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Abstract 

The tool geometry in friction stir welding (FSW) is a critical parameter to produce reliable and 
consistent joints, especially when it comes to joining dissimilar alloys with different mechanical 
and thermal properties. The aim of the present work is to investigate the effect of FSW tool 
design on the mechanical characteristic of as-welded AA2198(T3)-AA2024(T3) joints. Three 
shoulder profiles (flat, spiral, and fan) and five different pin profiles (tapered cylindrical, 
straight cylindrical, threaded cylindrical, cone and square) were tested. A visual inspection and 
metallographic characterization were conducted to evaluate the sound state of the joint. Tensile 
tests and scanning electron microscopy combined with energy-dispersive X-ray spectroscopy 
were used to assess the mechanical properties of the different joints in regard to fractographic 
analyses and local chemical composition. Significant flash was produced for flat shoulder 
configurations. FSW tools with fan or with spiral shoulders prevent the formation of the flash 
defect. Lack of penetration (LOP) and kissing bond defects were avoided by tapering the tip of 
the pin with a diameter greater than or equal to the plate thickness. The tapered cylindrical pin 
with a fan shoulder was the optimal tool design configuration for mechanical properties. 

Keywords: FSW tool design; friction stir welding; Al-Li alloys; 3rd generation aluminum 
alloys; 2024 aluminum alloy.  

1. Introduction

Developing advanced alloys with superior mechanical properties and new manufacturing 
processes is essential for the aerospace industry. Recently developed aluminum alloys, such as 
the AA-2198 Al-Li alloy, emerged to improve the mechanical properties and lower density of 
their conventional counterparts, e.g., AA-2024 [1]. However, these benefits come at the expense 
of higher material cost. Therefore, an economical solution is to use AA-2198 alloys only for 
critical regions/components, with the remaining structure retaining AA-2024 alloys. A method 
for to joining these dissimilar materials is therefore needed. Unfortunately, conventional fusion 
welding methods are not appropriate solutions as they result in welding defects, such as hot 
cracking [2].  

Friction Stir Welding (FSW) is a solid-state welding technique that has evolved as a solution for 
joining dissimilar materials that are difficult to weld [3]. It is currently used as an alternative to 
riveting for the assembly of airplane fuselages. FSW uses a rotary pin to locally mix the 
materials of the two sides of the joint below the melting point temperature. Thus, the formation 
of welding defects such as hot cracking is prevented.  

Selecting appropriate FSW tool and process parameters is essential for creating a reliable joint 
in aerospace applications, especially for joining dissimilar alloys with different mechanical and 
thermal properties. Both the shoulder and pin profiles are important for having a defect-free 
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joint. The optimization of either the shoulder [4 - 6] or the pin design [7 - 11] for FSW tools has 
been reported in the literature for producing joints with optimum mechanical properties. Trueba 
Jr. et al. [6] showed that the fan shoulder has a great potential for producing high quality welds, 
even under non-ideal process conditions. Krasnowski [12] showed that cylindrical pins with and 
without thread are capable of producing defect-free joints for AA-6082-T6 aluminum alloys. 
The effect of pin geometry on the mechanical properties of FSWed 2014 aluminum alloy was 
also reported by Zhao et al. [13]. They found that the optimum weld quality was obtained by 
using the taper pin with a screw thread.    
 
The last generation of aluminum alloys comprises relatively new materials, and tool design 
optimization for these materials required particular investigation. Among the few works 
conducted on the FSW of dissimilar aluminum alloys, Velotti and Astarita reported critical 
technological challenges facing FSW for lap joints of AA-2198-T351 and AA-7075-T6 alloys 
[14] and T-shaped joints of AA-2198-T3 and AA-6056-T4 [15]. Dissimilar friction stir welded 
butt joints made of AA-2024-T3 and AA-2198-T3 have already been investigated in terms of 
microstructural and specific mechanical characterizations [16, 17]. In this study, the effect of 
tool shoulder and pin profile on the microstructure and mechanical properties of FSWed AA-
2024-T3/AA-2198-T3 joints were documented right after welding, without any natural aging. 
To that end, three different shoulder and five tool pin profiles were used to fabricate the joints, 
while the other welding parameters were kept constant.   
 
2. Experimental  

 
2.1. Tool design 
 
The possibilities in tool design are endless, but the combinations of shoulder and pin profiles are 
crucial for the quality of the finished weld. A comprehensive literature review was carried out in 
order to determine relevant choices for the tool design. A review of all the selected design 
parameters is detailed in Table 1 [5, 6, 18 - 22]; based on this review, seven tool configurations 
denoted from A to G in Figure 1 were designed and manufactured to evaluate the quality of the 
joint. Because information on the minimal pin diameter in the tapered pins at the welding joint 
was lacking in the literature, the effect of this parameter is also evaluated in the present study 
(Table 1).  
 

Figure 1. Tool configurations: (A) Flat shoulder with conical pin, (B) Spiral shoulder with 
stepped conical pin, (C) Fan shoulder with stepped conical pin, (D) Fan shoulder with 
threaded cylindrical pin, (E) Fan shoulder with cylindrical pin, (F) Fan shoulder with 

tapered cylindrical pin, (G) Fan shoulder with cubic pin. 
 

916



9 
 

5. Acknowledgment 
 
We would like to express our appreciation to Eric Marcoux and Michel Orsini for their helps 
during this research. Without their valuable assistance, this work would not have been 
completed. A part of the research presented in this paper was financed by the Fonds de 
recherche du Québec – Nature et technologies by the intermediary of the Aluminium Research 
Centre – REGAL. 
 
6. References 
 
1. Nikolaos D. Alexopoulos et al., Fatigue behavior of the aeronautical Al-Li (2198) 

aluminum alloy under constant amplitude loading, International Journal of Fatigue, 
2013. 56(0), 95-105. 

2. ASM Handbook and Brazing Welding, Soldering, vol. 6, ASM International, Material 
Park, OH, 2005, 438. 

3. Rajiv Sharan Mishra and ZY Ma, Friction stir welding and processing, Materials 
Science and Engineering: R: Reports, 2005. 50(1), 1-78. 

4. A. Scialpi, L. A. C. De Filippis, and P. Cavaliere, Influence of shoulder geometry on 
microstructure and mechanical properties of friction stir welded 6082 aluminium alloy, 
Materials & Design, 2007. 28(4), 1124-1129. 

5. H. K. Mohanty et al., Effect of tool shoulder and pin probe profiles on friction stirred 
aluminum welds — a comparative study, Journal of Marine Science and Application, 
2012. 11(2), 200-207. 

6. Luis Trueba Jr. et al., Effect of tool shoulder features on defects and tensile properties 
of friction stir welded aluminum 6061-T6, Journal of Materials Processing Technology, 
2015. 219(0), 271-277. 

7. R Ashok Kumar and MR Thansekhar. Effects of tool pin profile and tool shoulder 
diameter on the tensile behaviour of friction stir welded joints of aluminium alloys. in 
Advanced Materials Research. 2014. Trans Tech Publ. 

8. Mohd Hasbullah Idris and Mohd Shamsul Husin, Effect of Friction Stir Welding pin 
Shape on Mechanical Properties of AA6061 Alloy Weldment, Applied Mechanics and 
Materials, 2014. 465, 1309-1313. 

9. Md Reza-E-Rabby and Anthony P. Reynolds, Effect of Tool Pin Thread Forms on 
Friction Stir Weldability of Different Aluminum Alloys, Procedia Engineering, 2014. 
90(0), 637-642. 

10. Saeid Amini and M. R. Amiri, Pin axis effects on forces in friction stir welding process, 
The International Journal of Advanced Manufacturing Technology, 2015,  1-7. 

11. Ameneh Amirafshar and Hesam Pouraliakbar, Effect of tool pin design on the 
microstructural evolutions and tribological characteristics of friction stir processed 
structural steel, Measurement, 2015. 68(0), 111-116. 

12. K. Krasnowski and S. Dymek, A comparative analysis of the impact of tool design to 
fatigue behavior of single-sided and double-sided welded butt joints of EN AW 6082-
T6 alloy, Journal of Materials Engineering and Performance, 2013. 22(12), 3818-3824. 

13. Yan-hua Zhao et al., The influence of pin geometry on bonding and mechanical 
properties in friction stir weld 2014 Al alloy, Materials Letters, 2005. 59(23), 2948-
2952. 

14. C. Velotti et al. On the critical technological issues of friction stir welding lap joints of 
dissimilar aluminum alloys. 2013. Southern Gate, Chichester, West Sussex, PO19 8SQ, 
United Kingdom: John Wiley and Sons Ltd. 

15. A. Astarita et al., On the critical technological issues of friction stir welding T-joints of 
dissimilar aluminum alloys, Journal of Materials Engineering and Performance, 2012. 
21(8), 1763-1771. 

923



10 
 

16. Hugo Robe et al., Microstructural and mechanical characterization of a dissimilar 
friction stir welded butt joint made of AA2024-T3 and AA2198-T3, Materials 
Characterization, 2015. 

17. D. Texier et al., Near-surface mechanical heterogeneities in a dissimilar aluminum 
alloys friction stir welded joint, Materials & Design, 2016. 108,  217-229. 

18. YN Zhang et al., Review of tools for friction stir welding and processing, Canadian 
Metallurgical Quarterly, 2012. 51(3),  250-261. 

19. Ákos Meilinger and Imre  Török, The importance of friction stir welding tool, 
Production Processes and Systems, 2013. 6(1),  25-34. 

20. Emad Salari et al., Influence of tool geometry and rotational speed on mechanical 
properties and defect formation in friction stir lap welded 5456 aluminum alloy sheets, 
Materials & Design, 2014. 58,  381-389. 

21. Shude Ji et al., Design of friction stir welding tool for avoiding root flaws, Materials, 
2013. 6(12),  5870-5877. 

22. LV Kamble, SN Soman, and PK Brahmankar, Effect of Tool Design and Process 
Variables on Mechanical Properties and Microstructure of AA6101-T6 Alloy Welded 
by Friction Stir Welding, Journal of Mechanical and Civil Engineering (IOSR-JMCE), 
2012. 

23. I. Radisavljevic et al., Influence of FSW parameters on formation quality and 
mechanical properties of Al 2024-T351 butt welded joints, Transactions of Nonferrous 
Metals Society of China, 2013. 23(12),  3525-3539. 

24. G. Bussu and P. E. Irving, The role of residual stress and heat affected zone properties 
on fatigue crack propagation in friction stir welded 2024-T351 aluminium joints, 
International Journal of Fatigue, 2003. 25(1),  77-88. 

25. Jianqiang Chen et al., Plastic flow and ductile rupture of a 2198 Al–Cu–Li aluminum 
alloy, Computational Materials Science, 2011. 50(4),  1365-1371. 

 
 

924


	Final ICSOBA 2016 for PRINTING 18-09-2016
	1 - TRAVAUX 2016
	2 - Foreword - Introduction to the conference proceedings
	3 - Welcome note from Claude Vanvoren ICSOBA 2016
	4 - Table of Contents ICSOBA 2016_00
	5 - KEYNOTE SESSION
	KN01 - Data Connectivity, a Key Feature of the Smelter of the Future
	KN02 - Aluminium in Infrastructures
	KN03 - Fostering an Aluminium Culture in Quebec
	KN04 - Global Developments in Bauxite, Alumina & Aluminium – Past, Present and Future
	KN05 - The Amazonic Bauxite - Advantages and Challenges
	KN06 - Aluminium Market Outlook
	KN07 - Bauxite, Alumina and Aluminium Market Overview

	6 - BAUXITE SESSION
	BX01 - Developing Bauxite Projects  Planning for Quality Product
	BX02 - Study of Minor Bauxite Deposits Madhya Pradesh Geological Studies and Techno-Economic Evaluation

	7 - ALUMINA SESSION
	AA01 - Evolution of Tube Digestion for Alumina Refining
	AA02 - Basics in non-newtonian mixing for handling of tailings and other high concentrated slurries
	AA03 - Impacts of Pressure Differentials between Flash Tanks on Flash Train Performance
	AA04 - Scale Formation in Alumina Refineries
	AA05 -  A Model for the Shear Thickening Effect of Raking Systems on Red Mud
	AA06 - Three Steps to Improved Filtration
	AA07 - Vessel Diagnosis in the Bayer Process Using Ferromagnetic Tracers
	AA08 - AKW Equipment and Process Design - Expertise in Alumina Refinery
	AA09 - Particle Image Validation of a Classifier Hydrodynamic Model
	AA10 - Optimizing Alumina Production Utilising Spreadsheet Models Based on Limited Data
	AA11 - Energy consumption optimization in alumina production
	AA12 - Lime Use Alternatives and Impacts on Processing Boehmitic Bauxites
	AA13 - Large-scale Valorization of Bauxite Residue for Inorganic Polymers
	AA14 - Development of Alkaline Aluminosilicates Processing Technology
	AA15 - Environmental and Economic Benefits of Bauxite Residue Management Using Pressure Filtration
	AA16 - The Role of Green Alumina in Green Aluminium
	AA17 - Quantitative chemical analysis of red mud and products of its processing to scandium
	AA18 - Sodium Oxalate Salt Cake Degradation when Exposed to Natural Factors in the Disposal Area
	AA19 - An Overview on Bauxite Residue Utilisation
	AA20 -  Plasma Reduction Process to Minimise Bauxite Residue

	8 - CARBON SESSION
	CB01-Effects of Charcoal Addition on the Final Properties of Carbon Anod..
	CB02-Effects of Bulk Density and Inter-particle Contacts on Electrical R...
	CB03.0-Paste Plant Self-Cleaning Tar Fumes Ventilation Ducts, Design and Operation
	CB04-Equipment Improvements on Existing Anode Paste Plants
	CB05-Multi-Particle Sedimentation under Vibration
	CB06-Vibroforming and Cooling Sections Revamping of Green Anode Plant
	CB07-The Effect of Varying Mixing and Baking Temperatures on the Quality...
	CB08-Considerations for Selecting an Open Top Anode Baking Furnace Relin...
	CB09-Performance Analysis of a Horizontal Anode Baking Furnace for Alumi...
	CB10 - Effects of Flue Wall Deformation on Aluminum Anode Baking Homogenei...
	CB11-Thermodynamic Assessment of the Chemical Durability of Refractory L...
	CB12-Numerical Investigation of the Load Free Permanent Strain in Carbon...
	CB13-Optimum Baking Level of Carbon Anodes for Aluminum Production
	CB14-Evolution of Mechanical Properties of Carbon Anodes During Baking 
	CB15-Inspection of Prebaked Carbon Anodes Using Multi-Spectral Acousto-U...
	CB16-Electrical Resistivity Measurement of Carbon Anodes Using Van Der P..
	CB17-A Non-Destructive Technique for the On-Line Quality Control of Gree...
	CB18-Evolution of Anode Porosity under Air Oxidation The Unveiling of th..

	9 - ALUMINIUM SESSION
	AL01 - Implementation of D18+ Cell Technology in Potline 1 at EGA Jebel Ali
	AL02 - Low Energy Start-Up for Low Energy Cells
	AL03 - Development and Deployment of Slotted Anodes Technology at Talum Smelter
	AL04 - Design Options to Reduce Specific Energy Consumption in Aluminium Electrolysis Cells
	AL05 - Power Supply Outages to Cells in Aluminium Smelters
	AL06 - Optimisation of the Performance of Cathode Risk Pots
	AL07 - Using SPC Method to Design an Aluminum Fluoride Addition Strategy for Aluminium Electrolysis
	AL08 - Factors Affecting Current Efficiency Based on Na Content in the Metal
	AL09 - Modelling and Design of a Forced Convection Network for Hall-Heroult Cells
	AL10 - Economic Simulation Based Decision Support for Cathode Relining Facility
	AL11 - Alternative Methods for Process Control in Aluminium Industries - XRD in Combination with PLSR
	AL12 - Comparison of Electrochemical Methods to Determine Alumina Concentration in Cryolite Based Bath
	AL13 - Metal Tapping Flow Regulation System - A Large Scale Industrial Experiencer
	AL14 - Modeling of Aluminum Tapping Operational Management to Enhance Smelter Productivity
	AL15 - Recent On-line Measurements of Individual Anode Currents at Alouette
	AL16 - Low Voltage AEs and Unreported PFC Emissions_2016-08-04
	AL17 - First Years of Operation of the Rio Tinto AP 60 OZEOS Gas Treatment Centre
	AL18 - In-Duct Scrubber _IDS_ - A Commercially Available Technology for Removal of Gaseous Pollutants from an Industrial Facility
	AL19 - Update on the Abart Gas Treatment Center Technology
	AL20 - Prolonging the Economic Lifetime of GTCs and FTCs
	AL21 - Measurement of Pot Gas Exhaust Flowrate and Heat Loss
	AL22 - Influence of Hooding Conditions on Gas Composition at the Duct End of an Electrolysis Cell
	AL23 - The LCLL process a sustainable solution for the treatment and recycling of spent potlining
	AL24 - Impact of the Solidification Rate on Chemical Composition of Frozen Cryolite Bath
	AL25 - Investigation of the Frozen Bath Layer under Cold Anodes 
	AL26 - Properties of lithium modified baths
	AL27 - Flotation and Infiltration of Artificial Rafts on the Surface of Molten Cryolite
	AL28 - Development of a New Type of Cathode for Aluminium Electrolysis
	AL29 - A New Lining Material for Aluminum Electrolysis Cells that Can be Recycled
	AL30 - Assessment of the Thermodynamic Stability of Thermal Insulating Materials in Aluminium Electrolysis Cells
	AL31 - Role of Pitting in the Formation of Potholes in Carbon Cathodes-Review
	AL32 - A Bypass Bridge Design for the Installation of Additional Cells in an Operating Potline
	AL33 - Electroslag Welding (ESW) - A New Option for Welding Aluminum Bus Bars in Smelters
	AL34 - Contact Resistance versus Pressure of Electrical Connections Used in Aluminium Smelter Potlines
	AL35 - Modelling and Engineering Experience of EGA in Brown Field Modernization of Aluminium Smelters
	AL36 - Validation of Anode Model for Voltage Drop Mitigation Studies
	AL37 - In Situ Investigation of Current Distribution in the Anode
	AL38 - Application of Boron Oxide as Protective Surface Treatment of Carbon Anodes
	AL39 - New Busbar Network Concepts Taking Advantage of Copper Collector Bars to Rduce Busbar Weight and Increase Cell Power Efficiency

	10 - DOWNSTREAM SESSION
	DS01 - Hot Top Mould for Casting Aluminium T-Bar
	DS02 - Influence of Impurities and Gassing on the Tensile Properties of 2xx Sand Cast Al - Cu Alloys
	DS03 -The Influence of Tool Geometry on Mechanical Properties of Friction Stir Welded AA-2024 and AA-2198 Joints
	DS04 - Surface Analysis of Laser Marking of Aluminum
	DS05 - Effects of Friction Stir Welding Parameters on Banded Structure for Aluminum Alloys_Abstract





