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Friction Stir Welding and Processing of Dissimilar Alloys

Author: [Gagan Goyal]

Abstract Friction stir welding (FSW) is a solid-state joining process that has transformed the way
dissimilar metallic materials are joined. This paper reviews the key principles of FSW, the principal
challenges encountered when joining dissimilar alloys, and the processing strategies developed to
manage material flow, intermetallic compound formation, and mechanical performance. Emphasis is
placed on microstructural evolution in the stir zone, strategies for controlling intermetallic layers, and
the role of tool design and process parameters. Representative mechanical and corrosion performance
trends are discussed, and future research directions, including hybrid processes and in situ monitoring,
are suggested. This concise review aims to provide a practical overview for researchers and engineers
working on lightweight structures and multimaterial systems.

Keywords: Friction stir welding, dissimilar alloys, intermetallic compounds, tool design,
microstructure, mechanical properties

1. Introduction

The growing demand for lightweight, high-performance multimaterial structures in aerospace,
automotive, and marine industries has driven interest in joining dissimilar alloys (e.g., Al-Mg, Al-Cu,
Al-Ti, Al-steel, Mg-Ti). Conventional fusion welding often suffers from excessive melting,
evaporation of low-melting constituents, large heat-affected zones (HAZs), and formation of brittle
intermetallic compounds (IMCs). FSW, introduced in the early 1990s, is a solid-state process in which a
rotating, non-consumable tool traverses along the joint line to mechanically stir and forge materials
below their melting points. The result is refined microstructures, reduced distortion, and potentially
enhanced joint properties compared with fusion methods. However, dissimilar joining introduces
complexities in material flow, thermomechanical mixing, and chemical reactions that must be controlled
to obtain desirable joint performance.

2. Principles of Friction Stir Welding

In FSW, a shoulder and a profiled pin (probe) attached to a rotating tool generate frictional heat and
plastic deformation. The process produces three characteristic regions: the stirred (nugget) zone, the
thermo-mechanically affected zone (TMAZ), and the heat-affected zone (HAZ). Key process parameters
are tool rotation speed, traverse speed, axial force, tool geometry (pin profile, shoulder features), and tilt
angle. For dissimilar alloys, the tool offset (placing the probe toward one side) and traverse direction
significantly affect material intermixing and the position of harder/weaker phases. Thermal cycles
determine recrystallization, dissolution/precipitation of strengthening phases, and the Kkinetics of
intermetallic formation. Thus, precise control of heat input and plastic flow is essential.

3. Challenges in Joining Dissimilar Alloys

Joining dissimilar alloys is complicated by differences in melting point, flow stress, thermal
conductivity, and chemical affinity. Several challenges are common:

Intermetallic compound formation: At elevated temperatures, certain combinations (e.g., Al-Fe, Al-Ti)
form brittle IMCs that localize strain and degrade toughness. Controlling the thickness and continuity of
IMC layers is critical.
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Asymmetric material flow: Differences in plasticity and viscosity between alloys cause uneven mixing
and defects such as voids, tunnels, or root flaws. Tool offset and process asymmetry are used to direct
material flow.

Residual stresses and distortion: Dissimilar thermal expansion and plastic strain accumulation can
induce high residual stresses.

Corrosion and galvanic effects: Multimaterial joints can be susceptible to galvanic corrosion if the
microstructure and surface conditions are not managed.

4. Processing Strategies and Tooling

Several strategies mitigate the difficulties above:

Tool design and offset: Pin shape (threaded, conical, tapered) and shoulder features (scrolls, flats) affect
the stirring action. Offsetting the tool toward the softer/more ductile material promotes better
consolidation and reduces defect formation.

Heat control: Lower rotational speeds or higher traverse speeds reduce peak temperatures and limit IMC
growth; active cooling or backing plates can be used to extract heat more rapidly.

Interlayers and coatings: Thin interlayers (e.g., Zn, Ni, Cu) or coatings can act as diffusion barriers or
form more ductile reaction products. For example, Ni interlayers have been used to reduce brittle Al-Fe
IMC formation.

Friction stir processing (FSP): Using the FSW tool as a processing tool (FSP) near the joint can tailor
local microstructure, refine grains, and homogenize composition.

Hybrid approaches: Combining FSW with techniques such as ultrasonic assistance, electromagnetic
stirring, or laser preheating can enhance material flow and reduce defects.

5. Microstructure and Mechanical Performance

The stir zone typically exhibits a dynamically recrystallized fine-grained structure, often with complex
mixing of the parent alloys. Mechanical properties depend on microstructural characteristics and defect
distribution:

Strength: Joints often show strength intermediate between the stronger and weaker base metals. In
some cases where solution strengthening phases are retained or precipitates are favorably redistributed,
strength can approach that of one parent alloy.

Ductility and toughness: Overly thick IMC layers or coarse brittle phases reduce ductility. Controlled
process windows and interlayer use can preserve toughness.

Fatigue behavior: Residual stress, surface finish, and local hardening all influence fatigue—stir zone
defects are common fatigue initiation sites, so defect-free processing is crucial.

Corrosion resistance: Microgalvanic couples and IMCs influence corrosion; post-weld surface
treatments and proper sealing reduce susceptibility.

6. Applications and Case Studies

FSW of dissimilar systems has been applied in lightweight structures (Al-Mg, Al-Ti), marine hardware
(Al-steel transitions), and electronics packaging (Al-Cu). For instance, Al-to-steel FSW with proper
tool offset and interlayers has shown promise for automotive lightweighting by enabling direct joining
without bolts or adhesives. In aerospace, Al-Ti joints processed by FSW/FSP have been investigated for
reducing fastener-induced weight penalties.
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7. Future Directions

Key research directions include:
Advanced tool materials and coatings to withstand high temperatures and alloy abrasiveness (e.g., Ti or
steel alloys for Ti-intensive joints).

In situ monitoring and closed-loop control (force, torque, acoustic emission, thermography) for defect
prevention and process optimization.

Multiscale modeling of flow, heat transfer, and IMC kinetics to predict optimal windows and scale-up.
Additive manufacturing integration: Using FSP/FSW to join and locally process additively
manufactured dissimilar structures.

8. Conclusion

FSW offers a powerful route for joining dissimilar alloys with advantages over fusion welding,
including lower distortion and refined microstructures. Nevertheless, the dissimilar nature of metals
introduces challenges—intermetallic formation, asymmetric flow, and residual stresses—that require
careful control of tooling, process parameters, and sometimes interlayers or hybrid assistance.
Continued advances in tool technology, process monitoring, and multiscale understanding will expand
practical applications, particularly where lightweighting and multimaterial integration are strategic
priorities.
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