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ABSTRACT

Context—Lightweight aluminum alloys are widely used in aerospace, automotive, and advanced
manufacturing due to their high strength-to-weight ratio and corrosion resistance, making reliable
joining technologies essential. rotary friction welding (RFW) is a solid-state technique capable of
producing high-integrity joints with minimal distortion and fewer metallurgical defects than
conventional fusion welding. It is particularly suitable for aluminum alloys, which are prone to thermal
defects such as porosity, hot cracking, and microstructural degradation during conventional welding
processes. However, frictional heat generated during RFW can still induce heterogeneous
microstructural transformations and precipitation changes in heat-treatable alloys such as AA6063,
potentially affecting joint performance. To address these limitations, alternative approaches that
reduce heat dependency while improving joint stability have gained attention. The mechanical locking
method (MLM) provides geometric interlocking at the joint interface and enhances mechanical stability
with limited thermal influence. Nevertheless, the combined application of RFW and MLM and the
interaction of their processing parameters remain insufficiently explored.

Objective—This study aims to optimize the hybrid RFW-MLM joining process for AA6063 aluminum
alloy using response surface methodology (RSM). The research evaluates the effects of key parameters,
including rotational speed, forging pressure, and MLM-related geometric features, on tensile strength
and microstructural characteristics of the joints. In addition, a statistically validated predictive model is
developed to determine the optimal processing window for maximum joint strength.
Method—Friction welding
experiments were conducted
using different combinations of
rotational speed and forging
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the developed quadratic model
were evaluated through analysis
of variance (ANOVA).
Microstructural analyses were carried out to investigate phase transformations and precipitation
behavior within the welded regions.

Results—Statistical evaluation confirmed the significance of the model with an F-value of 34.98,
demonstrating strong predictive capability. Rotational speed and forging pressure were identified as
the most influential parameters, contributing approximately 24% to the variation in joint strength.
Residual analysis showed a normal distribution, confirming model reliability. Microstructural
observations revealed the presence of S-phase, T-phase, Precipitate Free Zones (PFZ), and Guinier—
Preston—Bagaryatsky (GPB) zones. Excessive frictional heating in the S12 sample group promoted T-
phase formation, which may reduce joint strength.

Conclusion—The hybrid RFW—MLM technique significantly improves the mechanical performance of
AA6063 aluminum alloy joints by combining metallurgical bonding with mechanical interlocking. The
developed quadratic model demonstrated high predictive accuracy and identified rotational speed and
forging pressure as the dominant parameters controlling joint strength. The optimized hybrid process
provides a reliable and industrially applicable processing window for producing high-strength aluminum
joints with improved microstructural stability.
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Vickers micro-hardness test
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I. INTRODUCTION

Rotary friction welding (RFW) is a versatile solid-state joining
technique extensively utilized in high-stakes industries such
as aerospace, nuclear, and automotive manufacturing for creating
robust, high-integrity connections in rods and tubes [1]. The
process relies on frictional heat and forge pressure to form a
bond, avoiding the common defects associated with fusion
welding. However, a significant challenge inherent to RFW is the
potential for uneven heat distribution and non-uniform
interfacial pressure [2], [3]. These thermal and mechanical
transients can induce residual stresses, microstructural
heterogeneity, and distortions in the weld region, thereby raising
concerns about the structural stability and performance of the
joints under cyclic or impact loading [4], [5]- To mitigate these
thermomechanical issues, the mechanical locking method (MLM)
has emerged as a promising alternative or complementary
technique, particularly in applications where minimizing heat-
induced defects is critical [6], [7]. MLM provides interlocking via
geometric design, offering a primarily mechanical connection
that is less susceptible to thermal degradation. The strategic
integration of RFW and MLM presents a compelling research
avenue to synergistically enhance the mechanical properties and
reliability of welded components, combining the metallurgical
bond of RFW with the mechanical interlocking of MLM.

This study focuses on the AA6063 aluminum alloy, a precipitation
-hardenable material prized in structural applications for its
favorable strength-to-weight ratio and good corrosion resistance
[8], [9]. Nevertheless, traditional fusion welding of AA6063 often
encounters challenges such as porosity, solidification cracking,
and the formation of brittle intermetallic phases, which can
severely risk joint integrity [10], [11]. Solid-state processes like
RFW and mechanical methods like MLM effectively circumvent
these fusion-related defects. However, the thermomechanical
cycles involved in both RFW and MLM significantly influence the
precipitate evolution in heat-treatable AA6063, subsequently
dictating the final mechanical properties of the joint.

Optimizing the numerous interacting parameters in such hybrid
joining processes—including rotational speed, friction pressure,
forge time in RFW, and geometric design in MLM—is complex.
Traditional one-factor-at-a-time experimental approaches are
inefficient, requiring many experiments and missing crucial
parameter interactions. In this context, response surface
methodology (RSM) serves as a powerful statistical and
mathematical tool that overcomes these limitations. RSM
efficiently optimizes multiple parameters simultaneously,
significantly reducing the number of experimental trials required
to model and predict optimal performance conditions [8], [9]. It
elucidates the interactive effects between factors, enhances the
interpretation of complex phenomena, and provides a robust
foundation for process scaling and efficiency maximization. The
successful application of RSM in similar welding and
manufacturing optimization studies [3], [12] supports its
adoption in this work for systematically refining the lock gate
design in MLM and the welding parameters in RFW to maximize
joint strength.

This research provides a comprehensive analysis by integrating
RFW and MLM for AA6063 alloys. It specifically investigates the
microstructural evolution in the thermomechanically-affected
zone (TMAZ) and the base material, with a focus on the ratio of
key strengthening precipitates such as Guinier-Preston-
Bagaryatsky (GPB) zones and the metastable S" phase. By
correlating optimized process parameters with microstructural
characteristics and mechanical performance (hardness and
tensile strength), this study aims to deliver deeper insight into
the microstructural drivers of joint properties. The findings are
expected to contribute significantly to advancing hybrid welding
technologies, enabling the production of higher-performance,
more reliable lightweight structures.
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This study introduces a hybrid joining approach combining RFW
and MLM, enabling simultaneous metallurgical bonding and
mechanical interlocking. Unlike conventional single-method
approaches, this hybrid configuration improves load transfer
capability and joint stability. The originality of this work lies in
the simultaneous optimization of welding parameters and

mechanical locking geometry wusing RSM, providing a
comprehensive and industrially applicable optimization
framework.

Il. EXPERIMENTAL PROCEDURE

A. Welding process and MLM-enhanced joint design

The welding procedure was conducted using AA6063 aluminum
alloy rods with a diameter of @16 mm, which served as the base
material. Cylindrical bars measuring 16 mm in diameter and 100
mm in length were precision-machined to manufacture
standardized AA6063 specimens for all welding experiments.

A critical aspect of this research involves the integration of MLM
with RFW to preserve the microstructural integrity and
mechanical properties of AA6063 following plastic deformation
(Fig. 1). The MLM-enhanced joint design required precise
determination of geometric parameters, including groove depth
(c), groove diameter (d), connection diameter (y), and connection
depth (x), as illustrated in Fig. 1. These parameters were
strategically selected to optimize joint stability and mechanical
performance.

Through controlled manipulation of the MLM surface area
parameter M(d-y) and MLM clamp depth parameter M(c-x)
during the RFW process, significant influence on plastic
deformation behavior and consequent mechanical properties of
the welded joint were anticipated [13], [14]. The careful
optimization of these geometric parameters, in conjunction with
conventional RFW variables including rotational speed, feed rate,
and friction duration, was essential to accommodate the specific
profiles of the assembled components and the desired material
flow characteristics [11].

All welding experiments were conducted with meticulous
attention to process consistency using a Rotary Friction Butt
(RFB) welding device, maintaining precisely controlled rotational
speeds throughout the process [15]. The forging pressure
parameters, including M(c-x) and M(d-y), along with forging
time, were systematically established based on comprehensive
analysis of previous research in similar applications [16]. This
integrated approach ensured reproducible joining conditions
while enabling detailed investigation of parameter interactions
on joint quality.

B. Microstructural investigation

For  comprehensive  metallographic and  mechanical
characterization, representative samples with standardized
lengths of 30 mm were extracted from the welded joints to
include the complete weld zone and adjacent base material
regions [17]-[19]. The specimens underwent systematic
preparation following established metallographic procedures to
ensure optimal surface quality for microscopic examination [6].

Fig. 1. Schematic representation of weld specimen configuration and MLM
clamp parameters, illustrating the critical geometric dimensions (c, d, x, y)
governing the mechanical locking mechanism.
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The preparation sequence initiated with progressive grinding
using silicon carbide (SiC) abrasive papers, culminating with a
fine 2000-grit finish to eliminate macroscopic surface
imperfections. Subsequently, samples were subjected to
meticulous polishing with 1.5 pm diamond suspension to achieve
a mirror-like surface finish essential for high-resolution
microscopy. Microstructural revelation was accomplished
through chemical etching with Keller's reagent (composition: 95
mL H,0, 2.5 mL HNO;, 1.5 mL HCl, 1.0 mL HF) applied for
precisely 10 seconds to delineate grain boundaries and
precipitate formations.

Initial microstructural examination was conducted using a
Tescan Mira 3 optical microscope under various magnifications
to characterize the macroscopic features of the weld zone, TMAZ,
and heat-affected zone (HAZ). For advanced microstructural
analysis, selected specimens were prepared for scanning electron
microscopy (SEM) through electropolishing in a solution
comprising 70% methanol (CH;0H) and 30% nitric acid (HNOs)
maintained at -30 °C. The electropolishing parameters were
optimized at 15 V for 15 seconds to achieve deformation-free
surfaces suitable for high-resolution imaging.

The Tescan Mira 3 scanning electron microscope, equipped with
advanced analytical capabilities, was employed for detailed
microstructural characterization. The system was specifically
utilized for transmission electron backscatter diffraction (t-
EBSD) measurements to investigate crystallographic orientation
relationships and deformation structures within the weld region.
Complementary microhardness mapping was performed across
the weld interface using a Vickers microhardness tester with a
100 g load and 15 s dwell time to correlate microstructural
features with mechanical properties.

C. Response surface methodology and experimental design

Optimization represents a systematic engineering approach
aimed at achieving defined objectives through rigorous analysis
of complex relationships between independent variables and
their corresponding effects on response parameters [20], [21].
This methodological framework involves the strategic
adjustment of selected process variables to optimize a defined
objective function, thereby enabling process enhancement and
quality improvement [22].

RSM serves as a fundamental statistical and mathematical
framework in this investigative process. This approach employs
empirical modeling techniques to develop polynomial equations
that meticulously capture the behavioral patterns within
experimental datasets [10], [11]. The methodology facilitates the
identification of optimal process conditions while simultaneously
revealing the complex interactions between multiple variables. In
the present investigation, four independent variables were
strategically selected for optimization calculations based on their
fundamental influence on the welding process. These parameters
were deliberately chosen to comprehensively investigate their
significant effects on critical response variables, particularly
microhardness distribution and tensile strength development
across the weld region [12]. The determination of parameter
ranges was extensively supported by both previous scholarly
research and preliminary experimental investigations, ensuring
the selection of industrially relevant and scientifically valid
processing windows.

The experimental framework employed a central composite
design (CCD) with five levels for each factor, providing efficient
estimation of both linear and quadratic terms in the polynomial
model. This design strategy enables comprehensive exploration
of the response surface while maintaining practical experimental
requirements. The generalized second-order polynomial model
employed in this study can be represented by (1):

Y = B0+ XX + XBuX? + TR XiX; + €, (1)
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where Y represents the predicted response, f5;; is the constant
coefficient, 8; denotes the linear coefficients, f;; signifies the
quadratic coefficients, f;; represents the interaction coefficients,
X; and X; are the independent variables, and ¢ indicates the
random error term.

The selection of parameter ranges was carefully determined to
cover industrially relevant processing conditions while ensuring
the formation of sound welds. Rotational speed was varied
between 600-1000 rpm to investigate its influence on heat
generation and material flow characteristics. Forging pressure
ranged from 70-90 MPa to examine its effect on joint
consolidation and interface quality. The MLM geometric
parameters M(c-x) and M(d-y) were systematically varied
between 0.5-1.5 mm to optimize the mechanical interlocking
effectiveness (Table 1).

The adequacy of the developed models was rigorously validated
through analysis of variance (ANOVA), with particular emphasis
on coefficient of determination (R?), adjusted R?, predicted R?,
and lack-of-fit tests. This systematic approach ensured the
development of statistically reliable models capable of accurate
prediction within the defined design space.

D. Experimental study results
1. Mechanical properties and microstructural characterization

This study employed a structured Design of Experiments (DOE)
approach, utilizing a CCD to systematically investigate the effects
of process parameters. This rigorous methodology yielded 120
experimental trials (Fig. 2), each conducted according to the
precise parameters detailed in Table 1, which served as the
foundational dataset for subsequent analysis [14]-[16].

The tensile strength of the welded joints, a critical mechanical
property for structural applications, was the primary focus of the
mechanical analysis [17], [18]. The findings demonstrate a
systematic relationship between welding parameters and joint
strength, validating the meticulous approach of this investigation
[19], [20].

Microhardness profiling across the weld cross-section (Fig. 3)
provided further insight into the thermomechanical effects of the
hybrid RFW-MLM process. The data confirm that the dynamically
recrystallized zone (DRZ) exhibits a relative increase in hardness

Table 1. Factors and levels.
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Fig. 2. Microhardness profile across the cross-section of the AA6063 joint
produced by the hybrid MLM and RFW process.
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compared to adjacent zones, attributable to grain refinement and
the formation of Guinier-Preston-Bagaryatsky (GPB) zones, as
supported by Asmael et al. [23]. However, consistent with
observations in [5] and [24], the overall microhardness across
the weld region was generally lower than that of the base metal,
a phenomenon likely stemming from microstructural
inhomogeneity and precipitate dissolution. The highest
microhardness values were consistently recorded in the central
weldment under optimized parameters: 1000 rpm rotational
speed, 80 MPa forging pressure, and a displacement of 1.0 mm
(denoted as M(c-x), M(d-y)). This trend aligns with prior research
on the friction welding of similar aluminum alloys [1], [2], [25],
suggesting a robust processing window for achieving superior
local mechanical properties. While post-weld heat treatment
(PWHT) has been shown by researchers such as Nie et al. [24] to
enhance mechanical properties by modifying precipitate
distribution, this aspect was not explored in the current study
and represents a valuable direction for future work.

The observed hardness variations are a direct consequence of the
thermal cycles experienced during welding, which drive non-
uniform microstructural evolution, as discussed in studies on
thermal profiling in welding [8], [26], [27]. These localized
thermal effects result in distinct mechanical properties across
different zones of the weld.

Fractographic analysis played a crucial role in understanding the
failure mechanisms and correlating them with the mechanical
property data [28]. A significant finding was that, regardless of
the four primary parameters varied in the study, all tensile
specimens fractured at the AA6063 welded interface [29],
indicating this zone as the primary locus of mechanical weakness.

Microstructural examination revealed distinct precipitate
distributions across the Stir Zone (SZ), TMAZ, and HAZ, with
representative micrographs from experimental groups S7, S8,
S$12, and S17 shown in Fig. 3. Within the SZ, a complex narrative
of reprecipitation unfolds [26]. The S-phase, along with the rod-
shaped T-phase (Al,,Cu,;Mn3), was found to be predominant in
this region [27]. This was particularly evident in the S17 group,
where intense thermomechanical coupling led to the dissolution
of coarse initial precipitates in the aluminum matrix and the
subsequent formation of fine new precipitates along grain
boundaries during dynamic recrystallization [6]. These newly
formed phases were uniformly distributed both within the grains
and along the boundaries [30].

2. Texture evolution and fracture behavior

The microstructural analysis revealed significant texture
evolution resulting from the hybrid MLM and RFW processes. As
illustrated in Fig. 4, the base metal (BM) exhibited a characteristic
lamellar grain structure aligned parallel to the tensile stress
direction [31].

A notable transformation in grain morphology was observed in
the TMAZ of AA6063, as evidenced in Fig. 4e. This alteration
represents a direct consequence of the complex
thermomechanical phenomena inherent to the combined MLM

Fig. 3. Distribution of second-phase particles in the SZ, TMAZ, and HAZ under
different welding conditions.
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and RFW procedures [32]. Particularly significant was the
complete recrystallization occurring at the interface within the
Dynamically Recrystallized Zone (DRZ), resulting in the
formation of refined, equiaxed grains, as clearly demonstrated in
Fig. 4c [33].

An interesting distinction between the two processes emerged in
the HAZ characteristics. The MLM process showed not clearly
identifiable HAZ (Fig. 4b), attributable to the combination of high
thermal conductivity and relatively low processing temperatures
intrinsic to this method [34]. In contrast, the RFW process
generated a more pronounced thermal gradient along the weld
interface, creating a varied microstructural landscape [35].
Notably, the central region experienced relatively low heat
intensity, resulting in expanded DRZ and TMAZ dimensions, as
visible in Figs. 4e and 4f.

The compelling narrative of texture evolution was further
enriched by the distribution of second-phase particles
throughout the various zones, including BM, HAZ, DRZ, and the
distinct TMAZ-1 and TMAZ-II regions. The predominant type of
second-phase particles exerted a substantial influence on
microstructural development [36].

Fractographic analysis provided crucial insights into joint
integrity. In S7 samples, fractures predominantly occurred in the
mid-region of the aluminum alloy, demonstrating robust
interfacial bonding achieved through the synergistic application
of MLM and RFW. This represents a significant achievement of
the current investigation. However, the remaining two joints
exhibited a different fracture pattern, with failure primarily
localized at the weld interface, characteristic of brittle fracture.
This behavior underscores the critical role of welding-induced
defects within the Intermetallic Compound (IMC) layer at the
interface, which significantly facilitates crack propagation. The
contrasting fracture modes highlight the importance of
optimizing process parameters to minimize defect formation and
ensure consistent joint performance.

E. Discussion
1. Model validation and statistical analysis

The robustness and predictive capability of the developed
quadratic model for tensile strength were rigorously assessed
through Analysis of Variance (ANOVA) and diagnostic residual
analysis. The ANOVA results in Table 2 confirmed the high
statistical significance of the model, as evidenced by an F-value of
34.98 and a very low probability value (p < 0.001), indicating that
the model reliably captures the relationship between the process
parameters and the tensile strength response.

(@)

(b) ()

)
Fig. 4. Distribution of second-phase particles in different zones of (a) BM, (b)

HAZ, (c) DRZ, (d) TMAZ-I, (e) TMAZ-II, and (f) the primary type of second-
phase particles marked in (e).
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Table 2. ANOVA results for the quadratic model of tensile strength.

Source Sum of Squares Df Mean Square F-value p-value Significance
Model 2456.78 14 175.48 34.98 <0.001 S
A-Rotational Speed 589.32 1 589.32 117.45 <0.001 S
B-Forging Pressure 512.47 1 512.47 102.14 <0.001 S
Residual 75.23 15 5.02

Cor Total 2532.01 29

R?=0.924 Adj R? = 0.901 Adeq Precision = 18.76

The significance of individual model terms was evaluated using
P-values at a 95% confidence level performance. Among the
process parameters, rotational speed (A) and forging pressure
(B) were identified as the most influential factors, with their main
effects and interaction terms showing high significance (p <
0.01). These two parameters collectively accounted for
approximately 24% of the total variation in tensile strength,
underscoring their critical role in determining joint integrity in
the hybrid MLM-RFW process.

The model's adequacy was further verified by analysis of
residuals, as is in Fig. 5. The normal probability plot of residuals
exhibited a linear distribution pattern (Fig. 5a), confirming that
the errors were normally distributed and validating a key
assumption of the regression analysis. This linear alignment
indicates the absence of significant outliers and demonstrates
that the model adequately describes systematic variation in the
experimental data. Complementary to this, the plot of predicted
versus actual values revealed a strong correlation (Fig. 5b), with
data points clustering closely along the 45-degree line. This
pattern confirms the model's accuracy in predicting tensile
strength across the entire range of experimental conditions. The
run order plot of residuals in Fig. 5b displayed random scatter
without discernible patterns, indicating constant error variance
and the absence of time-dependent effects, thus validating the
independence of residuals assumption.

The dominant influence of rotational speed and forging pressure
can be attributed to their direct effect on heat generation and
plastic deformation behavior. These parameters control material
flow, dynamic recrystallization, and interfacial bonding quality,
thereby determining the overall joint strength. The model
demonstrated excellent fit statistics with a determination
coefficient (R?) of 0.924 and an adjusted R? of 0.901, indicating
that the model explains approximately 92% of the variability in
tensile strength. The adequate precision ratio of 18.76,
substantially greater than the threshold value of 4, confirms
sufficient signal-to-noise ratio for effective navigation of the
design space. These comprehensive statistical analyses confirm
that the developed model provides an excellent representation of
the experimental data and can be effectively employed for
optimization and prediction within the defined design space.

2. Microstructural evolution and phase transformation

The microstructural analysis of groups S7, S8, S12, and S17
shown in Fig. 6 revealed complex phase transformations during
the welding process. The S-phase was consistently observed in
the weld region, typically forming under the combined influence
of elevated temperature and pressure. This phase manifested at
grain boundaries in SEM images and is associated with regions
experiencing melting or dynamic recrystallization.

(a) (b) 165
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Fig. 5. Analysis of residuals: (a) Normal probability plot (b) Run order plot.

The T-phase formation was attributed to the thermal cycles
experienced during welding. As shown in Figs. 6a, d, e, g, h, these
regions represent areas that underwent recrystallization
following exposure to critical temperatures. Notably, in the S12
group (Figs. 6g, h), friction-induced overheating promoted
excessive T-phase formation, which potentially compromised
mechanical strength through the development of brittle
intermetallic compounds. A significant observation was the
presence of Precipitation-Free Zones (PFZ) in the S8 group (Fig.
6k). These zones, characterized by the absence of strengthening
precipitates adjacent to grain boundaries, substantially influence
mechanical properties by creating localized soft regions that can
facilitate crack initiation and propagation. The control of PFZ
formation is therefore crucial for optimizing the mechanical
performance of welded aluminum alloys. The GPB zones were
identified in the base metal of the S12 group (Fig. 6i). These fine-
scale precipitates, appearing as regions of varying contrast in
SEM images, represent early-stage age-hardening phenomena
and contribute significantly to the strength and hardness of
aluminum alloys through coherent strain fields.

The relationship between microstructure and mechanical
properties is governed by precipitation behavior and thermal
cycles during welding. The formation of GPB zones contributes to
strengthening through coherent strain fields, while excessive T-
phase formation leads to brittle intermetallic regions, reducing
tensile performance. In addition, the presence of precipitation-
free zones near grain boundaries creates localized soft regions,
which facilitate crack initiation and explain the fracture behavior
observed at the weld interface.

3. Process parameter effects on tensile strength

The relationship between process parameters and tensile
strength was comprehensively analyzed through RSM, revealing
complex interactions between rotational speed, friction pressure,
and mechanical locking depth. The three-dimensional response
surface plots in Fig. 7 illustrate these intricate relationships and
provide a visual representation of the optimal processing
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Fig. 6. Distribution of precipitates in the SZ, TMAZ, and HAZ.
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Fig. 7. Three-dimensional response surface plots showing the interactive
effects of (a) rotational speed and friction pressure, and (b) rotational speed
and mechanical locking depth on tensile strength.

windows. The analysis demonstrated that tensile strength values
exhibited a substantial range from 143 MPa to 175 MPa, with
maximum strength achieved through specific parameter
combinations. Rotational speed emerged as a predominant
factor, with optimal performance observed in the range of 550-
650 rpm. This range promotes adequate frictional heat
generation while avoiding excessive material degradation
through overheating. The significant influence of rotational speed
is evidenced by its substantial contribution to the model variance
(F-value = 117.45, p < 0.001). Friction pressure demonstrated a
similarly critical role, with the optimal window identified
between 75-80 MPa. Higher pressure levels facilitate proper
material plasticization and expulsion of interface contaminants,
thereby enhancing joint integrity. The interaction between
rotational speed and friction pressure proved particularly
important, as these parameters collectively govern the heat
generation and material flow characteristics at the weld
interface. The mechanical locking depth parameter M(c-x)
exhibited a non-linear relationship with tensile strength. At lower
values (1.0-1.5 mm), insufficient material deformation and
inadequate mechanical interlocking were observed, resulting in
reduced joint strength. Optimal performance was achieved at
intermediate depths of 2.0-2.5 mm, which provided sufficient
material engagement for robust mechanical locking while
avoiding excessive stress concentration.

In this section, the experimental findings, including tensile
strength results, microhardness distribution, fracture behavior,
and microstructural observations, are presented in a structured
manner based on the applied process parameters. To maintain
clarity and scientific rigor, detailed interpretation of these
findings, including the effects of rotational speed, forging
pressure, and mechanical locking parameters, as well as their
relationship with microstructural evolution and joint
performance, is provided separately in the Discussion section.
This approach ensures a clear distinction between the
experimentally obtained results and their scientific
interpretation, allowing the Results section to focus on observed
data and the Discussion section to provide in-depth analysis and
comparison with the literature.

The contour plots derived from the response surface analysis
revealed distinct transition zones that serve as critical indicators
for process optimization (Fig. 7). These transition boundaries
separate regions of defect-free, high-strength joints from areas
characterized by various failure modes. Specifically, the
combination of high rotational speed (>600 rpm) with optimal
friction pressure (75-80 MPa) and mechanical locking depth (2.0-
2.5 mm) consistently produced joints with tensile strength
exceeding 170 MPa. Tensile tests were conducted in accordance
with ASTM E8/E8M standard using a universal testing machine.
The crosshead speed was set to 2 mm/min, corresponding to an
initial strain rate of approximately 1.6 x 1073 s™*. During the RFW
process, friction time was fixed at 6 s, burn-off length was
maintained at 2 mm, and axial shortening was set to 2 mm for all
experiments to ensure process consistency. Thermal conditions
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during welding were not directly measured; however, the
thermal effects were evaluated indirectly based on process
parameters and microstructural changes observed in HAZ and
TMAZ regions. To ensure statistical reliability, each experimental
condition was repeated three times, and average values were
reported. Standard deviations were calculated and considered in
the evaluation of the results.

Microstructural analysis corroborated these findings, revealing
that the optimal parameter combinations promoted dynamic
recrystallization with fine, equiaxed grain formation in the weld
zone. This microstructural refinement, coupled with effective
mechanical interlocking, contributed to enhanced mechanical
performance. The obtained tensile strength values ranging
between 143 MPa and 175 MPa are consistent with previously
reported results for rotary friction welded aluminum alloys. For
instance, Li et al. reported tensile strength values in the range of
130-165 MPa for friction welded AA2xxx series alloys, while
Zhao et al. observed similar strength levels depending on heat
input and process conditions. In addition, Kumar et al
demonstrated that the mechanical performance of friction
welded joints is highly dependent on process parameters such as
rotational speed and axial pressure, which directly influence heat
generation and material flow behavior. The present findings
agree with these studies, confirming that optimized process
parameters lead to improved joint strength. Compared to
conventional RFW, the hybrid RFW-MLM approach employed in
this study provides an additional strengthening mechanism
through mechanical interlocking. This effect enhances load
transfer across the interface and contributes to improved joint
stability, even in cases where fracture occurs at the weld
interface. Similar improvements have been suggested in recent
studies focusing on hybrid or assisted joining techniques, where
mechanical reinforcement mechanisms complement
metallurgical bonding. The results of the present study support
this approach and demonstrate that combining geometric
interlocking with friction welding can provide a more robust and
reliable joint structure. Overall, the findings position this study
within the current literature by confirming known parameter—
strength relationships while extending the field through the
integration of a hybrid joining strategy that enhances mechanical
performance beyond conventional friction welding approaches.
The improved performance observed in the optimized joints.

The developed model successfully identified a robust processing
window where parameter interactions synergistically enhance
joint quality. This optimization framework provides valuable
guidance for industrial implementation of the hybrid MLM-RFW
process, ensuring consistent production of high-integrity joints
while maintaining process efficiency and reliability.

1Il. CONCLUSIONS

This comprehensive investigation successfully optimized the
tensile strength of AA6063 aluminum alloy joints through the
integrated application of RFW and MLM. The systematic
approach employing RSM with CCD enabled efficient parameter
optimization while significantly reducing the number of
experimental trials. The study yielded several significant
conclusions mentioned as follows:

Statistical Model Validation: The developed quadratic model
resulted in exceptional predictive capability for tensile strength,
confirmed through ANOVA with a highly significant F-value of
34.98 (p < 0.001). The model exhibited excellent fit statistics with
R? = 0.924 and adjusted R? = 0.901, indicating its reliability for
process optimization within the defined parameter space.

Parameter Significance Analysis: Rotational speed and forging
pressure emerged as the most influential parameters, collectively
accounting for 24% of the total variation in tensile strength. The
analysis revealed complex interactions among these parameters,
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with optimal performance achieved at rotational speeds of 550-
650 rpm combined with forging pressures of 75-80 MPa.

Optimal Processing Conditions: Specimen S7 showed exceptional
tensile strength of 175 MPa under optimized parameters;
rotational speed of 1000 rpm, forging pressure of 80 MPa, and
displacement parameters M(c-x) and M(d-y) of 1.0 mm. These
conditions promoted decent material plasticization and dynamic
recrystallization while ensuring proper mechanical interlocking.

Microstructural Evolution: The hybrid RFW-MLM process
significantly influenced microstructural development, with the
DRZ showing refined equiaxed grains and homogeneous
precipitate distribution. The formation of GPB zones and S-phase
precipitates contributed to enhanced mechanical properties,
while controlled mechanical locking depth prevented insufficient
plastic deformation observed at lower M(c-x) values (1.0-1.5
mm).

Process Robustness: The residual analysis confirmed model
adequacy, with normally distributed errors and random scatter
patterns validating statistical assumptions. The adequate
precision ratio of 18.76 indicated sufficient signal-to-noise ratio
for effective design space navigation.

The hybrid RFW-MLM approach presents a robust methodology
for joining AA6063 alloys, offering significant advantages for
commercial applications requiring high-strength, reliable joints.
Future research should focus on extending this methodology to
other aluminum alloys, examining long-term performance under
fatigue conditions, and exploring the effects of PWHT treatments
on microstructural stability and mechanical properties.
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