittle 549 

fracture. On the other hand, welds conducted at higher weld energies (i.e. FF-IW3 and FF-550 

IW4) demonstrated cup and cone fracture with dimples and voids implying ductile 551 

fracture.552 
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FIGURE CAPTIONS LIST 675 

Fig. 1 (a) VUD 600 flow former and (b) MTI 125T rotary friction machine used for 

forming and welding operations in this study respectively. The flow formed 

components are shown in (c) and the weld joint of the flow formed 

components along with flash is shown in (d). The inset shows the weld cross-

section. 

Fig. 2 Microstructure of the as-received material: (a) OM depicting lath 

martensites, (b) SEM image showing presence of precipitates and martensite 

laths, (c) ebsd band contrast image demonstrating martensitic structure with 

considerable distribution of retained austenite (yellow colour), (d) IPF map 

exhibiting the random orientation of laths, and (e) φ2 = 45° ODF map 

demonstrating the initial texture in the as-received material. The terms AD, 

RD and TD stand for axial, radial and transverse directions, respectively. All 

the scans were performed in the AD direction. 

Fig. 3 Microstructure of flow formed component: (a) OM showing the formation of 

shear bands and refined grains, (b) SEM image representing the presence of 

coarse precipitates, (c) EBSD phase map demonstrating martensitic structure 

with negligible austenite, (d) IPF map exhibiting the random orientation of 

grains and laths, and (e) φ2 = 45° ODF map demonstrating the initial texture 

in the as-received material. All the scans were performed in the AD direction. 

Fig. 4  Macrographs of the flow formed weldments exhibiting variation in flash 

formation and different weld regimes such as WZ, TMAZ, HAZ and parent 

metal for (a) FF-IW1, (b) FF-IW2, (c) FF-IW3, and (d) FF-IW4. The formation of 

DRX for the FF-IW4 condition is shown in (e) as an evidence, and (f) variation 

in axial shortening and width of DRX regime of different weldments.   
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Fig. 5 (a) Engineering stress-strain curves, and (b) variation in tensile strength and 

toughness of the as-received and flow formed weldments. 

Fig. 6 Hardness distribution of flow formed weldments across different weld 

regimes. 

Fig. 7 (a) and (b) SEM and OM micrographs of the WZ exhibiting the presence of 

block martensites, (c) and (d) microstructures of the TMAZ showing both 

block and strip martensites,(e) microstructure of the HAZ exhibiting 

tempered martensites, and (f) presence of η-Ni3(Ti, Al) intermetallic 

precipitates in the HAZ.   

Fig. 8 EBSD results of optimum weld (FF-IW3) showing IPF map with HAGBs, phase 

map and misorientation angle distribution in the (a) – (c) WZ, (d) - (f) TMAZ, 

and (g) – (i) HAZ, respectively. The scans were performed in the AD.   

Fig. 9 Prior austenite grains reconstructed from the ebsd maps shown in Fig. 10 for 

the FF-IW3 weldment in (a) – (b) WZ, (c) – (d) TMAZ, and (e) - (f) HAZ. The 

prior austenite grain boundaries (black lines) and martensite laths inside the 

packets are shown in (a), (c) and (e), and the Euler colour maps of the prior 

austenite grains are shown in (b), (d) and (f). The coloured grains represent 

the transformed austenite whereas, the white ones are the untransformed 

grains. 

Fig. 10 φ2 = 0 and φ2 = 45º ODF maps of (a) WZ and (b) TMAZ of  the FF-IW3 

(optimised) weld after reconstruction of prior austenite with the ideal shear 

components of fcc metals superimposed; (c) and (d) fraction of shear 

components of fcc metals in the WZ and TMAZ, respectively. The Euler 

angles, directions and planes of shear texture components have been 

presented in Table 3. 
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Fig. 11 φ2 = 0 and φ2 = 45º ODF maps of (a) WZ and (b) TMAZ of  the FF-IW3 

(optimised) weld with the ideal shear components of bcc metals 

superimposed on the martensite phase; (c) and (d) ODF maps of WZ and 

TMAZ, respectively, (c) and (d) fraction of shear components of the bcc 

metals in the WZ and TMAZ, respectively. 

Fig. 12 (a) – (c) Fracture morphologies of FF-IW1 weld showing (a) radial cracks, (b) 

intergranular cracks and (c) tear ridges and cleavage facets; (d) – (f) fracture 

morphologies of FF-IW3 weld exhibiting (d) cup and cone fracture, (e) 

isometric dimples in the tensile fracture region and (f) elongated dimples in 

the shear region. 
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TABLE CAPTIONS LIST 677 

Table 1. Process parameters used in this study. 

Table 2. Chemical composition of intermetallic precipitate shown in Fig. 3b (wt. 

%). 

Table 3. Chemical composition of intermetallic precipitates shown in Fig. 10f (wt. 

%). 

Table 4. Ideal shear texture components formed during shear deformation in 

materials with FCC and BCC structures 
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Fig. 1. (a) VUD 600 flow former and (b) MTI 125T rotary friction machine used for forming and 

welding operations in this study respectively. The flow formed components are shown in (c) 

and the weld joint of the flow formed components along with flash is shown in (d). The inset 

shows the weld cross-section.  
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Fig. 2. Microstructure of the preform material (i.e. before flow forming): (a) OM 

depicting lath martensites, (b) SEM image showing presence of precipitates and 

martensite laths, (c) ebsd band contrast image demonstrating martensitic structure 

with considerable distribution of retained austenite (yellow colour), (d) IPF map 

exhibiting the random orientation of laths of martensite (the white patches are of 

retained austenite), and (e) φ2 = 45° section ODF map demonstrating the initial texture 

in the preform material. The terms AD, RD and TD stand for axial, radial and transverse 

directions, respectively. All the scans were performed in the AD direction. 
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Fig. 3. Microstructure of flow formed component: (a) OM showing the formation of 

shear bands and refined grains, (b) SEM image representing the presence of coarse 

precipitates, (c) EBSD phase map demonstrating martensitic structure with negligible 

austenite, (d) IPF map exhibiting the random orientation of grains and laths, and 

(e) φ2 = 45° section ODF map demonstrating the initial texture in the preform material. 

All the scans were performed in the AD direction. 
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Fig. 4. Macrographs of the flow formed weldments exhibiting variation in flash 

formation and different weld regimes such as WZ, TMAZ, HAZ and parent metal for (a) 

FF-IW1, (b) FF-IW2, (c) FF-IW3, and (d) FF-IW4. The formation of DRX for the FF-IW4 

condition is shown in (e) as an evidence, and (f) variation in axial shortening and width 

of DRX regime of different weldments.   
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Fig. 5. (a) Engineering stress-strain curves, and (b) variation in tensile strength and 

toughness of the flow formed weldments. 
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Fig. 6. Hardness distribution of preform and flow formed weldments across different 

weld regimes. 
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Fig. 7. (a) and (b) SEM and OM micrographs of the WZ exhibiting the presence of block 

martensites, (c) and (d) microstructures of the TMAZ showing both block and strip 

martensites,(e) microstructure of the HAZ exhibiting tempered martensites, and (f) 

presence of η-Ni3(Ti, Al) intermetallic precipitates in the HAZ.   
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Fig. 8. EBSD results of optimum weld (FF-IW3) showing IPF map with HAGBs, band 

contrast image with retained austenite phase and misorientation angle distribution in 

the (a) – (c) WZ, (d) - (f) TMAZ, and (g) – (i) HAZ, respectively. The scans were performed 

in the AD.   
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Fig. 9. Prior austenite grains reconstructed from the ebsd maps shown in Fig. 8 for the 

FF-IW3 weldment in (a) – (b) WZ, (c) – (d) TMAZ, and (e) - (f) HAZ. The prior austenite 

grain boundaries (black lines) and martensite laths inside the packets are shown in (a), 

(c) and (e), and the Euler colour maps of the prior austenite grains are shown in (b), (d) 

and (f). The colored grains represent the transformed austenite whereas, the white 

ones are the untransformed grains. 
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Fig. 10. φ2 = 0 and φ2 = 45º ODF maps of (a) WZ and (b) TMAZ of  the FF-IW3 (optimised) 

weld after reconstruction of prior austenite with the ideal shear components of fcc 

metals superimposed; (c) and (d) fraction of shear components of fcc metals in the WZ 

and TMAZ, respectively. The Euler angles, directions and planes of shear texture 

components have been presented in Table 3. 
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Fig. 11. φ2 = 0 and φ2 = 45º ODF maps of (a) WZ and (b) TMAZ of  the FF-IW3 (optimised) 

weld with the ideal shear components of bcc metals superimposed on the martensite 

phase; (c) and (d) ODF maps of WZ and TMAZ, respectively, (c) and (d) fraction of shear 

components of the bcc metals in the WZ and TMAZ, respectively.  
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Fig. 12. (a) – (c) Fracture morphologies of FF-IW1 weld showing (a) radial cracks, (b) 

intergranular cracks and (c) tear ridges and cleavage facets; (d) – (f) fracture 

morphologies of FF-IW3 weld exhibiting (d) cup and cone fracture, (e) isometric dimples 

in the tensile fracture region and (f) elongated dimples in the shear region.  
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TABLES 

Table 1. Process parameters used in this study. 

Weld conditions Weld energy 
(kJ) 

Friction 
pressure (Bar) 

Forge pressure 
(Bar) 

FF-IW1 300 - 310 270 - 280 270 - 280 
FF-IW2 390 - 400 270 - 280 270 - 280 
FF-IW3 490 - 500 270 - 280 270 - 280 
FF-IW4 600 - 610 270 - 280 270 - 280 
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Table 2. Chemical composition of intermetallic precipitate shown in Fig. 3b (wt. %).  

Element Fe Ti Ni Cr 
1 2 97 0.6 0.4 
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Table 3. Chemical composition of intermetallic precipitates shown in Fig. 10f (wt. %). 

Elements Fe Ni Cr Al Ti Mo 
1 69.3 15.1 9.8 3.3 2.5  
2 65.8 16.4 9.3 3.6 2.9 1.9 
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Table 4. Ideal shear texture components formed during shear deformation in materials with 

FCC and BCC structures [36]. 

Crystal 
structure 

Shear 
Component 

{hkl}〈𝑢𝑣𝑤〉 Euler Angles (º) 
φ1 φ φ2 

FCC 𝐴1
∗  {111}〈1̅12̅〉 35.3/215.3 45 0 
  125.3/305.3 90 45 

𝐴2
∗  {111}〈112̅〉 144.7/324.7 45 0 
  54.7/234.7 90 45 

𝐴 {11̅1}〈110〉 0 35.3 45 
�̅� {11̅1}〈1̅1̅0〉 180 35.3 45 
𝐵 {11̅2}〈110〉 0/120/240 54.7 45 
�̅� {1̅12̅}〈1̅1̅0〉 60/180/300 54.7 45 
𝐶 {001}〈110〉 90/270 45 0 
  0/180 90 45 

BCC 𝐷1 {1̅1̅2}〈111〉 54.7/234.7 45 0 
  144.7/324.7 90 45 

𝐷2 {112̅}〈111〉 125.3/305.3 45 0 
  35.3/215.3 90 45 

𝐸 {110}〈11̅1〉 90 35.3 45 
�̅� {1̅1̅0}〈11̅1〉 270 35.3 45 
𝐽 {110}〈11̅2〉 90/210/330 54.7 45 
𝐽 ̅ {1̅1̅0}〈1̅12̅〉 30/150/270 54.7 45 
𝐹 {110}〈001〉 0/180 45 0 
  90/270 90 45 
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