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ABSTRACT  

The primary goal of this study is to implement the Rotary Friction Welding (RFW) process to join similar Ti6Al4V welds. The 

experimental procedure involves the deliberate manipulation of input parameters, including rotational speed, friction pressure, and 

friction time, through the utilization of Taguchi's L9 orthogonal array methodology. This approach is facilitated using the MINITAB 

software to generate a visual representation of the response chart. The primary focus of the investigation centers on the assessment of 

the Ultimate Tensile Strength (UTS) of the welded joint, serving as the selected output parameter. The central objective is to identify 

the optimal RFW conditions that lead to the highest achievable UTS. Furthermore, by conducting thorough statistical analysis of 

variance (ANOVA), the most influential process parameter is identified and analyzed. The concluding phase involves the development 

of a comprehensive regression equation governing the UTS for the titanium alloy. The accuracy and reliability of this equation are 

then validated through rigorous experimental tests and the corresponding observed values. The highest UTS value (1040.24 MPa) 

was obtained by using a rotational speed of 2000 rpm, a friction pressure of 10.7 MPa, and a friction time of 7.8 s. Microscopic 

observations indicate the existence of three zones in the friction welded joint, each of which has a specific metallography depending 

on the effect it undergoes during the welding operation. The fractured surface exhibits a rough cupular morphology with numerous 

dimples, suggesting a ductile fracture mode. 
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INTRODUCTION 
 
The RFW process emerges as a solid-state welding technique 

that harnesses heat generation through mechanical friction, jux-

taposing a mobile rod against a stationary one, while employing 

lateral force. This process generally occurs in two distinct 

phases. The initial one is the friction phase, when the welding 

heat is generated to soften the material and elicit flash formation 

at the interface [1]. Subsequently, the forging phase follows, de-

noting the cessation of rotation coupled with augmented pres-

sure. This phase assumes a pivotal role in consolidating and 

cooling the friction weld joint [2]. In the RFW process, the weld 

joint is formed under the viscous plasticity conditions [3]. Since 

RFW is a relatively new method for joining similar and dissim-

ilar materials, little is known about its impact on mechanical 

characteristics of the weld joint as well as changes in microstruc-

ture at the interface [4]. Higher quality joints can be anticipated 

due to the RFW process's attributes, such as its short welding 

cycle and the extrusion of plasticized metal at the interface [5], 

which effectively inhibit the formation of intermetallic com-

pounds at the joint interface [6]. 

Titanium is an extraordinary metal that has gained remarkable 

importance in a wide range of industries, owing to its distinct 

properties. As a result of its notable strength-to-weight ratio, im-

pressive resistance to corrosion, and inherent biocompatibility, 

titanium finds versatile applications spanning aerospace, medi-

cal implants, and marine engineering [7, 8]. Solid state welding 

processes such as friction welding [9-10], have the potential to 

create high quality joints in titanium alloys by circumventing 

common problems such as segregation, porosity, and grain 

coarsening that frequently arise in fusion welding or brazing 

processes. RFW, in particular, has demonstrated its effective-

ness in welding titanium alloys, primarily due to its lower weld-

ing temperatures and shorter welding cycles, which help to re-

duce residual stress and suppress metallurgical reaction [11]. 

The strength of the RFW joint finds intricate connections with 

the selection of diverse parameters encompassing rotational 

speed, friction and forging time, in addition to friction and forg-

ing pressure [12-14]. The optimization of these parameters re-

mains imperative to guarantee the achievement of increased me-

chanical attributes within the RFW joints. By judiciously refin-

ing these variables, the global efficiency and soundness of the 

welded joints can experience a notable increase. The flash's 

shape at the macro level might yield preliminary information on 

the weld strength, while the estimation of the RFW joint's me-

chanical properties necessitates comprehensive mechanical 

tests. 

Apart from conducting experimental investigations, novel statis-

tical techniques were employed to ascertain the optimal param-

eters, aiming to minimize the number of experiments [15-16]. In 

this methodology, Paventhan et al. [15].  applied Response Sur-

face Methodology (RSM) as a statistical tool to optimize the 

RFW process parameters, ultimately achieving the highest UTS 

value of the dissimilar joints between AA6082 and AISI 304 

austenitic stainless steel.  Mathiazhagan et al. [16] established 

an empirical relationship between the friction welding parame-

ters and the tensile properties of the dissimilar AA6063/AISI 
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304 weld joint. They employed the Response Surface Method-

ology (RSM) technique in conjunction with the Adaptive Neuro-

Fuzzy Inference System (ANFIS) technique. The Taguchi sta-

tistical approach emerges as a robust instrument to specify sig-

nificant factors while minimizing the requisite number of tests 

[17]. This methodology has been harnessed by Mattie et al. [18] 

to fine-tune RFW welding process parameters for the dissimilar 

austenitic and ferritic stainless steel tubes using finite element 

analysis. It was found that friction time and forging pressure had 

the highest percentage contribution to Von-Mises stress and total 

deformation. Furthermore, Murugan and Rajkamal [19] used 

Taguchi orthogonal arrays to optimize the UTS and microhard-

ness values of the dissimilar RFW joints (SS304 stainless steel 

and AA6063 aluminium), they concluded that increasing the 

friction pressure also increases the UTS value of dissimilar RFW 

joints. 

Various researchers have examined the impact of each parame-

ter in the RFW process on Ti6Al4V weld joints while keeping 

the remaining parameters constant [12, 20, 21]. In their study, 

Demouche et al. [22] found a correlation between an increase in 

RFW sample's UTS and the increase in friction time and pres-

sure, although up to a specific threshold, beyond which UTS ex-

hibited a decline. 

While extensive research is documented, it becomes evident that 

the application of the Taguchi method to optimize RFW process 

parameters for the Ti6Al4V grade-5 titanium alloy remains rel-

atively uncharted. The primary objective of this research is to 

identify the influences of parameters governing the RFW pro-

cess. This is achieved by executing welding tests on the 

Ti6Al4V weld joints, ultimately resulting in an optimized model 

derived from these parameters. This paper is sectioned into two 

distinct parts. The initial one revolves around the mechanical 

characterization of RFW joints through meticulous tensile tests, 

based on a methodically experimental plan. Subsequently, the 

focus shifts towards refining the regression model extracted 

through the Taguchi method, with the aim of identifying the op-

timal value. The outcomes emerging from this optimization re-

search will be comprehensively debated. 

 

MATERIAL AND METHODS 
 
 

The research is centered on the utilization of Ti6Al4V grade-5 

titanium alloy as the chosen material, with its chemical compo-

sition outlined in Table 1. To visually document the base mate-

rial, Fig. 1 shows its optical micrograph. This figure captures the 

material attribute subsequent to undergoing a meticulous pro-

cess involving polishing and chemical etching with a reagent 

composed of 1ml HF, 2ml HNO3, and 17ml H2O for a duration 

of 15 seconds. For the friction welding operations, cylindrical 

samples are prepared, possessing dimensions of Ø15 mm × 50 

mm. Subsequent to the RFW process, samples for tensile testing 

are precisely machined from the resultant RFW joints, adhering 

to the ISO 6892-1:2016 standard. The tensile tests were con-

ducted at 20 °C and 10-3s-1 strain rate using an MTS machine. 

The evaluation of fracture surfaces is undertaken through exam-

ination under a ZEISS (EVO MA 25) Scanning Electron Micro-

scope. 

 

Table 1 Chemical composition of the Ti6Al4V alloy. 
Ele-

ments Ti Al V C Fe Sn 

wt.% 89.65 5.48 4.22 0.369 0.112 0.0725 

 Nb Si Cu Cr Zr Ni 

 0.0386 0.022 0.020 0.0099 0.0028 <0.001 

 
Regarding the Ti6Al4V alloy, the microstructure distinctly 

showcases a characteristic Ti (α + β) configuration, which is vis-

ually depicted in Fig. 1. This particular microstructural 

arrangement is attributable to the role of aluminum as an α-sta-

bilizer and vanadium as a β-stabilizer [23]. The microstructure 

itself is characterized by a matrix encompassing equiaxed grains 

of the α phase, noted for their lighter hue. Intermingled within 

this matrix are grains of the darker colored β phase [24]. 

 

 
Fig. 1 Optical micrograph of the Ti6Al4V grade-5 alloy. 

 

The RFW procedures are executed utilizing a direct drive ma-

chine responsible for overseeing welding aspects including pres-

sure, time, and rotational speed. By combining previous friction 

welding tests and literature data, a range of RFW process param-

eters values was selected. The sequence commences with bring-

ing the two rods into contact, a stage clearly depicted in Fig. 

2(a). Subsequently, in the friction phase (See Fig. 2(b-d)), a des-

ignated friction pressure denoted as P1, is meticulously applied 

for a precisely determined duration referred to as t1.  

The heat generated at the interface between the two rods induces 

a state of plastic deformation within the material, leading to the 

formation of a toroidal-shaped flash towards the outside. The 

end of the friction phase corresponds with the cessation of rota-

tional motion, signifying the beginning of the forging phase (See 

Fig. 2(e)). This phase entails the application of forging pressure, 

specifically identified as P2, for a predetermined forging time 

denoted as t2. 

 

 
Fig. 2 RFW process phases during the welding operation: (a) 

accosting, (b, c and d) friction, (e) forging. 

 

RESULT AND DISCUSSION 
 

Optimization of the RFW parameters 

 
During this stage, a systematically organized sequence of tests 

has been diligently executed, aimed at revealing the most favor-

able compromise of parameters that guarantees the maximiza-

tion of the tensile strength within the RFW joints. The experi-

mental data accumulated through these tests will undergo metic-

ulous analysis in the concluding part of this section. The ensuing 

analysis will entail the interpretation of outcomes and the fine-

tuning of the model. For the formulation of the Taguchi method, 

the MINITAB software was used as a statistical instrument 

within this investigation. 
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For the optimization of RFW process parameters, a trio of piv-

otal variables, namely rotational speed A (rpm), friction pressure 

B (MPa), and friction time C (s), have been designated for vari-

ation, as shown in Table 2. Concurrently, the other parameters 

are kept constant, specifically forging time (6 seconds) and forg-

ing pressure (5 MPa). 

 
Table 2 Factors and levels. 

Factor Level 1 Level 2 Level 3 

A (rpm) 1200 1600 2000 

B (MPa) 4 8 12 

C (s) 4 6 8 

 

Extensive analyzes guided the selection of the examined factors, 

ensuring a broad range of tests that could reveal the impacts of 

each factor. For every factor, a trilogy of distinct levels was me-

ticulously chosen, a selection supported by information gathered 

from previous experimental trials. The experiment was planned 

to transition from a lower level through an intermediate level, 

ultimately culminating at a higher level. This careful progression 

guarantees the precision and fidelity of the results acquired. 

The Taguchi method presents an array of experimental configu-

rations, delineated within tables, their composition reliant on the 

factors and their respective levels. In alignment with this study, 

the L9 model (33) was opted for, featuring nine distinct experi-

mental iterations, by combining three levels and three factors, 

all meticulously depicted within Table 3. 

 
Table 3 L9 orthogonal arrays with mechanical tests results. 

 Input parameters  

Sample A (rpm) B 

(MPa) 

C (s) UTS 

(MPa) 

S1 1200 4 4 857.59 

S2 1200 8 6 912.90 

S3 1200 12 8 915.81 

S4 1600 4 6 934.88 

S5 1600 8 8 975.58 

S6 1600 12 4 972.36 

S7 2000 4 8 996.52 

S8 2000 8 4 1017.75 

S9 2000 12 6 1030.23 
 
Fig. 3 shows the RFW specimens produced through the precise 

configuration of parameters outlined in Table 3. It becomes ap-

parent that a conspicuous material deformation is observed, 

manifested as a flash at the weld interface. This particular occur-

rence arises as a consequence of the substantial mechanical ex-

ertion associated with the elevated thermal energy inherent to 

the RFW process, giving rise to a thermoplastic deformation. 

 

 
Fig. 3 Friction weld joints of the Ti6Al4V alloy. 
 
Evaluating the mechanical characteristics of an RFW joint most 

often involves determining its UTS. The outcomes resulting 

from the conducted tensile tests are shown in Fig. 4 and Table 

3. For reference, a test was concurrently conducted on the tita-

nium alloy's base metal, yielding a UTS measurement of 

1037.70 MPa. Examining the fractured Ti6Al4V specimens re-

veals a clear presence of section necking. 

 
Fig. 4 Fractured tensile test specimens. 

 
The ascertained UTS values were exploited for the assessment 

of RFW process parameters through the application of the 

Taguchi methodology. Additionally, both factor responses and 

variance analysis were performed employing the MINITAB 

software. 

Throughout this study, a confidence level of 95% is consistently 

applied. The ANOVA analysis pertinent to RFW process param-

eters is meticulously outlined within Table 4, showing the per-

centage contribution of each distinct parameter. The results 

showed that the rotation speed appears to be the predominant 

influencing factor, exerting a substantial impact on the UTS of 

the Ti6Al4V weld joint. This factor alone accounts for a notable 

85.10% of the overall variability. In contrast, the friction pres-

sure's influence is relatively weak, contributing only 13.51% to 

the cumulative variation. The friction time, demonstrates a mar-

ginal impact on UTS, contributing only 1.16%. 

 
Table 4 Analysis of variance for UTS. 

Sourc

e 

Dof Seq SS Seq MS F P Contri-

bution 

(%) 

A 2 21452.

0 

10726.0 356.75 0.003 85.0956 

B 2 3404.5 1702.2 56.62 0.017 13.5050 

C 2 292.6 146.3 4.87 0.170 1.1607 

Error 2 60.1 30.1   0.2387 

Total 8 25209.

2 

   100 

 
Employing the Taguchi approach, a loss function is exploited to 

quantify the disparity between experimental outcomes and the 

desired ones. This loss function subsequently undergoes conver-

sion into a signal-to-noise (S/N) ratio. For each iteration of the 

process, the S/N ratio is computed through comprehensive S/N 

analysis. When analysing the S/N ratio, three distinct categories 

of quality characteristics emerge: "smaller the better," "larger 

the better," and "nominal the better." In the context of this study, 

the goal is the maximization of the UTS. Consequently, the 

"larger the better" S/N ratio is adopted and evaluated in accord-

ance with equation (1) [25]. 
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where: yi - The data recorded for the ith performance char-

acteristic. 

N - Total count of tests.  

 
The findings of this assessment are presented in Table 5, encom-

passing the S/N ratios as well as the mean responses 
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corresponding to the UTS values. The outcomes, as derived 

through the Taguchi methodology, describing the optimal levels 

of the control factors. For a visual representation of these opti-

mal values, graphical representations are shown in Figs. 5 & 6. 

 
Table 5 Responses of the S/N ratios and the means for the fac-

tors. 
 Level A (rpm) B (MPa) C (s) 

 

S/N ratio 

1 59.04 59.35 59.52 

2 59.65 59.72 59.63 

3 60.13 59.75 59.66 

Delta 1.09 0.40 0.14 

 

Mean 

1 895.4 929.7 949.2 

2 960.9 968.7 959.3 

3 1014.8 972.8 962.6 

Delta 119.4 43.1 13.4 

 Rank 1 2 3 

 

 
Fig. 5 Main effect plots of S/N ratios for the UTS of the Ti6Al4V 

weld joint. 

 

 
Fig. 6 Main effect plots of means for the UTS of the Ti6Al4V 

weld joint. 

 
The levels and corresponding S/N ratios linked to the factors that 

yielded the most elevated UTS value for the Ti6Al4V weld joint 

were clearly defined, for factor A, Level 3 was predominant, ac-

companied by an S/N ratio of 60.13. Factor B has a similar pat-

tern, with Level 3 and an S/N ratio of 59.75. Similarly, for factor 

C, Level 3 was predominant, with an S/N ratio of 59.66. This 

means that an optimum UTS value is obtained by setting the ro-

tational speed to 2000 rpm, the friction pressure to 12 MPa and 

the friction time to 8 seconds. 

This study positions UTS as the dependent variable, whereas the 

rotational speed, friction pressure, and friction time, which to-

gether serve as the independent variables. The resultant predic-

tive equation, structured to encompass quadratic regression for 

the UTS value (in MPa) of the Ti6Al4V weld joint, takes the 

form of equation (2), which contains the variables: A in rpm, B 

in MPa, C in seconds. 

CB

ACBAUTS p

22

2

*85.0*094.1

*000036.0*6.13*9.22*2654.03.473

−−

−+++=        (2.) 

 
Illustrated in Fig. 7 is the juxtaposition between experimental 

end predicted UTS values of the Ti6Al4V weld joint, this vali-

dation curve is represented by equation (3). An evident align-

ment is observed with a similarity coefficient denoted as R2 = 

0.9976, signaling a great similarity between the calculated and 

actual UTS values. 

 

UTSUTS p exp
*0032.12 +−=                             (3.) 

  
Fig. 7 Comparison of experimental end predicted UTS values. 

 
The optimization of the UTS regression model necessitates the 

application of a nonlinear programming solver, serving as an op-

timization instrument. Within the current inquiry, the UTS re-

gression equation unfolds as an unconstrained nonlinear func-

tion. The solver yields a UTS measurement of 1040.24 MPa, ob-

tained by the combination of A = 2000 rpm, B = 10.7 MPa, and 

C = 7.8 seconds. This outcome delineates an impressive en-

hancement of 100.24% compared to the Ti6Al4V base metal 

(1037.70 MPa). 

 
Microscopic observations 

 
Fig. 8(a) illustrates the optical microstructure of the Ti6Al4V 

weld joint produced using the optimal RFW process parameters 

(Rotational speed of 2000 rpm, friction pressure 10.7 MPa and 

friction time of 7.8 s). In this figure, the α phase is evident as a 

lighter color within the darker β phase. The interface resulting 

from the friction welding displays a distinct material flow be-

tween the dynamic recrystallization zone (DRZ) and the base 

metal. It's worth observing that the grains in the thermo-mechan-

ically affected zone (TMAZ) and the heat-affected zone (HAZ) 

have been refined (See Figs. 8(b) & (c)). This refinement is a 

consequence of the significant plastic deformation combined 

with the thermal effects. This phenomenon leads to the fragmen-

tation of grains and the creation of dislocation loops. These 

loops accumulate at sub-grain boundaries and eventually trans-

form into new recrystallized sub-grains, contributing to the over-

all grain refinement through the RFW process [26]. 
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Fig. 8 (a) Optical microstructure of the weld joint, (b) HAZ, (c) 

TMAZ, (d) DRZ. 

 

Several researchers [26-30] have documented that the micro-

structure observed in the central zone is formed as a result of 

dynamic recrystallization (Figs. 8(d)). The grains in the TMAZ 

adjust their orientation in response to the direction of material 

flow. In contrast, the HAZ only undergoes thermal cycles, and 

the base metal remains unaffected during the welding process. 

The heat produced during the RFW, combined with the substan-

tial mechanical stress, gives rise to interdiffusion of atoms at the 

friction weld interface. It's important to note that the primary 

mechanism underlying bonding in the friction welding process 

is the phenomenon of atom diffusion [30]. Notably, the bonding 

during RFW largely depends on the material mixture, as this fac-

tor holds a pivotal role in the friction welding process [31]. 

 
Fractographic analysis 

 
The fracture surface of the Ti6Al4V RFW specimen, which is 

obtained by using the previous optimal parameters, exhibits a 

distinct reduction in surface area when compared with the cross-

sectional dimension of the tensile test specimen. This phenome-

non is a direct outcome of the necking effect. Along the periph-

ery of the fracture surface, sharp edges visibly emerge, as shown 

in Fig. 9. For enhanced visualization of the surface morphology, 

a focused view of the central region is presented in Fig. 10(a). 

Within this magnified view, the morphological attributes remain 

uniform, where the middle region displaying a coarse texture 

filled with cupules, having an average diameter of 10 µm, as 

shown in Fig. 10(b). This observation suggests a ductile mode 

of failure, indicating substantial plastic deformation. These find-

ings correspond to the results published by Vikas et al. [32]. 

 

 
Fig. 9 Fracture surface of the optimal Ti6Al4V weld joint. 

 
The underlying conditions of the RFW process, encompassing 

rotational speed, time, and pressure, exert a powerful influence 

on the heat generated during frictional interaction. This 

heightened temperature triggers a transition of the material to a 

semi-solid state, accelerating atom diffusion at the interface be-

tween the welded rods. This transformative process ensures 

changes in the microstructure through the dynamic recrystalliza-

tion phenomenon of the grains [31, 33-34]. 

 

 
Fig. 10 (a) Morphology of the central zone of the fracture sur-

face, (b) Magnification of the boxed area in (a). 

 

CONCLUSIONS 

The Taguchi method is used to optimize the RFW process pa-

rameters and generate a regression model that provides accepta-

ble predicted results. The Ti6Al4V alloy's UTS demonstrates a 

significant responsiveness to changes in rotational speed, play-

ing a vital role in determining the mechanical properties of the 

RFW joints. Meanwhile, the contribution of frictional pressure 

to the UTS value is only 13.51%. Conversely, friction time has 

a marginal impact on UTS (1.16%), which is considered a neg-

ligible effect. The greatest UTS value (1040.24 MPa) was 

achieved by using the parameters A = 2000 rpm, B = 10.7 MPa, 

and C = 7.8 s. This result represents an improvement in the UTS 

value of 0.24% compared to that of the base metal. The DRZ 

exhibits material flow near the friction weld interface, where the 

grains are fully recrystallized. On the other hand, the grains of 

TMAZ and HAZ were refined, a consequence of the combined 

effect of the severe plastic deformation and the thermal welding 

cycle. The fractured surface displays a rough cupular morphol-

ogy with various dimples, indicating a ductile mode of failure. 
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