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on the microstructural development and mechanical characteristics of friction
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1. Introduction difficult to weld using conventional fusion-based

processes. Since its introduction by The Welding
Friction stir welding (FSW) is widely recognized Institute (TWI) in the early 1990s, FSW has
as an advanced solid-state joining technique, demonstrated  significant  advantages in
particularly suitable for aluminum alloys that are minimizing solidification-related defects such as
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porosity, hot cracking, and excessive heat-
affected zone (HAZ) softening by maintaining
the material below its melting temperature
during joining [1-3]. The process relies on
frictional heat generation and severe plastic
deformation induced by a rotating non-
consumable tool, which promotes effective
material mixing and microstructural refinement
within the stir zone (SZ) [2, 4].

Among  heat-treatable  aluminum  alloys,
AA6082-T6 from the 6xxx series has attracted
considerable attention due to its high strength-to-
weight ratio, good corrosion resistance, and
excellent formability, making it a preferred
material for transportation, marine, and
structural  applications  [5-6]. However,
conventional fusion welding of AA6082-T6
often results in degraded joint performance
owing to porosity formation, hot cracking, and
dissolution or coarsening of strengthening Mg»Si
precipitates within the HAZ [7]. These
limitations have driven extensive research into
the application of FSW as an alternative joining
technique for this alloy system.

Previous studies have shown that FSW of
AA6082-T6 produces a characteristic zonal
microstructure consisting of the base metal
(BM), HAZ, thermo-mechanically affected zone
(TMAZ), and SZ, with the latter typically
composed of fine equiaxed grains formed
through dynamic recrystallization [8, 10].

The face-centered cubic (FCC) crystal structure
of aluminum facilitates dislocation motion,
recovery, and recrystallization, enabling
significant grain refinement under appropriate
thermal-mechanical conditions [1].
Nevertheless, the asymmetric material flow
between the advancing side (AS) and retreating
side (RS), coupled with non-uniform
temperature distribution, results in
heterogeneous microstructural evolution and
mechanical response across the weld region [9,
12].

Recent investigations have emphasized that tool
rotational speed and traverse speed are the
dominant parameters governing heat input in
FSW joints of AA6082 and related 6xxx-series
alloys [9]. These parameters directly control
material flow behavior and precipitate evolution
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within the weld region. Moderate heat input
promotes continuous dynamic recrystallization
(CDRX) and uniform redistribution of Mg,Si
precipitates, leading to enhanced strength and
hardness, whereas excessive heat input may
induce precipitate coarsening and localized
softening within the TMAZ and HAZ [11].
Conversely, insufficient heat input can result in
incomplete plasticization and unstable material
flow, compromising joint integrity [13, 14]. In
addition, recent studies have significantly
advanced the understanding of friction stir
welding by emphasizing the coupled roles of
heat input, strain rate, and tool kinematics in
governing microstructural  evolution and
mechanical performance of aluminum alloys
[15-17].

In particular, both experimental and analytical
investigations have demonstrated that tool
rotational speed and traverse speed jointly
control the thermal cycle and plastic flow
stability, thereby directly influencing grain
refinement mechanisms, precipitate dissolution
and reprecipitation behavior, and residual stress
development [18-20].

Several recent works have highlighted that the
existence of an optimized processing window is
critical for achieving defect-free welds with a
balanced combination of strength and ductility,
especially in heat-treatable aluminum alloys

used for structural and transportation
applications [16, 19, 21].
Numerical simulations and coupled

experimental studies further revealed that
excessive heat input promotes precipitate
coarsening and local softening in the thermo-
mechanically affected regions, whereas
insufficient heat input results in incomplete
plasticization, unstable material flow, and
reduced joint integrity [17, 18, 22].

Moreover, emerging research has stressed the
importance of integrated process—structure—
property approaches that combine
microstructural characterization with
mechanical testing to reliably predict joint
performance and service behavior [20-21].
Despite these advances, systematic experimental
investigations focusing specifically on AA6082-
T6 that simultaneously correlate welding
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parameters, detailed microstructural evolution,
and multiple mechanical properties, including
hardness, tensile strength, and impact toughness,
remain limited. This gap highlights the need for
comprehensive studies conducted within well-
defined thermal mechanical regimes to establish
robust processing property relationships for this
alloy system.

Although numerous studies have examined the
friction stir welding of 6xxx-series aluminum
alloys, most investigations have focused on
individual mechanical properties such as
hardness or tensile strength and have typically
considered limited ranges of process parameters
without establishing a comprehensive link to
microstructural  evolution. There is still
relatively little research on AA6082-T6 that
evaluates macrostructural characteristics,
microstructural refinement in various weld
zones, precipitate redistribution, and several
mechanical responses, including tensile strength,
hardness, and impact toughness within distinct
process regimes.

The synergistic impact of elevated rotational
speed and high traverse speed on concurrent
changes in hardness and impact toughness has
not been comprehensively elucidated. The
current study seeks to establish a coherent
process—structure—property  relationship  for
friction stir-welded AA6082-T6 by (i)
investigating microstructural alterations across
the SZ-TMAZ-HAZ under varying thermal-
mechanical conditions and (ii) correlating grain
refinement and precipitate redistribution with
properties related to strength and toughness. The
outcomes aim to offer pragmatic direction for
choosing FSW parameters based on specified
joint performance criteria.

In this context, the present study systematically
investigates the influence of tool rotational speed
and traverse speed on the microstructural
evolution and mechanical behavior of friction
stir-welded AA6082-T6 joints. Welding
parameters were selected to represent low,
intermediate, and high heat-input regimes
commonly reported in the literature, enabling a
direct assessment of thermal-mechanical effects
on grain refinement, precipitate redistribution,
and joint performance. Unlike many previous
studies, this work integrates macrostructural,
microstructural, and mechanical properties,
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including hardness, tensile strength, and impact
toughness, to provide a comprehensive
understanding of process optimization for
achieving an optimal balance between strength
and ductility in FSW AA6082-T6 joints.

2. Experimental procedure
2.1. Preparation of the welding specimens

The AA6082-T6 aluminum alloy was chosen as
the primary material owing to its excellent
strength-to-weight ratio, commendable
corrosion resistance, and exceptional weldability
in solid-state joining scenarios. Table 1 presents
the alloy's chemical composition, demonstrating
that magnesium and silicon act as principal
strengthening agents via precipitation hardening,
whilst manganese facilitates grain refinement
and enhances mechanical strength.

The plates were precisely cut to the required
dimensions utilizing a CHENLONG horizontal
band saw (Model CS-230) for low-heat
sectioning and subsequently milled with a TOS
Olomouc vertical milling machine (Model FGV
32) to achieve smooth and uniform surfaces.
Each specimen was sized 25 mm X 100 mm % 6
mm, as depicted in Fig. 1. Before welding, all
samples were cleaned with acetone to remove
surface contaminants and prevent oxidation.
These preparatory measures guaranteed uniform
testing settings and dependable assessment of
weld quality across diverse process parameters.

2.2. Friction stir welding tool

The friction stir welding tool was manufactured
using SKDI11 tool steel, offering superior
hardness, exceptional wear resistance, and
sufficient thermal stability under FSW
circumstances.

Table 1. Chemical composition of AA6082-T6
aluminum alloy (wt.%).

Element Content (wt.%)
Si 0.7-1.3

Fe <0.5

Cu <0.1

Mn 0.4-1.0

Mg 0.6-1.2

Cr <0.25

Zn <0.2

Ti <0.1

Al Balance
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Fig. 1. Test specimen dimensions and butt joint
configuration prepared for the friction stir welding
process.

These attributes render SKD11 appropriate for
welding aluminum alloys, especially within the
current experimental parameter range.

The tool comprises three functional components:
a flat cylindrical shoulder with a diameter of 15
mm, a threaded cylindrical pin with a diameter
of 5 mm and a length of 4.8 mm, and a shank
with a diameter of 20 mm for secure attachment
to the machine spindle. Threaded cylindrical
pins have been extensively documented to
facilitate material flow and mixing during
friction stir welding of 6xxx-series aluminum
alloys, hence improving consolidation and joint
formation.

The chosen material and tool geometry
facilitated consistent stirring conditions during
the welding experiments, guaranteeing
reproducible weld quality. The comprehensive
configuration of the tool is illustrated in Fig. 2.

Shank Slloulder
. - D‘_ Pln
(a)
W -
(b)

Fig. 2. Friction stir welding tool: (a) components of
the welding tool, and (b) configuration of the threaded
pin.
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2.3. Workpiece clamping and supporting system

The AA6082-T6 aluminum alloy plates were
securely clamped in a precision mechanical vise
during welding to avert any movement or
vibration that would jeopardize the integrity of
the weld. A medium-carbon steel base plate was
placed beneath the specimens to offer structural
support and counteract the downward forging
force applied by the spinning tool shoulder.

The backing plate was adjusted to the height of
the vise base to guarantee consistent clamping
pressure. A thermal insulation gasket was placed
under the backing plate to reduce heat transfer
from the welded sample to the milling machine
table. This design safeguarded the equipment
and ensured consistent thermal conditions during
welding. Fig. 3 illustrates the complete clamping
and support apparatus, comprising the vise,
aluminum workpiece, steel backing plate, and
insulating layer. Accurate alignment and secure
attachment of all components were essential for
ensuring consistent material flow and optimal
weld performance.

2.4. FSW machine setup and process parameters

Friction stir welding studies were conducted
with a modified vertical milling machine tailored
for FSW, enabling meticulous regulation of tool
rotational and traverse speeds. An SKD11 tool,
which is non-consumable, was securely affixed
in the spindle, positioned at a tilt angle of 3° in
relation to the AA6082-T6 plate. The chosen tilt
angle aims to improve the forging action under
the tool shoulder, facilitate efficient material
consolidation behind the tool, and minimize the
risk of tunnel flaws or voids. Prior research has
indicated that both excessive and insufficient tilt
angles might result in unstable material flow or
surface flaws [1, 14, 23].

Workpiece
clamp
Workpiece
clamp
Test piece

Fig. 3. Clar;lping and support setup used during the
FSW process.
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The welding settings were chosen to exemplify
low, middle, and high heat-input regimes often
documented for friction stir welding of 6xxx-
series aluminum alloys [9-11, 24, 25].
Rotational rates of 710, 1,000, and 1,400 rpm
were selected because of their significant
influence on frictional heat generation, stirring
intensity, and plastic flow stability [1, 23-24].
An intermediate speed of 1,000 rpm is reported
to yield a balanced thermal-mechanical state for
AA6082-T6, but 710 rpm and 1,400 rpm are
associated with limited and elevated heat-input
circumstances, respectively [9—-10, 24-25].
Traverse speeds were established at 14, 28, and
56 mm/min to regulate heat input per unit length
and thermal exposure duration. Reduced traverse
speed elevates heat input and extends thermal
cycles, while increased traverse speed
diminishes heat input and hastens cooling,
consequently affecting recrystallization
behavior and precipitate stability [9, 11, 25-26].
These parameter combinations facilitated a
systematic assessment of the interrelated impacts
of heat input and strain rate on material flow,
microstructural development, and joint efficacy.
This study qualitatively interprets relative heat
input by examining the combined effects of
rotational speed, which enhances frictional heat
generation, and traverse speed, which diminishes
heat input per unit length by shortening thermal
exposure time. Consequently, elevated rotational
speed coupled with increased traverse speed
produces high peak temperatures while reducing
net heat input per unit length.

All specified settings resulted in fully
consolidated joints devoid of macroscopic flaws
for the 6 mm thick AA6082-T6 plates. Fig. 4
illustrates a schematic of the experimental setup.

2.5. Friction stir welding procedure

A systematic friction stir welding approach was
employed for all welding tests to guarantee
uniform heat input and reproducible outcomes.
The procedure commenced with the clockwise
rotation of the FSW tool, producing frictional
heat between the tool shoulder and the aluminum
surface. Upon generating sufficient heat, the
revolving threaded pin was inserted into the joint
line to the requisite depth and maintained for
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approximately 30 s to guarantee efficient
plasticization of the material. The simultaneous
application of rotating and downward force
during welding resulted in significant plastic
deformation, generating vortex-like material
movement and efficient mixing inside the stir
zone. The tool was thereafter progressed along
the weld line at consistent rotational and traverse
velocities. This phase converted the malleable
substance into the optimal solid-state adhesion.
Following welding, the tool remained
motionless for 30 s prior to retraction to regulate
temperature and avert keyhole development. Fig.
5 illustrates the complete FSW sequence.
Previous research on AA6082-T6 and
comparable 6xxx-series aluminum alloys
suggests that maximum stir-zone temperatures,
under similar rotational and traverse speed
parameters, are often documented to range from
450 to 550°C [9-11].

This study utilizes a relative heat-input approach
to examine alterations in microstructural
evolution and mechanical properties, leveraging
established relationships among  process

variables, thermal exposure, and plastic
deformation as
literature.

documented in existing

(a) (®) (©)
Fig. 4. Friction stir welding setup: (a) tilting of the
vertical milling head, (b) adjustment of tool rotational
speed, and (c¢) adjustment of welding traverse speed.

(e) )
Fig. 5. Friction stir welding process; (a) tool pin
rotating in the clockwise direction, (b) tool pin
plunging into the aluminum plate, (c) frictional heat
generation, (d) tool traversing at the specified
welding speed, (e) joint formation behind the tool,
and (f) tool pin retraction after welding.
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specimens  for
microstructural, and

2.6.  Preparation  of
macrostructural,
mechanical testing

The welded plates were sectioned orthogonally
to the welding direction for various mechanical
and microstructural evaluations after all friction
stir welding investigations were completed. Fig.
6 illustrates the configuration and extraction
sites of the test specimens. The cross-section was
divided into certain regions: Section A, which
included the beginning and end segments of the
weld, was removed to reduce temporary
temperature impacts. Section B comprised
tensile test specimens with a width of 12 mm,
whereas Section C included impact test
specimens with a width of § mm. Section D was
designed for metallographic and microhardness
studies, measuring 8 mm in width. This
systematic segmentation ensured consistent
sampling and accurate assessment of mechanical
and microstructural properties across different
welded areas.

The metallographic samples were mounted in
epoxy resin and sequentially ground with
silicon-carbide abrasive papers (grit sizes 80—
1500), followed by polishing with alumina
suspensions of 0.5, 0.3, and 0.1 um to obtain a
mirror-like  surface. The macro- and
microstructural analyses were carried out using
optical microscopy to identify the SZ, TMAZ,
HAZ, and BM.

Microhardness assessments were conducted on
specimens obtained from region (D), which had
previously been utilized for macro- and
microstructural evaluations. Before testing, the
surfaces were re-polished with a felt cloth and
alumina suspensions of particle sizes 0.5, 0.3,
and 0.1 um to attain a smooth, reflective finish
conducive to precise indentation.

The assessments were performed using a
Vickers microhardness tester (MATSUZAWA
Model MMT-X) with a diamond pyramidal
indenter. A force of 100 gf (approximately 0.98
N) was applied for 10 s. Indentations were
positioned 1 mm apart throughout the transverse
cross-section, encompassing the AS, SZ, and
RS. Fig. 7 illustrates the indentation layout and
testing path. This systematic hardness mapping
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elucidated the localized strengthening and
softening characteristics of several weld areas.
The tensile properties of the friction stir-welded
joints were evaluated using samples from region
(B) of the welded plates. The samples were
manufactured in compliance with ASTM E8M
standards, ensuring the weld nugget was
accurately centered inside the gauge length.
Experiments were conducted at room
temperature (about 25°C) using a universal
testing machine (Narin Instrument, Model NRI-
TS500-1S) with a crosshead speed of 1 mm/min
under quasi-static loading conditions. For each
welding condition, three replicate specimens (n
= 3) were tested, and the reported values of
ultimate tensile strength (UTS), yield strength
(YS), and elongation represent the arithmetic
mean together with the corresponding standard
deviation.

Error bars in the tensile plots indicate + one
standard deviation. Load—elongation data were
gathered to determine UTS, YS, and elongation
at fracture. The results were employed to assess
the influence of rotational and traverse speeds on
joint strength and the mechanical characteristics
of different weld zones.

100

[ b
Retrgating side

9 | [ ﬁ;;elzilmg dir:cti.r,)'l
) -
Rotation
direction ,‘

A ||B||C|B |IDD||B|C|B|| A

Advsﬁnc' g side

Fig. 6. Schematic diagram showing the cutting layout
of the test specimens.

1 mm

1.5 mm
’

Fig. 7. Schematic illustration showing the indentation
positions used for microhardness testing across the
welded joint.
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The impact toughness of the friction stir-welded
joints was assessed using specimens from the
region (C) of the welded plates. The surfaces
were systematically polished using silicon
carbide papers (grit 80-1500) to attain an
impeccable finish for accurate energy
measurement. Tests were conducted utilizing a
WP-410 pendulum impact tester in accordance
with the Charpy V-notch methodology, with the
notch aligned at the weld centerline.

The machine functioned with a maximum
impact energy capability of 300 Nm. For each
parameter combination, three Charpy specimens
(n = 3) were tested, and absorbed energy values
are presented as mean + standard deviation; the
scatter is shown as error bars. Energy absorption
values were documented post-fracture to assess
the influence of rotational and traverse speeds on
weld toughness and the relationship between
FSW-induced microstructural refinement and
impact performance.

3. Results and discussion
3.1. Surface morphology of the welded joints

The surface morphology of the friction stir-
welded AA6082-T6 joints at rotational speeds of
710, 1,000, and 1,400 rpm and traverse speeds of
14, 28, and 56 mm/min is shown in Fig. 8. All
parameter combinations yielded welds with
uninterrupted seams, devoid of apparent surface-
breaking defects, including groove-like
discontinuities or severe surface oxidation.
Distinct tool shoulder imprints and quantifiable
flashes were noted on both the AS and RS.

At higher traverse rates of 56 mm/min, the flash
height diminished and the surface exhibited a
smoother appearance, whereas a lowered
traverse speed of 14 mm/min resulted in thicker
flashes, signifying a greater effective heat input
per unit length. Elevating the rotational speed
from 710 to 1,400 rpm led to enhanced
plasticization and lateral material extrusion, in
accordance with heightened frictional heating
and stirring intensity. Small keyhole-like
depressions occasionally manifested just at the
weld termination region, resulting from tool
withdrawal rather than the creation of internal
defects during steady-state welding.
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The observations suggest that the combinations
of 1,000-1,400 rpm with 28-56 mm/min
facilitated stable material flow and balanced heat
input, as seen by the symmetric flash patterns
and  homogenous  surface  topography.
Conversely, the minimal rotational speed of 710
rpm at a low traverse speed resulted in localized
irregular flash generation, indicating inadequate
softening in  certain regions.  Current
developments corroborate earlier observations
that symmetrical flashes and smooth weld
surfaces signify balanced thermal-mechanical
conditions during FSW [14], while -either
excessive or inadequate heat input might result
in asymmetric flash production or tunnel flaws.
Previous studies [7, 8, 27, 28] have stressed the
importance of tool rotation in enhancing heat
generation and stabilizing material flow in 6xxx-
series aluminum alloys. Additionally, the
advantageous impact of integrating moderate
rotational speeds with suitable traverse speeds
on weld aesthetics and joint efficacy has been
documented [29, 30].

The current findings offer more understanding of
surface morphology and material flow
characteristics in friction stir-welded AA6082-
T6 joints. Welds generated at rotational speeds
of 1,000-1,400 rpm and traverse rates of 14-28
mm/min displayed extremely symmetrical flash
generation and a consistently smooth surface, as
illustrated in Fig. 8. This signifies a processing
window where plastic flow stabilizes and heat
input is sufficiently balanced along the weld line,
contrasting with the asymmetric flash production
commonly documented for similar alloys and
welding conditions in the literature [10, 14].
The uninterrupted surface and completely
developed nugget zone evident in these welds
indicate efficient three-dimensional material
transport and robust metallurgical bonding; this
degree of consolidation is comparable to, and in
some instances surpasses, that previously
documented for friction-stir-welded 6xxx-series
aluminum alloys [31, 32].

A minor localized keyhole was detected solely at
the weld termination zone, whereas the traversed
area was devoid of internal flaws. This
characteristic is attributed to tool withdrawal
rather than inadequate bonding during welding.
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Fig. 8. Top surface morphology of the welds at different rotational speeds with welding traverse speeds of:

(a) 14 mm/min, (b) 28 mm/min, and (c) 56 mm/min.

It aligns with exit-keyhole signals documented
in thermal modeling and in situ monitoring
research [33—34]. This characteristic is ascribed
to tool withdrawal rather than inadequate
bonding during welding and aligns with exit-
keyhole signals documented in thermal
modeling and in situ monitoring research [33—
34]. The strong correlation among smooth
surface morphology, symmetric flash, and
complete weld penetration observed in this study
indicates that surface appearance may function
as an effective nondestructive indicator of weld
integrity in AA6082-T6 joints, corroborating
trends identified in contemporary image-based
quality assessment methodologies for FSW [35].

3.2. Macrostructural observation of the welded
joints

The friction stir-welded AA6082-T6 joints'
macrostructural characteristics are illustrated in
Fig. 9 for traverse speeds of 14, 28, and 56
mm/min and rotational speeds of 710, 1,000, and
1,400 rpm. All welds displayed distinctly
identifiable SZ, TMAZ, and HAZ regions on
both the AS and RS, together with the distinctive

onion-ring pattern in the SZ. The continuity of
these zones and the lack of voids or tunnel flaws
affirm total consolidation across all parameter
combinations.

At 710 rpm, the SZ boundary exhibited small
irregularities, particularly in the lower section of
the nugget, where the breadth grew narrower and
less uniform. This morphology aligns with
reduced heat input and constrained
plasticization; however, the joints exhibited full
penetration, signifying that the exerted axial
force and tool design were adequate to prevent
partial bonding.

Elevating the rotational speed to 1,000 rpm
resulted in a more symmetrical nugget with
defined onion rings throughout the weld
thickness, signifying stable material flow and
enhanced thermal-mechanical equilibrium. At
1,400 rpm, the SZ area exhibited a significant
increase in size. Despite the absence of internal
flaws, the slight deformation observed at the
lower AS edge indicates localized overheating
and minor flow instability under high-rotation
conditions combined with rapid traverse, which
produces high peak temperature but reduced heat
input per unit length.
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Fig. 9. Macrostructures of friction stir welded joints
at different rotational speeds with welding traverse
speeds of: (a) 14 mm/min, (b) 28 mm/min, and (c) 56
mm/min.

These findings align with prior studies indicating
that inadequate heat input results in poorly
mixed areas, whereas excessive heat input may
contribute to nugget distortion and grain
coarsening [23]. The current findings concur
with research identifying rotating speed as the
primary determinant of nugget geometry and
defect formation in AA6082 and other alloys
[36], as well as with reviews associating
symmetric flash and uniform macro-geometry
with effective internal consolidation [37].

The present analysis not only corroborates prior
research but also provides two macrostructural
insights. Initially, ideal welds displaying a
continuous onion-ring configuration were
achieved even at 710 rpm, indicating that
adequate dwell time and tool design can
compensate for relatively low rotational speeds.
The little asymmetry noted at 1,400 rpm
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indicates the emergence of flow instability under
elevated heat-input  circumstances.  The
persistent correlation between surface flash
symmetry and nugget uniformity demonstrated
herein suggests that surface morphology could
serve as a viable indicator of internal weld
integrity in AA6082-T6 friction stir welds.

3.3. Microstructural observation of the welded
joints

The optical micrographs in Figs. 10—12 illustrate
the microstructural characteristics of the friction
stir-welded AA6082-T6 joints fabricated at
rotational speeds ranging from 710 to 1400 rpm
and traverse rates between 14 and 56 mm/min.
Under all conditions, the characteristic regions
of friction stir welding were identified,
specifically the SZ, TMAZ, and HAZ, thereby
validating effective solid-state bonding.

At 710 rpm, as illustrated in Fig. 10, the SZ
exhibited elongated and partially refined grains
oriented in the direction of tool rotation. This
shape signifies constrained recrystallization
resulting from diminished heat input and strain
rate. The TMAZ exhibited plastically distorted
grains without complete recrystallization, but the
HAZ maintained a morphology similar to the
base metal with minimal coarsening.
Augmenting traversal speed during this rotation
diminished heat input, resulting in finer yet less
uniform grains in the bottom nugget region.

At 1,000 rpm, as illustrated in Fig. 11, the SZ
predominantly included fine equiaxed grains.
This  structure  aligns with  dynamic
recrystallization under moderate thermal input
and exhibits the most uniform shape among the
assessed conditions. Finer grains were regularly
detected on the advancing side compared to the
retreating side, indicating more local shear
deformation. Transitional substructures in the
TMAZ facilitated seamless continuity between
the SZ and the base metal. Previous studies [24,
38] showed analogous equiaxed structures at
similar velocities in AA6082-To6.

At 1,400 rpm, as illustrated in Fig. 12, the SZ
expanded due to increased heat output and
intensified plastic flow. Localized coarsening
transpired near the upper nugget and on the
advancing side, indicating overheating at the
maximum rotation level.
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Fig. 10. Microstructures of friction stir-welded joints at different rotational speeds of 710 rpm: (a) 14 mm/min, (b)
28 mm/min, and (¢) 56 mm/min.
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Fig. 11. Microstructures of friction stir-welded joints at different rotational speeds of 1000 rpm: (a) 14 mm/min,
(b) 28 mm/min, and (c¢) 56 mm/min.
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Fig. 12. Microstructures of friction stir-welded joints at different rotational speeds, 1400 rpm of: (a) 14 mm/min,

(b) 28 mm/min, and (c¢) 56 mm/min.

Flow bands exhibited reduced distinctiveness at
higher wvelocities, signifying a decrease in
material ~ flow  stability at increasing
temperatures. These data align with descriptions
of microstructural coarsening and flow
instability at elevated rotational speeds in 6xxx-
series alloys [25]. The results indicate that tool
rotation significantly influences the equilibrium
between heat input and strain rate, thereby
affecting grain shape in the stir zone.

Low rotation (710 rpm) resulted in incomplete
recrystallization, intermediate rotation (1,000
rpm) yielded the finest and most uniform grain
structure, while high rotation (1,400 rpm) led to
localized coarsening. These patterns align with
prior reports indicating that moderate tool
rotation and intermediate traverse rates enhance
the refinement of SZ grains and the regularity of
joints in 6xxx alloys [24, 39, 40].

The current findings demonstrate two consistent
characteristics across all parameter
combinations: (1) the AS displayed finer grains
than the RS, and (2) even at the maximum
traverse speed of 56 mm/min, the SZ remained
entirely consolidated without internal defects.
The finer grain size in the AS signifies more

plastic deformation and elevated local strain rate
due to the combined impacts of tool rotation and
traverse motion, which facilitate subgrain
fragmentation and  encourage  dynamic
recrystallization in contrast to the RS.

Although an increase in traverse speed
diminishes thermal exposure duration, full
consolidation of the stir zone at 56 mm/min
illustrates that the frictional heat produced by
tool rotation and shoulder contact was adequate
to soften the material and maintain continuous
plastic flow.

Under these circumstances, the synergistic
effects of frictional heating and intense plastic
deformation resulted in a refined, equiaxed grain
structure in the SZ, while the TMAZ displayed
elongated and rotated grains, and the HAZ

demonstrated thermal overaging without
considerable  plastic  deformation.  The
microstructural  characteristics align ~ with

thermally assisted dynamic recrystallization
induced by elevated strain and temperature in the
SZ, whereas precipitate coarsening and partial
dissolution prevail in the HAZ and TMAZ,
respectively.



JCARME

3.4. SEM and EDX characterization of the SZ

The SEM analysis of the stir zone at 1400 rpm
and 56 mm/min, illustrated in Fig. 13,
demonstrated a dense and defect-free
microstructure. Continuous flow striations were
evident throughout the nugget, with no voids,
oxide coatings, or tunnels detected, signifying
thorough material consolidation and stable
plastic flow during friction stir welding.

At a magnification of 2500x, fine precipitates
were uniformly distributed inside the aluminum
matrix. These particles are linked to Mg,Si,
AleMn, and Fe-rich intermetallics commonly
seen in AA6082-T6. Their precise dimensions
and consistent spatial arrangement suggest
fragmentation and redistribution resulting from
significant plastic deformation and thermally
aided recrystallization in the stir zone [24-27].
The development of this precipitate morphology
is intricately associated with the thermal energy
produced during welding at 1400 rpm and 56
mm/min. The elevated rotational speed
generated adequate frictional heat to partially
dissolve coarse primary precipitates, although
the relatively high traverse speed restricted the
total thermal exposure duration. Upon
subsequent cooling, reprecipitation manifested
as fine, uniformly distributed particles instead of
coarse agglomerates. This integrated thermal-
mechanical cycle elucidates the occurrence of
ultrafine precipitates and refined equiaxed grains
shown in the SEM pictures [31, 32].

The wuniform distribution of precipitates
facilitates  precipitation and  dispersion
strengthening and aids in stabilizing grain
boundaries by impeding boundary motion, and

Fig. 13. SEM microstructure of the stir zone of the welded joint at a rotational speed of 1400 rpm and a traverse
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so enhances the hardness and tensile strength
seen for this parameter combination.

EDX elemental mapping illustrated in Fig. 14
further confirmed the homogeneous distribution
of the key alloying elements throughout the stir
zone. The Al map displayed a uniform and
entirely  consolidated aluminum  matrix,
verifying the lack of unbonded areas or oxide
inclusions. The Mg and Si maps demonstrated a
uniform distribution of Mg-Si-rich particles
corresponding to Mg,Si precipitates, whereas
Mn-enriched areas were linked to thermally
stable AleMn dispersoids. Moreover, finely
fragmented Fe-containing intermetallics were
observed, suggesting mechanical disintegration
and redistribution during agitation.

The consistency of element distribution noted at
the welding parameters of 1400 rpm and 56
mm/min demonstrates the synergistic impact of
substantial plastic deformation and frictional
heat production. The increased rotational speed
produced sufficiently high peak temperatures to
facilitate partial dissolving of coarse primary
Mg, Si particles, whereas the comparatively high
traverse speed constrained the overall heat input
per unit length and curtailed extended overaging.
During the ensuing cooling phase,
reprecipitation manifested as fine, uniformly
distributed  particles instead of coarse
aggregates. This thermomechanical cycle
elucidates the transformation from
heterogeneous coarse precipitates in the base
material to uniformly distributed nanoscale
characteristics in the stir zone.

These data align with previous studies,
indicating that increased rotational speeds
improve stirring, induce fragmentation, and

speed of 56 mm/min: (a) Magnification 150%, (b) Magnification 200x%, and (c) Magnification 2500x.
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facilitate solute redistribution, subsequently
leading to fine reprecipitation during cooling in
6xxx-series aluminum alloys [25, 26, 41]. The
current findings demonstrate that precipitate
refinement occurs simultaneously with grain
refinement, leading to a combined effect of
precipitation and grain-boundary strengthening.
The integrated SEM and EDX investigations
demonstrate that high-rotation FSW conditions
yield a fully consolidated stir zone, distinguished
by refined equiaxed grains and uniformly
dispersed strengthening precipitates. This
uniform microstructure offers a mechanistic
rationale for the enhanced hardness and tensile
strength achieved under identical parameters.

3.5. Tensile properties

The tensile characteristics of the friction stir-
welded AA6082-T6 joints are encapsulated in
Table 2 and Fig. 15, whilst the trends associated
with process factors are illustrated in Fig. 16.
The ultimate tensile strength (UTS) wvaried
between 83.88 and 111.77 MPa, the yield
strength between 75.98 and 102.93 MPa, and the
elongation between 5.64% and 10.44%,
demonstrating a significant correlation with tool

Si Kal ] n Kol .
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rotating speed and traverse speed. The maximum
UTS of 111.77 MPa was achieved at 1400 rpm
and 56 mm/min, while the minimum UTS of
83.88 MPa was recorded at 1000 rpm and 14
mm/min.

Fig. 16 illustrates that tensile strength often
escalated with the augmentation of rotational
speed from 710 to 1400 rpm, a phenomenon
attributable to enhanced frictional heating and
plastic flow that facilitate grain refining in the
SZ. For each rotational speed, augmenting the
traverse speed from 14 to 56 mm/min improved
tensile strength, attributable to diminished heat
input per unit length and the mitigation of
precipitate coarsening [39].

The ultimate tensile strength of the welded
joints, 83.88—111.77 MPa, is markedly inferior
to that of the AA6082-T6 base material (= 290—
320 MPa), a decline that aligns with previously
documented behavior of friction stir-welded
6xxx-series alloys in the T6 condition. The
decrease in strength is principally attributable to
HAZ softness caused by the dissolution and
coarsening of MgSi precipitates during
welding, with fractures predominantly occurring
in the HAZ/TMAZ rather than the stir zone.

f 10um !

Fig. 14. EDX elemental mapping of the stir zone of the welded joint at a rotational speed of 1400 rpm and a
traverse speed of 56 mm/min: (a) zone of elemental mapping, (b) elemental Al, (c) elemental Mg, (d) elemental

Si, (e) elemental Mn, and (f) elemental Fe.
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Table 2. Tensile properties of the friction stir welded AA6082-T6 joints.

Sample Rotation speed Welding speed Tensile stress Yield stress Elongation  Joint efficiency
(No.) (rpm) (mm/min) (MPa) (MPa) (%) ()
1 710 14 88.70 84.19 6.88 30.59
2 710 28 91.93 86.38 10.44 31.70
3 710 56 106.35 100.75 5.64 36.67
4 1000 14 83.88 83.24 8.42 28.92
5 1000 28 93.20 92.20 7.51 32.14
6 1000 56 103.18 95.73 6.83 35.58
7 1400 14 86.31 83.56 6.24 29.76
8 1400 28 93.23 75.98 9.28 32.15
9 1400 56 111.77 102.93 5.90 38.54

At 710 rpm, tensile strength significantly
increased with higher traverse speed, indicating
that the augmented plastic deformation and
improved stirring offset the limited heat input
per unit length. Increased traversing speed
mitigated excessive heat buildup, maintained
finer precipitates, and averted over-softening in
the TMAZ, consequently enhancing load-
bearing capability. At 1000 rpm, the tensile
strength stabilized at around 103 MPa,
signifying a processing regime where the
thermal and mechanical fields were well
balanced to provide significant grain refinement
in the stir zone while preventing substantial
precipitate coarsening.

The maximum tensile strength achieved at 1400
rpm and 56 mm/min aligns with the defect-free
macrostructure  and  uniform  precipitate
dispersion demonstrated by the SEM and EDX
tests. Under these conditions, vigorous agitation
and sufficient peak temperature facilitated
considerable microstructural refinement in the
stir zone, while the relatively brief thermal
exposure linked to the high traverse speed
restricted  precipitate = over-aging.  This

combination enabled effective stress transfer
across the nugget zone, leading to enhanced joint
strength.

The changes in tensile behavior can be ascribed
to the combined impacts of grain refinement
strengthening and precipitate evolution. Under
moderate to high heat input settings, 1000—-1400
rpm  and 28-56 mm/min, the studied
microstructures exhibited significant
recrystallization, resulting in thin equiaxed
grains that enhance strength via the Hall-Petch
relationship.

The  concurrent  fragmentation,  partial
dissolving, and subsequent redistribution of
Mg,Si and AlsMn dispersoids enhanced
precipitation strengthening in the stir zone.
Conversely, at a low traverse speed of 14
mm/min, the extended temperature exposure
facilitated precipitate coarsening and over-aging
in the TMAZ and HAZ, leading to localized
softness and diminished joint performance. This
tendency aligns with earlier observations in
AA6082-T6 friction stir-welded joints, where
the softest region dictates tensile failure instead
of the fully refined stir zone [24, 25].
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The link between strength and ductility aligns
with the anticipated trend for heat-treatable 6xxx
alloys. The joint fabricated at 1400 rpm and 56
mm/min demonstrated the highest ultimate
tensile strength with moderate elongation of
about 5.9%, indicating enhanced dislocation
density and fine precipitate distribution that
impede plastic flow.

Fig. 17 illustrates the fracture characteristics of
tensile specimens obtained from friction stir-
welded AAG6082-T6 joints, reflecting the
maximum tensile strength attained at each
rotational speed: (a) 710 rpm and 56 mm/min,
(b) 1,000 rpm and 56 mm/min, and (c) 1,400 rpm
and 56 mm/min. Fractures consistently occurred
outside the immediate weld centerline, primarily
within the TMAZ or the neighboring HAZ,
thereby demonstrating that the SZ exhibited
greater strength compared to the surrounding
areas.

The joint welded at 710 rpm and 56 mm/min,
Fig. 17(a), displays significant necking and an
angled fracture plane, signifying a ductile failure
mode characterized by plastic deformation. The
reduced rotating speed, coupled with elevated
traverse speed, led to little heat input, hence
preventing excessive grain development while
maintaining adequate flexibility in the TMAZ.
Comparable fracture behavior has been shown
for low-to-moderate heat input friction stir
welded joints of AA6082-T6, wherein ductile
fracture correlates with partially recrystallized
grains and preserved precipitate strengthening
[24].

At 1,000 rpm and 56 mm/min, Fig. 17(b), the
tensile specimen exhibits significant necking and
a more homogeneous fracture surface, indicating
an ideal equilibrium between strength and
ductility.

ARRaadilags
nuu[”u

Fig. 17. Tensile fracture appearances of friction stir
welded AA6082-T6 joints corresponding to the
highest tensile strength at each rotational speed: (a)
710 rpm and 56 mm/min, (b) 1000 rpm and 56
mm/min, and (¢) 1400 rpm and 56 mm/min.
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This scenario generated sufficient frictional heat
and stirring intensity to facilitate microstructural
features that are consistent with and suggestive
of DRX mechanisms refinement in the stir zone
and provide a somewhat uniform microstructure
across the joint. The enhanced tensile
performance and ductile fracture morphology
align with prior research indicating that
intermediate rotational speeds improve plastic
flow stability and mitigate premature failure in
the TMAZ [10, 25].

Conversely, the specimen welded at 1,400 rpm
and 56 mm/min Fig. 17(c), demonstrates
diminished necking and a relatively flatter
fracture surface, signifying a shift towards a
mixed ductile-brittle fracture mode. Despite this
condition producing the greatest tensile strength,
the augmented rotating speed resulted in
enhanced strain rates and increased dislocation
density, hence diminishing local ductility in the
TMAZ. This behavior is ascribed to excessive
grain refinement and localized over-hardening,
which impede plastic deformation during tensile
loading [41, 42].

3.6. Hardness distribution

The microhardness profiles measured across the
weld cross-sections are shown in Fig. 18(a—c) for
different combinations of tool rotational speeds
710-1400 rpm and traverse speeds 14-56
mm/min. All joints displayed the characteristic
“W-shaped” hardness distribution, with the
minimum hardness located in the HAZ and
increased hardness towards the SZ. This
phenomenon is typical of precipitation-hardened
6xxx-series alloys and is ascribed to the
dissolving of Mg:Si in the heat-affected zone
and the subsequent reprecipitation and grain
refinement within the stir zone [26].

At 710 rpm, as illustrated in Fig. 18(a), the peak
hardness attained was 70.03 HV at a feed rate of
56 mm/min, while the lowest value of 51.07 HV
was recorded at 14 mm/min. The significant
variance suggests that, at low rotational speeds,
hardness is markedly responsive to traverse
speed. At 14 mm/min, inadequate stirring and
localized over-aging led to HAZ softening, while
at 56 mm/min, diminished heat input per unit
length restricted precipitate coarsening and
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encouraged finer grains, yielding increased
hardness.

80

55 (HV)
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Fig. 18. Microhardness profiles across the weld cross-
sections at different rotational speeds: (a) 710 rpm,
(b) 1000 rpm, and (c¢) 1400 rpm.

At 1000 rpm, as illustrated in Fig. 18(b), the
hardness  profiles  exhibited  increased
uniformity. The maximum value of 70.73 HV
was recorded at 56 mm/min, whereas the
minimum value of 49.17 HV was seen at 28
mm/min. This parameter range resulted in a
more equilibrated thermal-mechanical state,
facilitating microstructural features consistent
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with DRX mechanisms refinement and uniform
redistribution of Mg,Si in the SZ, while
preventing significant over-aging in the HAZ.
At 1400 rpm, as illustrated in Fig. 18(c),
hardness reached a maximum of 73.77 HV at 56
mm/min, while the minimum value of 45.40 HV
was recorded at 14 mm/min. The amalgamation
of rapid rotation and swift traverse velocity
generated increased strain rates with minimal
temperature  exposure, facilitating  grain
refinement and fine precipitate reprecipitation.
In contrast, 1400 rpm and 14 mm/min produced
excessive thermal input, resulting in the
coarsening of strengthening precipitates and
significant softening of the HAZ.

In general, hardness escalated with both
rotational and traverse speeds, with the highest
values at 1400 rpm and 56 mm/min. This
relationship follows the Hall-Petch
phenomenon, in which smaller grains and
uniformly distributed nanoscale precipitates
impede dislocation movement and increase
hardness. The present findings correspond with
prior studies on FSW of AA6082-T6 and
analogous alloys, which recorded W-shaped
hardness profiles and HAZ softening linked to
precipitate dissolution and over-aging. [24-26,
41].

The relationship between hardness and tensile
strength is evident: the maximum hardness (~74
HV) at 1400 rpm and 56 mm/min aligns with the
highest ultimate tensile strength of 111.77 MPa,
suggesting that joint strength is predominantly
affected by grain refinement and precipitate
redistribution in the stir zone, whereas the
softened heat-affected zone is the weakest
region.

3.7. Impact Toughness

The absorbed impact energies of the friction stir-
welded AA6082-T6 joints are presented in Fig.
19 for different combinations of tool rotational
speeds and traverse speeds. The impact
toughness values ranged from 9.50 to 13.00 Nm,
dependent on the welding parameters. The
maximum absorbed energy of 13.00 Nm was
observed at 1000 rpm and 14 mm/min, while the
minimum value of 9.50 Nm occurred at 710 rpm
and 56 mm/min.
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Fig. 19. Impact toughness of the welded joints.

At a constant rotating speed, the absorbed energy
generally dropped as the traverse speed
increased. This suggests that plastic flow and
metallurgical bonding between the advancing
and retreating sides of the weld were restricted
by lower heat input per unit length and shorter
thermal exposure. At 710 rpm, inadequate
frictional heating caused partial plasticization
and limited dynamic recrystallization, leading to
diminished impact toughness. Elevating the
rotational speed to 1000 rpm achieved a more
advantageous equilibrium between heat input
and deformation rate, facilitating equiaxed
recrystallized grains in the stir zone and resulting
in optimal impact toughness.

At the maximum rotating speed of 1400 rpm, the
impact toughness diminished, notwithstanding
the elevated hardness and tensile strength
achieved under the same conditions. This
decrease is ascribed to elevated strain rates and
swift cooling, resulting in extremely small grains
with high dislocation density and residual
stresses, therefore inhibiting plastic deformation
under impact loading and facilitating a mixed
ductile-brittle fracture mode.

These trends align with previous research on
AA6082-T6 friction stir welding, indicating that
moderate heat input facilitates complete
dynamic recrystallization and optimizes energy
absorption, while excessively low or high heat
input results in either inadequate bonding or
embrittlement [24, 25, 41, 42]. The current
findings demonstrate that the impact toughness
in AA6082-T6 FSW joints is influenced by the
interplay of heat input, recrystallization extent,
precipitate state, and residual stresses, with
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optimal conditions achieved at 1000 rpm and 14
mm/min in this investigation.

Fig.  20(a—c) illustrates the  fracture
characteristics of friction stir-welded AA6082-
T6 joints following Charpy impact testing,
corresponding to the welding conditions that
exhibited the largest impact energy at each
rotational speed, all performed at a constant
traverse speed of 14 mm/min.

The joint welded at 710 rpm and 14 mm/min, as
illustrated in Fig. 20(a), has cracked specimens
that demonstrate significant bending before
ultimate separation, signifying a somewhat
ductile fracture behavior. The fracture surface
exhibits considerable irregularity, characterized
by localized tearing in the weld area. This
behavior indicates restricted plastic flow and
inadequate homogeneity in the stir zone,
resulting from insufficient heat input at the
reduced rotational speed. Thus, despite some
plastic deformation before fracture, the overall
energy absorption capacity remained low [24].
Conversely, the joint welded at 1,000 rpm and 14
mm/min, illustrated in Fig. 20(b), has the most
notable plastic deformation before fracture,
marked by considerable specimen bending and a
progressive ripping pattern. This condition
reflects the highest recorded impact toughness,
signifying a prevailing ductile fracture process.
The enhanced impact performance is due to a
balanced thermal-mechanical state  that
facilitates uniform dynamic recrystallization,
refined equiaxed grains in the stir zone, and
regulated redistribution of Mg,Si precipitates.

AN AN

Fig. 20. Impact fracture appearances of friction stir-
welded AA6082-T6 joints tested under Charpy
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impact loading at a traverse speed of 14 mm/min: (a)
710 rpm, (b) 1000 rpm, and (c) 1400 rpm.

These microstructural characteristics promote
crack blunting and retard crack development
under dynamic stress conditions [27].

For the joint fabricated at 1,400 rpm and 14
mm/min illustrated in Fig. 20(c), fracture
transpired  with  relatively less  plastic
deformation and a more sudden separation.
Despite the weld demonstrating adequate
consolidation, the fracture morphology suggests
a shift towards a more brittle behavior. The
elevated rotational speed enhances strain rate
and dislocation density, resulting in a refined yet
comparatively harder microstructure that limits
plastic deformation under impact loading [42].
The absorbed impact energy diminishes relative
to the optimal condition at 1,000 rpm.

The fracture analysis indicates that a moderate
rotating speed of 1,000 rpm, together with a low
traverse speed, achieves the optimal equilibrium
among dynamic recrystallization, precipitate
stability, and residual stress relaxation, hence
enhancing impact toughness. These findings
align with prior research on FSW of Al-Mg—Si
alloys, indicating that excessive grain refinement
and elevated dislocation density may diminish
impact resistance, notwithstanding
enhancements in strength and hardness.

3.8. Integrated discussion: correlation among
process  parameters, — microstructure, and
mechanical properties

The results of the present study show a clear
correlation between friction stir welding
parameters, the resulting microstructure, and the
mechanical properties of AA6082-T6 joints.
Variations in tool rotational speed and traverse
speed determined the thermal-mechanical
conditions, which in turn governed dynamic
recrystallization, precipitate evolution, and
residual stress distribution across the weld.

3.8.1. Process parameters and thermal—
mechanical balance

The thorough examination of macrostructure
shown in Fig. 9, microstructure shown in Figs.
10-12, hardness shown in Fig. 18, and
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tensile/impact outcomes shown in Fig. 15 and
Fig. 19, respectively, confirms that heat input
and strain rate are simultaneously affected by
rotational and traversal speeds. At a rotational
speed of 710 rpm, inadequate heat input
indicates  the  presence  of  dynamic
recrystallization mechanisms and uneven nugget
boundaries. At 1000 rpm, a balance of thermal
energy and deformation results in a stable nugget
and equiaxed grains. At 1400 rpm and 56
mm/min, significant strain and short thermal
exposure yield ultrafine grains, whereas at 1400
rpm and 14 mm/min, excessive heat results in
coarsening inside the HAZ and TMAZ [43].

3.8.2. Microstructural evolution

Microstructural evidence shown in Figs. 10-12
demonstrates ~ parameter-dependent  grain
refinement, characterized by elongated and
partially recrystallized grains at a rotational
speed of 710 rpm, fine equiaxed grains (~5-7
um) exhibiting complete dynamic
recrystallization at 1000 rpm, and ultrafine
grains with partial coarsening at the upper
nugget at 1400 rpm.

EDX mapping, as shown in Fig. 14, confirmed
the displacement of MgSi and AlsMn
precipitates in the stir zone at increased
rotational speeds. Grain refinement enhanced
hardness, whereas localized coarsening or
inadequate dynamic recrystallization reduced it.

3.8.3. Mechanical correlation

The mechanical behavior aligned with
microstructural trends, exhibiting a maximum
tensile strength of 111.77 MPa at 1400 rpm and
56 mm/min, correlated with ultrafine grains and
uniform precipitate distribution; a maximum
hardness of 73.77 HV under the same
conditions; a maximum impact toughness of
13.00 Nm at 1000 rpm and 14 mm/min, linked to
balanced grain refinement and reduced residual
stress; and a minimum toughness of 9.50 Nm at
710 rpm and 56 mm/min, associated with
insufficient plasticization and inadequate
interfacial adhesion. Consequently, strength
augmented with refining; however, toughness
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diminished due to excessive strain rate or
residual stress.

3.8.4. Mechanistic interpretation

The aggregated findings suggest the subsequent
mechanisms consists of grain refinement
strengthening via the Hall-Petch effect in the stir
zone, precipitation strengthening through
fragmentation and reprecipitation of Mg,Si/
AlgMn, toughness reduction due to high
dislocation density and residual stress at elevated
RPM, and softening from precipitate coarsening
in the heat-affected zone at low traverse speeds.
Dynamic  recrystallization = predominantly
influenced the mechanical characteristics.

The increase in hardness and tensile strength at
1400 rpm and 56 mm/min is primarily attributed
to Hall-Petch grain refinement and uniform
redistribution of Mg»Si precipitates in the stir
zone, whereas the reduced impact toughness is
associated with high dislocation density and
residual stresses that limit crack blunting.

3.8.5. Optimal processing window

Two performance regimes arise from the
combined data: strength-dominated at 1400 rpm
and 56 mm/min, exhibiting maximum hardness
and ultimate tensile strength, and toughness-
dominated at 1000 rpm and 14-28 mm/min,
demonstrating the highest absorbed impact
energy. Consequently, parameter selection is
contingent upon service requirements rather than
a singular "optimal" situation.

4. Conclusions

This study systematically assessed the impact of
rotational and traverse speeds on the
microstructural development and mechanical
characteristics of friction stir-welded AA6082-
T6 aluminum alloy joints. All welding settings
yielded sound joints devoid of tunnel flaws or
voids, demonstrating that the chosen tool
material, geometry, and process configuration
facilitated stable material flow and thorough
consolidation. The emergence of symmetrical
flashes and uniform nugget morphologies
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indicated  precisely  regulated  thermal-
mechanical conditions during welding.

The stir zone displayed polished equiaxed
grains, with variations in size and homogeneity
dependent on process parameters. Elevating
rotational speed augmented plastic deformation
and facilitated grain refinement, while high heat
input at 1400 rpm resulted in localized grain
coarsening in certain areas. Finer granules were
qualitatively seen on the advancing side in
contrast to the retreating side, indicating
asymmetric deformation and strain partitioning
during welding. SEM-EDX investigations
revealed a rather uniform redistribution of Mg,Si
and AlsMn precipitates at elevated rotational and
traverse speeds, aligning with the fragmentation
and re-dispersion of strengthening phases during
vigorous stirring.

The mechanical response of the joints was
determined by the equilibrium between thermal
input and strain rate. The maximum hardness
(=73.8 HV) and tensile strength (=111.8 MPa)
were achieved at 1400 rpm and 56 mm/min, with
refined grains and uniformly dispersed
precipitates facilitating improved strengthening.
The peak impact toughness (=13.0 Nm) was
attained at 1000 rpm and 14 mm/min, where
mild temperature exposure facilitated ductile
deformation and efficient energy absorption.
The joint efficiency for AA6082-T6 base
material was found to be about 35-39%, which
is in line with the fact that the failure happened
mostly in the softened heat-affected zone, which
is typical of friction stir-welded heat-treatable
6xxx-series alloys.

The results indicate that optimum combinations
of rotational and traversal speeds can be adjusted
to achieve either strength-dominant or
toughness-dominant performance. A strength-
focused regime was discovered at approximately
1400 rpm and 56 mm/min, whereas a toughness-
focused regime was noted around 1000 rpm and
14-28 mm/min. These findings emphasize that
regulating thermal-mechanical conditions and
the resultant grain refinement and precipitate
development are crucial for attaining an optimal
strength—ductility balance in friction stir-welded
AA6082-T6 joints.
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