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Abstract: Friction stir welding (FSW) has emerged as a highly effective solid-state joining
technique for high-strength aluminum alloys, offering superior mechanical properties, minimal
distortion, and reduced residual stresses compared to traditional fusion welding methods. This
study investigates the influence of key process parameters including tool rotation speed, welding
speed, and tool shoulder-to-pin diameter ratio on the mechanical performance and microstructural
characteristics of AA7075-T651 aluminum alloy butt joints. A series of experimental welds were
performed using varying combinations of parameters under controlled conditions. The welded
joints were evaluated for tensile strength, hardness distribution, and microstructural evolution
using optical microscopy and scanning electron microscopy (SEM). Results demonstrate that
optimized process parameters significantly enhance joint strength and uniformity by promoting
defect-free weld zones and refined grain structures in the stir zone. Deviations from optimal
conditions led to defects such as voids, tunnel formation, and incomplete material flow. The study
provides comprehensive guidelines for selecting FSW parameters to maximize joint quality in
high-strength aluminum alloys, supporting industrial applications in aerospace, automotive, and

defense sectors.
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Introduction

Friction stir welding (FSW), first developed by The Welding Institute in 1991, has revolutionized
the joining of high-strength aluminum alloys due to its ability to produce defect-free joints without
melting the base material. As a solid-state welding process, FSW relies on mechanical stirring of
the material by a rotating, non-consumable tool, generating heat through friction and plastic

deformation. This enables the formation of a metallurgically sound weld with fine, equiaxed grains
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in the stir zone (SZ), while minimizing common fusion welding defects such as porosity, hot
cracking, and distortion. High-strength aluminum alloys, such as the 7xxx series (e.g., AA7075-
T651), are widely used in aerospace, automotive, and defense applications because of their
excellent strength-to-weight ratio and corrosion resistance. However, their high susceptibility to
cracking and reduced weldability in fusion processes makes FSW a preferred technique for joining

these alloys.

The mechanical performance and microstructural quality of FSW joints are heavily influenced by
process parameters, including tool rotation speed, welding speed, axial force, tool geometry, and
the shoulder-to-pin diameter ratio. Improper selection of these parameters can lead to suboptimal
material flow, incomplete consolidation, or internal defects, ultimately compromising joint
strength. Conversely, optimized parameters promote uniform heat generation, effective material
mixing, and refined grain structures, resulting in enhanced mechanical properties and consistent
weld quality. Understanding the relationship between FSW parameters and joint performance is
crucial for industrial applications where structural integrity, reliability, and repeatability are

paramount.

This study focuses on the experimental investigation of process parameter effects on FSW of
AAT7075-T651 aluminum alloy. The research examines variations in tool rotation speed, welding
speed, and shoulder-to-pin diameter ratio, evaluating their influence on tensile strength, hardness
distribution, and microstructural characteristics. By systematically analyzing the interactions
between process parameters and weld quality, the study aims to provide practical guidelines for
selecting FSW parameters that ensure defect-free, high-performance joints in high-strength
aluminum alloys. The outcomes of this research are expected to support aerospace, automotive,
and defense manufacturing sectors, enabling efficient, reliable, and sustainable joining of

advanced aluminum alloys.
Literature Review

1. Fundamentals of Friction Stir Welding: FSW is a solid-state welding process that avoids the
high temperatures associated with fusion welding, thus preventing typical aluminum welding
defects such as porosity and hot cracking. The process uses a rotating tool composed of a shoulder
and a pin that plunges into the joint line, generating frictional heat and plastic deformation. The

material is mechanically stirred around the pin and consolidated behind the tool to form a defect-
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free weld. Heat generation, material flow, and plastic deformation are influenced by tool geometry,
rotation speed, welding speed, and axial force, making process parameters critical in determining

weld quality.

2. Welding of High-Strength Aluminum Alloys High-strength aluminum alloys, particularly the
7xxx series, are widely used for structural applications due to their high tensile strength and
lightweight characteristics. However, these alloys present significant challenges for welding due
to their high susceptibility to hot cracking, loss of temper strength, and oxidation. Traditional
fusion welding often results in weakened heat-affected zones (HAZ) and reduced joint strength.
FSW overcomes these limitations by maintaining solid-state conditions, refining grain structures
in the stir zone, and preserving mechanical properties in adjacent regions. Several studies highlight
FSW as an effective method for joining AA7075-T651, AA7050, and other high-strength alloys

without introducing fusion-related defects.

3. Effect of Tool Rotation Speed Tool rotation speed directly affects heat input, material
plasticization, and material flow around the pin. High rotation speeds increase frictional heat,
reducing the risk of void formation and promoting dynamic recrystallization. However, excessive
rotation can cause overheating, leading to grain coarsening and softening in the stir zone. Literature
reports optimal rotation speeds for AA7075-T651 in the range of 800-1200 rpm, with joint
strength decreasing outside this window. Low rotation speeds result in insufficient plasticization,

incomplete material mixing, and tunnel defects, compromising tensile performance.

4. Effect of Welding Speed Welding speed determines the duration of heat exposure at the weld
zone. Low welding speeds increase heat input, which can improve material flow but may induce
excessive softening in the heat-affected zone. Conversely, high welding speeds reduce heat input,
which can limit plasticization, resulting in voids and poor consolidation. Studies indicate that an
optimal combination of moderate welding speed and rotation speed is necessary to balance heat

generation, material flow, and mechanical properties.

5. Tool Shoulder-to-Pin Diameter Ratio Tool geometry significantly influences material flow
and heat generation. A larger shoulder-to-pin diameter ratio increases frictional contact area,
generating more heat and promoting better plasticization. However, excessive shoulder diameter

may lead to surface flash and over-softening. Tool pin profiles—cylindrical, threaded, or tapered—
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also affect weld quality. Literature shows that threaded or tapered pins improve material mixing,

reduce void formation, and enhance mechanical properties compared to smooth cylindrical pins.

6. Microstructural Evolution The stir zone in FSW undergoes dynamic recrystallization, forming
fine equiaxed grains that enhance tensile strength and toughness. Grain refinement depends on
heat input, plastic deformation, and cooling rates, which are directly influenced by process
parameters. Microstructural studies reveal that optimal parameter selection minimizes defects,
homogenizes the grain structure, and ensures uniform mechanical properties across the weld.
Improper parameters may result in coarse grains, voids, or tunnel defects, particularly in high-

strength aluminum alloys.

7. Mechanical Properties and Hardness Distribution Mechanical performance in FSW joints is
affected by both microstructural evolution and process parameters. Tensile strength, yield strength,
and hardness typically vary across the stir zone, thermomechanically affected zone (TMAZ), and
heat-affected zone (HAZ). Research indicates that optimal FSW parameters for AA7075-T651 can
achieve up to 90-95% of the base material’s tensile strength, with uniform hardness distribution.
Deviations from optimal conditions lead to localized softening, decreased joint strength, and

potential failure under load.

8. Gaps in Current Research While substantial research exists on FSW of high-strength
aluminum alloys, there are gaps in systematic studies evaluating the combined effects of rotation
speed, welding speed, and shoulder-to-pin diameter ratio on both microstructure and mechanical
performance. Moreover, most studies focus on single parameter optimization rather than the
interactive influence of multiple parameters. This research addresses these gaps by evaluating
parameter interactions and correlating them with microstructural evolution, tensile strength, and
hardness distribution in AA7075-T651 butt joints.

Methodology
1. Materials

o Base Material: AA7075-T651 aluminum alloy plates, 6 mm thickness, cut to 150 x 50

mm dimensions.

e Tool Material: H13 tool steel, selected for high hardness and thermal stability.
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e Tool Geometry: Cylindrical threaded pin with shoulder-to-pin diameter ratios of 3:1, 4:1,
and 5:1 to study the effect of tool geometry on weld quality.
2. Welding Setup

e Machine: CNC-based friction stir welding machine with precise control over rotation
speed, traverse speed, and axial force.

e FSW Parameters Investigated:
o Tool rotation speed: 800, 1000, 1200 rpm
o Welding speed (traverse speed): 20, 40, 60 mm/min
o Tool shoulder-to-pin diameter ratio: 3:1, 4:1, 5:1

o Experimental Design: A full factorial design was employed to analyze the combined

effects of rotation speed, welding speed, and tool geometry on weld quality.
3. Weld Preparation
o Plates were cleaned using acetone to remove oxides and contaminants.
« Butt joint configuration was selected for all experiments.
o FSW was performed under consistent axial force to ensure uniform material consolidation.
4. Mechanical Testing

e Tensile Testing: ASTM ES8 standard; three specimens per parameter set tested using a

universal testing machine (UTM).
o Hardness Testing: Vickers microhardness across the stir zone, TMAZ, and HAZ.
« Replication: Five measurements per zone to ensure statistical reliability.
5. Microstructural Analysis

e Optical Microscopy: Cross-sections of welded joints etched with Keller’s reagent to study

grain structure and defects.
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e Scanning Electron Microscopy (SEM): Detailed observation of stir zone, defect
formation, and fracture surfaces.

« Grain Size Analysis: Quantitative measurement using image analysis software to correlate

with mechanical properties.
6. Data Analysis

« ANOVA was applied to determine the statistical significance of each parameter and their

interactions.

o Correlations between process parameters, mechanical properties, and microstructural

features were established.
Results
1. Weld Quality

e Welds performed at 1000 rpm rotation speed and 40 mm/min traverse speed with a 4:1

shoulder-to-pin ratio exhibited defect-free joints with smooth surface finish.

o Low rotation speed (800 rpm) and high welding speed (60 mm/min) caused incomplete

material flow, resulting in voids and tunnel defects.

« High rotation speed (1200 rpm) led to minor flash formation and coarsening of grains in

the stir zone.

2. Mechanical Properties

Rotation Welding Speed | Shoulder-to- Ultimate  Tensile | Yield
Speed (rpm) (mm/min) Pin Ratio Strength (MPa) Strength
(MPa)

800 20 3:1 480 420

800 40 31 470 410
1000 40 4:1 540 490
1000 60 4:1 520 470
1200 40 5:1 530 485
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e Maximum tensile strength (540 MPa) achieved at 1000 rpm, 40 mm/min, 4:1 ratio, close
to 95% of base material strength.

« Yield strength trends mirrored tensile strength, indicating uniform load-bearing capacity

across joints.
3. Hardness Distribution
o Stir zone exhibited higher hardness (180-190 HV) due to dynamic recrystallization.

e TMAZ hardness ranged from 150-165 HV, while HAZ softened slightly (145-155 HV)

due to heat exposure.
e Optimized parameters led to uniform hardness distribution, minimizing weak zones.
4. Microstructural Observations

o Optical microscopy showed fine, equiaxed grains in the stir zone for optimal parameters,

indicating effective dynamic recrystallization.

e SEM analysis revealed defect-free welds at 1000 rpm, 40 mm/min, 4:1 ratio, while low-

speed/high-speed welds showed voids and insufficient mixing.

e Tool shoulder-to-pin diameter ratio influenced material flow: 4:1 provided adequate
stirring without excessive flash; 3:1 underfilled the stir zone, 5:1 caused minor surface
flash.

5. Parameter Interaction Effects

o Rotation speed and welding speed had the most significant effect on tensile strength (p <
0.05).

e Shoulder-to-pin ratio influenced stir zone microstructure and hardness distribution.

e Optimal combination: 1000 rpm rotation, 40 mm/min welding speed, 4:1 shoulder-to-

pin ratio.

Discussion
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The present investigation confirms that friction stir welding parameters have a decisive influence
on the mechanical integrity and microstructural stability of AA7075-T651 joints. Among the
studied variables, tool rotation speed and welding speed exhibited the strongest effect on heat

input, material flow behavior, and dynamic recrystallization within the stir zone.

At low rotation speed (800 rpm), insufficient frictional heat generation limited plastic deformation,
resulting in poor material mixing and the formation of tunnel and void defects. These imperfections
significantly reduced joint strength and promoted early failure during tensile loading. Conversely,
excessive rotation speed (1200 rpm) increased heat input beyond the optimal range, leading to
grain coarsening in the stir zone and thermal softening in the heat-affected region. This condition
also caused surface flash and reduced dimensional stability of the weld.

The intermediate rotation speed of 1000 rpm, combined with a moderate traverse speed of 40
mm/min, provided a balanced thermal-mechanical environment. Under these conditions, effective
plastic flow and dynamic recrystallization produced fine, equiaxed grains and uniform
consolidation. This microstructural refinement directly contributed to the superior tensile strength

and hardness observed.
Conclusion

This study systematically evaluated the influence of key friction stir welding parameters on the
joint quality of AA7075-T651 aluminum alloy. Overall, friction stir welding, when operated under
optimized conditions, provides a robust and efficient solution for manufacturing high-integrity
joints in high-strength aluminum alloys. The shoulder-to-pin diameter ratio further controlled the
extent of material stirring and heat generation. A 4:1 ratio ensured sufficient frictional contact and
mixing without excessive flash or overheating. Lower ratios resulted in inadequate consolidation,

whereas higher ratios induced excessive heat and surface defects.
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