
Advanced Solid-State Dissimilar Material Joining and Additive Manufacturing for 

Enabling Multi-Material Lightweight Structures 
 

by 

 

Abdul Sayeed Khan 

A dissertation submitted in partial fulfillment 

 of the requirements for the degree of  

Doctor of Philosophy 

(Naval Architecture and Marine Engineering) 

in the University of Michigan 

2024 

Doctoral Committee: 

 

Professor Pingsha Dong, Chair 

Professor Zhan Chen 

Professor Amit Misra 

Professor Lei Zuo   



 

 

 

 

 

 

 

 

 

 

 

 

 

Abdul Sayeed Khan  

  

absk@umich.edu  

  

ORCID iD:  0000-0002-8313-667X  

 

  

  

© Abdul Sayeed Khan 2024 

 



 ii 

Dedication 

Dedicated to the woman who brought me to this world and my family and friends who have been 

a constant source of motivation. 

 

 



 iii 

Acknowledgements 

Ph.D. is a long voyage, and it always has high and low tides of time. My advisor, Professor 

Pingsha Dong has been the beacon of strong support, wisdom, immense knowledge, patience, and 

motivation to get me started on this journey and keep me on the right course since the first day of 

joining his research group. He has been a wonderful advisor and a great motivating mentor to me 

throughout this journey, and I can’t imagine my Ph.D. degree and dissertation writing reaching 

this stage without his constant support. I would like to pay my sincere and deepest gratitude to 

Professor Pingsha Dong for all his support, motivation, advice, and mentorship, for sharing his 

encouraging and valuable experiences and curious and creative discussions, and for helping me 

steer the waves of this journey so far and beyond.  

Secondly, I would like to thank Dr. Fengchao Liu with all my sincerity for introducing me 

to Professor Pingsha Dong’s research. Dr. Liu introduced the concepts of solid-state advanced 

manufacturing to me and has been a source of constant support and motivation in dealing with the 

metallurgical aspects of this research work. His suggestions on thinking and applying my curiosity 

scientifically yet creatively have always made me think beyond common applications and 

expectations. I can’t imagine the field of solid-state joining and additive manufacturing without 

him being my technical mentor, especially during the first half of my Ph.D. journey.  

I would also like to express my sincere gratitude to my Ph.D. thesis committee members, 

Professor Lei Zuo, Professor Amit Misra, and Professor Zhan Chen, for their constant suggestions, 



 iv 

discussions, insightful comments, timely feedback, and encouragement in helping me realize the 

well-roundedness of this journey.   

I would like to further express my sincere thanks to every staff member in the Michigan 

Center of Material Characterization (MC2) for their timely and constant support in every material 

characterization I performed during my research work. It would not have been possible without 

their insightful discussions on various material characterization techniques and upliftment for 

helping me learn various sophisticated material characterization techniques. Most specifically, I 

would like to thank Dr. Kai Sun for all his expertise, for his invaluable support on TEM analysis 

and data interpretation, and valuable insights.  

Research work in the field of advanced manufacturing is impossible without the constant 

and consistent support from the machine shop staff and their contribution to resolving issues with 

engineering parts machining on time. I would like to express my sincere thanks to all the staff 

members at the Mechanical Engineering Machine Shops (Kent Pruss, Willam Kirkpatrick, 

Jonathon Yenkel, Charles Bradley, Michael Klein, and Jared Roy) and Machine Shop manager 

Donald Wirkner for enabling the due machining related support throughout the research work 

conducted during this dissertation.  

I would also like to specially thank Professor Mihaela Banu for allowing me to use the 

Electrical Discharge Machine (EDM) for our timely needs of metallic material precision 

machining in-house at the University of Michigan, Ann Arbor. It has helped us tremendously in 

various aspects of our engineering part machining and new conceptual design developments.  

 To embark on such a voyage, it’s not possible to get to the shore smoothly without constant 

and timely support from the departmental staff and fellow colleagues. I would like to extend my 

sincere thanks to the Department of Naval Architecture and Marine Engineering for hosting me, 



 v 

getting us all through the taxing pandemic era, and providing all the necessary support and 

feedback needed to navigate more productively. Specifically, I would like to thank Ms. Lisa 

Kisabeth for her “always there for students” way of helping, Ms. Nathalie Fiveland for her right 

and fast feedback for any academic question, Ms. Nicole Cheeseman for all her timely support on 

technical purchasing-related queries, and Mr. Chris Eckmeter for his ingenious support on 

anything related to IT systems.  

  I would also like to thank all of my previous and current colleagues, Dr. Xianjun Pei, Dr. 

Sandipp K Ravi, Dr. Shengjia Wu, Zetao Jin, and Yuning Zhang for their encouragement, curious 

discussions, and due support and comfort since the day I joined the research group. I would like to 

especially thank my colleagues Jiyuan Cheng (Josh) and Ben Houle for giving me the opportunity 

to be their mentor and work with them as a team to take various conceptual experimental designs 

from scratch to the final applications and trials in the laboratory for due successes.  

 Furthermore, I would like to sincerely thank the almighty for all His grace upon me and, 

finally, my parents and my family for their constant unconditional support, encouragement, and 

patience in helping me go through this journey for the past several years. I would like to especially 

thank my wife for her constant patience and support in helping me complete this journey through 

thick and thin. I would also like to extend my warm thanks to all my friends and colleagues at 

Michigan (Dr. Hoang N Minh, Dr. Avin Vijay, Dr. Mohammad Umar Farooq Khan, Dr. Rana 

Dabaja, Dr. Xhulija Biraku, Dr. Touheed Anwar Atif, and Aamir Sohail), and from India (Mr. 

Prakhar Gupta, Dr. Ananth S M, Mr. Ramaiah Chowdary, and Mr. Jeevraj Hejmadi) for their 

valuable suggestions, discussions, and helping me throughout this journey.  

 

  



 vi 

 

 

 

 

Table of Contents 

Dedication ....................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iii 

List of Tables ...................................................................................................................................x 

List of Figures ................................................................................................................................ xi 

Abstract ...................................................................................................................................... xviii 

Chapter 1 Introduction .....................................................................................................................1 

1.1 Background ......................................................................................................................... 1 

1.2 Advanced Manufacturing Processes ................................................................................... 3 

1.2.1 Dissimilar material direct joining .............................................................................. 3 

1.2.2 Solid-state additive manufacturing ............................................................................ 5 

1.3 Major Challenges ................................................................................................................ 7 

1.4 Objectives of the Current Research .................................................................................... 8 

1.5 Outline of the Dissertation .................................................................................................. 9 

1.6 Brief Summary and Highlights of Major Contributions ................................................... 11 

References ............................................................................................................................... 13 

Chapter 2 State of the Art Review and Research Needs ................................................................16 

2.1 Introduction ....................................................................................................................... 16 

2.2 Promising Direct Joining Techniques ............................................................................... 21 

2.2.1 Laser-assisted joining processes .............................................................................. 22 

2.2.2 Friction-based joining processes .............................................................................. 25 

2.2.3 Roles of chemical bonding....................................................................................... 29 



 vii 

2.3 Direct Chemical Bonding Between Polymer and Metal ................................................... 31 

2.3.1 Role of functional groups......................................................................................... 31 

2.3.2 Thermomechanical conditions ................................................................................. 33 

2.3.3 Bonding and joint strength enhancement methods .................................................. 38 

2.4 Joint Design and Joint Property Evaluation Methods ....................................................... 42 

2.4.1 Mesh-insensitive traction stress method .................................................................. 42 

2.4.2 Joint strength property ............................................................................................. 44 

2.4.3 Joint fatigue property ............................................................................................... 48 

2.4.4 Optimum joint design .............................................................................................. 49 

2.5 Unresolved Critical Issues for Industrial Applications ..................................................... 51 

2.5.1 Dominant chemical bond formation mechanism ..................................................... 52 

2.5.2 Joint property development...................................................................................... 53 

2.5.3 Quantitative joint design methods ........................................................................... 53 

2.6 Closure .............................................................................................................................. 54 

References ............................................................................................................................... 56 

Chapter 3 Direct Joining of Metal and Non-Polar Polypropylene Thermoplastic Composite ......68 

3.1 Introduction ....................................................................................................................... 68 

3.2 Materials and Methods ...................................................................................................... 71 

3.3 Results ............................................................................................................................... 73 

3.3.1 Bonding enabled by carbonyl group seeding ........................................................... 74 

3.3.2 Joint strengths, failure modes, and key welding parameters ................................... 76 

3.3.3 Interfacial microstructure characterization .............................................................. 77 

3.3.4 Fracture surface analysis .......................................................................................... 82 

3.4 Discussions ....................................................................................................................... 85 

3.4.1 Bonding mechanisms ............................................................................................... 85 



 viii 

3.4.2 Process Characteristics............................................................................................. 88 

3.5 Conclusions ....................................................................................................................... 89 

References ............................................................................................................................... 91 

Chapter 4 Direct Spot Joining of Thin Gauge Aluminum Alloy to Stainless Steel .......................95 

4.1 Introduction ....................................................................................................................... 95 

4.2 Materials and Methods ...................................................................................................... 98 

4.3 Results ............................................................................................................................. 102 

4.3.1 Al/Steel interfacial bond formation characteristics................................................ 102 

4.3.2 Interface chemical composition and nanoscale structure ....................................... 105 

4.3.3 Joint strength and failure characteristics ................................................................ 107 

4.4 Discussions ..................................................................................................................... 111 

4.4.1 Suppression of IMCs ............................................................................................. 111 

4.4.2 Corrosion effects .................................................................................................... 115 

4.5 Conclusions ..................................................................................................................... 118 

References ............................................................................................................................. 120 

Chapter 5 Novel Solid-State Additive Friction Extrusion Deposition Method ...........................125 

5.1 Introduction ..................................................................................................................... 125 

5.2 Materials and Methods .................................................................................................... 128 

5.3 Results and Discussion ................................................................................................... 131 

5.4 Conclusions ..................................................................................................................... 145 

References ............................................................................................................................. 147 

Chapter 6 Further Exploratory Study on Friction Extrusion-Based Solid-State Deposition of 

Dissimilar Material Systems ........................................................................................................149 

6.1 Background ..................................................................................................................... 149 

6.2 Results and Implications ................................................................................................. 151 

6.2.1 Stainless steel 316 deposition on carbon steel AISI1018 ...................................... 151 



 ix 

6.2.2 Aluminum alloy-6061 deposition on stainless steel 304 substrate ........................ 156 

6.3 Summary ......................................................................................................................... 165 

References ............................................................................................................................. 167 

Chapter 7 Conclusions .................................................................................................................169 

7.1 Key Research Findings ................................................................................................... 169 

7.2 Contributions to Existing Body of Knowledge and Broad Impacts ............................... 174 

7.3 Future Work .................................................................................................................... 175 



 x 

List of Tables 

Table 2.1: Test data and corresponding membrane and total traction structural stress values ..... 48 

Table 3.1: Mechanical and physical properties of AA6061-T6, 40GFRP-PP, and PA6 .............. 71 

Table 3.2: Elemental composition of AA6061-T6 sheet (wt.%) .................................................. 71 

Table 3.3: Summary of welding trials to join AA6061 and GFRP-PP without PA6 thin film 

inter-layer and any special surface or material pre-treatment ....................................................... 74 

Table 4.1: Chemical compositions of stainless steel 316 (wt%). ................................................. 98 

Table 4.2: Chemical compositions of AA6061-T6 alloy (wt%). .................................................. 98 

Table 4.3: Mechanical properties of base metals .......................................................................... 99 

 

 

 

 

 



 xi 

List of Figures 

Figure 1.1: Existing challenges and prospective solutions for automotive lightweighting [15] .... 2 

Figure 1.2: (a) General schematic of laser powder bed fusion (LPBF) additive manufacturing 

[19] (GEPs = Gas-entrapped Pores, KHs = Key Holes), and (b) typical presence of defects in a 

simple cylindrical structure micro-CT image [18] (LOF = Lack of Fusion) .................................. 3 

Figure 1.3: Challenges faced by traditional adhesive joining and fastening applications [22,23]. 4 

Figure 1.4: Solid-state additive manufacturing schematics; (a) AFSD module commercialized 

by MELD Inc. [32], and (b) novel AFED process schematic invented by Liu et al. [31] .............. 6 

Figure 2.1: Structural lightweighting through a multi-material concept [13] ............................... 17 

Figure 2.2: (a) A lightweight liftgate concept made of GFPP of passenger van [43], and (b) A 

lightweight truck cargo bed made of metal-polymer hybrid structure [gmauthority.com] .......... 19 

Figure 2.3: Schematic of localized heat and pressure conditions to join metal and polymer. ...... 22 

Figure 2.4: Variants of laser assisted joining, (a) conduction joining, (b) transmission joining. . 24 

Figure 2.5: Nd:YAG vs diode laser (LD) joining method characteristics [23] ............................ 24 

Figure 2.6: Effect of laser process parameters on joint load capacity [60]................................... 25 

Figure 2.7: (a) Fiat panda roof grill made of steel-PA composite using laser and induction 

joining [www.compositesworld.com], (b) Aircraft fuselage structure made of Al-PPS 

composite using friction spot joining [17,68] ............................................................................... 26 

Figure 2.8: Schematic of friction-based spot joining method ....................................................... 27 

Figure 2.9: Spot joints made using FSpJ method, cross-section and process temperature 

characteristics [71] ........................................................................................................................ 28 

Figure 2.10: Friction lap joining schematic for metal-polymer joining [17] ................................ 29 

Figure 2.11: Temperature and cross-section characteristics under friction lap joining method 

[78] ................................................................................................................................................ 30 

Figure 2.12: (a) Non-polar polypropylene, (b)PA6 with carbonyl group, (c)chemical interaction 

at the joining interface of metal and polymer, (d) AA6061 and Nylon joining under FLW and 

file:///C:/Users/absk/Desktop/Final%20Thesis%20Compilation/06022024_PhD%20thesis%20package%20for%20committee/06032024_Send%20to%20committee/Post%20Defense%20Corrections/Abdul_PhD_Thesis_V3.docx%23_Toc169410904
file:///C:/Users/absk/Desktop/Final%20Thesis%20Compilation/06022024_PhD%20thesis%20package%20for%20committee/06032024_Send%20to%20committee/Post%20Defense%20Corrections/Abdul_PhD_Thesis_V3.docx%23_Toc169410904


 xii 

cross-section views [20], (e & f) XPS spectra confirming C-O-Al bonds at 0.8 nm and 3.2 nm 

depths respectively [78] ................................................................................................................ 31 

Figure 2.13: Chemical bond formation via MD simulation [96] .................................................. 32 

Figure 2.14: ToF-SIMS spectra near weld line for Al-PA joint and proposed model chemical 

reaction [100] ................................................................................................................................ 34 

Figure 2.15: Hydrogen bond formation during Al-PA joining and IR spectra at Al-PA joint 

interface [97] ................................................................................................................................. 34 

Figure 2.16: Schematic of functional group seeding methodology. ............................................. 36 

Figure 2.17: Al-GFPP joint formation using functional group seeding and substrate failure 

[21] ................................................................................................................................................ 36 

Figure 2.18: Bonding interface in Al-GFPP joints [21] ................................................................ 37 

Figure 2.19: Metal surface pre-treatment methods: (a) laser texturing on the metal surface [22], 

(b) chemical etching method to generate micro mechanical anchoring effect [107] , (c) surface 

anodization in aluminum to provide honeycomb pores [108], (d) mechanism of silane coupling 

[109] .............................................................................................................................................. 38 

Figure 2.20: Polymer pre-treatment methods: (a) effect of plasma treatment on PP surface 

conditions [131], and (b) effect of MAH grafting on PP [132] .................................................... 40 

Figure 2.21: Existing testing schematics for dissimilar material joint property measurement 

[156] .............................................................................................................................................. 41 

Figure 2.22: Effect of mesh size on joint strength evaluation due to inherent singularities ......... 41 

Figure 2.23: Traction based mesh-insensitive structural stress and effect of mesh size on SCF 

[157,158] ....................................................................................................................................... 42 

Figure 2.24:Failure modes in a typical bi-material joint ............................................................... 43 

Figure 2.25: Illustration of traction stress definition controlling failure Modes A versus B ........ 44 

Figure 2.26:Fillet formation in PA66/AA6061 joint [174] ........................................................... 45 

Figure 2.27: Fillet feature approximations for FE modeling using mesh-insensitive structural 

stress method [174] ....................................................................................................................... 45 

Figure 2.28:Traction stress-based joint shear strength results – (a) without considering the fillet 

features, and (b) after considering fillet features [174] ................................................................. 45 

Figure 2.29: Analytical traction structural modeling of a lap-shear joint specimen between AA 

6061 and PP (GFRP) ..................................................................................................................... 47 



 xiii 

Figure 2.30:Membrane and bending interaction diagram for determining static strength and 

applications in interpreting AA 6061/PP (GFRP) joint test data .................................................. 48 

Figure 2.31:Traction structural stress modeling of fatigue in dissimilar material joints [156] .... 49 

Figure 2.32:Effect of joining length on mode-I and mode-II stress intensity factor K (a fracture 

mechanics parameter) ................................................................................................................... 50 

Figure 2.33: Validation of Mode A failure - aluminum to steel welded lap shear tests ............... 50 

Figure 2.34: Failure Mode A versus Mode B in various joint types in which Mode A offers the 

best static and fatigue load capacity and should be ensured through optimum joint sizing ......... 51 

Figure 3.1:Chemical structure of (a) Polypropylene (PP) without any functional group, (b) 

nylon-6 (PA6) containing carbonyl functional group ................................................................... 72 

Figure 3.2: (a) Schematic of a friction spot joining method, (b) non-consumable steel tool, (c) 

forge force and depth variation during the main phase of friction assisted joining process, (d) 

non-joinable AA6061 and GFRP-PP by conventional method .................................................... 72 

Figure 3.3: (a) Schematic of friction spot joining method using thin film insert, (b) detailed 

view of material placement during joining, (c) 50 µm thick PA6 insert film, (d) top view of the 

AA6061/GFRP-PP joint produced using thin PA6 film [1800 RPM, 12-sec and, (f) bottom 

view and base material failure of the joint produced after the lap shear tensile test .................... 74 

Figure 3.4: (a) Lap shear tensile test schematic, (b) & (c) major dimensions of the specimen 

used, (d) summary of the peak loads at failure during lap shear tensile test ................................ 75 

Figure 3.5: (a-i) Failure patterns after lap shear tensile test of AA6061/GFRP-PP joints 

produced using PA6 thin film inter-layer [1800 RPM, various forge depth and spot weld time], 

(j) comparison of the bonding region lengths measured as the outer diameters of the bonding 

region lengths measured as the outer diameters of the melting zone (MZ). ................................. 76 

Figure 3.6: Cross-sectional SEM images of AA6061/GFRP-PP joint [1800 rpm, 12-sec and 

0.10 mm], (a) low magnification SEM micrograph with visible cavities, (b) high magnification 

SEM micrograph depicting bonding interface and PA6-fibers-PP network ................................. 78 

Figure 3.7: SEM images of bonding interfaces in AA6061/GFRP-PP joint [1800 rpm, 0.10 mm 

and 12 sec], (a-c) Al-PA6 interface, (d-f) PA6-fiber interface ..................................................... 79 

Figure 3.8: SEM images showing possible PA6-PP interface in AA6061/GFRP-PP joint [1800 

rpm, 12-sec and 0.10 mm] ............................................................................................................ 79 

Figure 3.9: Interfacial temperature measurement, (a-b) schematic of thermocouple (TC) 

placement, (c) temperature measurements for AA6061/GFRP-PP joint [1800 rpm, 12 sec, 0.10 

mm] and, (d) ratios of MZ to DZ for various process parameters. ............................................... 80 



 xiv 

Figure 3.10: Failure features of the produced joints [1800 rpm, 0.10 mm] at, (a) 3-sec spot 

weld time, (b) 6-sec spot weld time, (c) SEM micrograph of R1 on aluminum side, (d) SEM 

micrograph of R2 on aluminum side ............................................................................................ 82 

Figure 3.11: Resolidified PA6 near fracture origin in the joint [1800 rpm, 0.10 mm and 12 sec], 

(a) global view, (b) local view of PA6+PP reconsolidation near through crack fracture region, 

(c) SEM micrograph of crack front location and ridges, (d) ridges pattern on the aluminum 

side ................................................................................................................................................ 84 

Figure 3.12: (a) Schematic representation of multi-material composite network formation at the 

cross-section of AA6061/GFRP-PP joint (T = 12-sec), (b) schematic representation of the fully 

developed bonding regions for a 12-sec spot-welded joint .......................................................... 88 

Figure 4.1: Friction spot joining process schematic: (a) tool placement with respect to the 

aluminum and steel sheets, and (b) critical dimensions of the friction stir tool ........................... 99 

Figure 4.2: Joining process temperature measurements, (a) thermocouple placement schematic, 

and (b) temperature profile ......................................................................................................... 100 

Figure 4.3: Al/Steel joints: (a) & (b) before the corrosion cycle, front and back sides of the 

sample, respectively, and (c) & (d) post-corrosion cycle, front and back sides of the sample, 

respectively. ................................................................................................................................ 101 

Figure 4.4: Lap shear tensile experimental schematic, (a) & (b) sample dimensions and 

shims/tab placement, (c) experimental setup with Al/Steel joint sample ................................... 102 

Figure 4.5: Cross-sectional SEM images of Al/Steel joint nugget shoulder, (a) before corrosion 

cycles; (b) after corrosion cycles; (c) high resolution detailed view from (a); (d) high resolution 

detailed view (b); and (e) high resolution detailed view near the not ......................................... 103 

Figure 4.6: Cross-sectional SEM micrographs at the nugget center of Al/Steel joints, (a) & (b) 

low resolution images before corrosion cycles, and (c) & (d) high resolution images after 

corrosion cycles .......................................................................................................................... 104 

Figure 4.7: High-resolution cross-sectional STEM images of the Al/Steel joints at the nugget 

center, (a) (c) & (e) high-angle annular dark field (HAADF) images, and (b) (d) & (f) bright-

field images, (c) and (d) showing the high-magnification images near the red arrows marked in 

(a). ............................................................................................................................................... 105 

Figure 4.8: STEM HAADF image at the nugget center cross-section of the Al/Steel joint and 

EDS elemental maps ................................................................................................................... 106 

Figure 4.9: Al/Steel joint load capacity during lap shear tensile loading before and after 

corrosion conditions: S1-S3 represent the samples before corrosion cycles, and C1-C3 

represent the samples after corrosion cycles ............................................................................... 108 

Figure 4.10: Failure features after lap shear tensile experiments, (a) & (b) global and local 

views before corrosion, and (c) & (d) global and local views after corrosion............................ 109 



 xv 

Figure 4.11: SEM micrographs at locations (i) and (ii) near the aluminum nugget shown in 

Figure 4.10, respectively. ............................................................................................................ 110 

Figure 4.12: Fracture morphologies around the button failure at the nugget boundary, (a) global 

views, (b) schematic of nugget, (c) failure locations and failure paths during lap shear tensile 

experiments, (i-iv) detailed views of the locations i-iv shown in (a) .......................................... 110 

Figure 4.13: (a) EDS line analysis location across Al/Steel interface, and (b) elemental 

distribution across Al/Steel joint interface .................................................................................. 113 

Figure 4.14:  Schematic representation of the amorphous phase formation at the aluminum to 

steel joining interface produced via friction stir spot joining: (a) pre-melting layer formation 

due to intense friction induced high shear strain rate above the steel faying surface, and (b) 

amorphous phase formation as a graded reaction zone (or reaction layer) due to rapid 

quenching effect. ......................................................................................................................... 114 

Figure 4.15: Schematic illustration of corrosion resistance via amorphous reaction zone at the 

aluminum/steel joining interface achieved via NSSLIA: (a) schematic representing spot joining 

configuration, (b) representation of corrosive media electrolytic ions penetration through grain 

boundaries of crystalline grain boundaries in IMCs, and (c) barrier effect to prevent the 

penetration of corrosive media electrolytic ions via the amorphous phase reaction zone .......... 117 

Figure 5.1: Principle of AFED (or SoftTouch deposition). ........................................................ 127 

Figure 5.2: Schematic diagram showing the location of the end of the thermocouple during the 

deposition of the second layer..................................................................................................... 130 

Figure 5.3: AFED: (a) prototype machine, (b) 6061 aluminum alloy feedstock within the 

system. A snapshot of AFED (c) before and (d) during printing................................................ 132 

Figure 5.4: Photographs of deposited aluminum alloy in the shape of spot (a), linear (b), 

curvilinear linear (c), and multiple layers (d). (e) Cross-sectional observation of the deposited 

metal and (f) a zoom-in view of the deposited metal. ................................................................. 133 

Figure 5.5: Thermal history of the metal in the middle of the first deposited layer during the 

second layer deposition. .............................................................................................................. 134 

Figure 5.6: Grain structure of (a) 6061aluminum alloy substrate, (b) at the interface between 

the deposited layer and substrate, at the center of the first printed layer (c) after the first layer of 

printing, and (d) after 10 layers of printing................................................................................. 135 

Figure 5.7: Distribution of grain boundary and texture at the center of the first printed layer (a) 

after the first layer of printing, and (b) after 10 layers of printing (TRD: tool rotation direction; 

DPN: die plane normal). ............................................................................................................. 136 

Figure 5.8: Tensile deformation behavior of the as-deposited dense aluminum alloys: (a) 

schematic showing the locations and dimensions of the tensile test specimens, (b) ultimate 

tensile strength of each deposited layer in X and Y directions, (c) a comparison of the stress-



 xvi 

strain curves in X, Y,  and Z directions, and (d) typical fractography of the failed tensile 

specimen tested in the Z direction. ............................................................................................. 137 

Figure 5.9:  Hardness map for the cross-section of the as-deposited sample and the adjacent 

substrate. ..................................................................................................................................... 138 

Figure 5.10: TEM micrographs of the tenth layer of the as-deposited sample at (a) low and (b) 

high magnification; TEM micrographs of the first layer of the as-deposited sample at (c) low 

and (d) high magnification. ......................................................................................................... 140 

Figure 5.11: Microstructure and element distribution of the first layer of the as-deposited 

sample. ........................................................................................................................................ 140 

Figure 5.12: Hardness map for the cross-section of the deposited sample and the adjacent 

substrate after T6 heat treatment. ................................................................................................ 141 

Figure 5.13: Tensile deformation behavior of the deposited alloy and the nearby BM (wrought 

aluminum alloy) after T6 heat treatment: (a) ultimate tensile strength of each deposited layer in 

X and Y directions, (b) a comparison of the tensile deformation behavior of the nearby BM and 

the deposited alloy in X, Y,  and Z directions. ........................................................................... 142 

Figure 5.14: TEM micrographs of the (a) BM and (b) the first layer of the deposited sample 

after T6 heat treatment. ............................................................................................................... 143 

Figure 5.15: Effect of printing layer thickness on the printing process and bonding quality: (a) 

compression pressure applied on the substrate during AFED, and (b) compression pressure as a 

function of printing layer thickness. Photographs of as-deposited aluminum alloy with a 

deposition layer thickness of 1.5 mm (c) and 3 mm (d), respectively. Cross-section of as-

deposited aluminum alloy with a layer thickness of 1.5 mm (e) and 3 mm (f), respectively. .... 143 

Figure 6.1:(a) Schematic of the AFED (SoftTouch AMTM) process, (b) bow-tie extrusion 

profile, (c) off-the-shelf round feedstock of aluminum alloy 6061 (AA6061) and stainless steel 

316 (SS316), (d) anti-locking feature on the top end of feedstocks ........................................... 150 

Figure 6.2: (a) SS316 deposition on AISI1018, (b) cross-sectional SEM image showing a 

global view of deposition, (c) detailed features of flash overhang indicated in (b), (d) higher 

magnification image showing banded structure between SS316 deposition and AISI1018 

substrate, (e) higher magnification image showing inter-penetration of SS316 deposited layer 

with AISI1018 substrate top surface indicated in (d) ................................................................. 151 

Figure 6.3: (a) EBSD scanning locations in the SS316 deposited layer and top of the AISI1018 

substrate, (b) EBSD IPF maps for SS316 base material, (c) inverse pole figure (IPF) maps at 

the location shown for the SS316 deposited layer, (d) IPF maps at the top of the AISI1018 

layer adjacent to the SS316 deposited layer, (e) IPF triangle ..................................................... 153 

Figure 6.4: (a) Texture plot for the IPF maps shown in Figure 6.3(c), (b) texture plot for the 

IPF maps shown in Figure 6.3(d), (c) grain size distribution w.r.t. area fraction for the IPF 



 xvii 

maps shown in Figure 6.3(c), (d) grain size distribution w.r.t. area fraction for the IPF maps 

shown in Figure 6.3(d) ................................................................................................................ 154 

Figure 6.5: Illustration of three-point bending test; (a) testing setup before the loading begins, 

(b) sample under 5kN loading condition, and (c) optical image showing bonding and 

delamination between SS316 deposited layer and AISI1018 substrate. ..................................... 155 

Figure 6.6: (a) Top view of multi-layer 6061 aluminum deposition on SS304 substrate, (b) 

front of view of multi-layer 6061 aluminum deposition on SS304 substrate. ............................ 156 

Figure 6.7: Cross-sectional SEM images of multi-layer 6061 aluminum alloy deposition on 

SS304 substrate; (a) multi-layer deposited sample cross-section with marked layers 1-5 and 

locations (i) and (ii) for EBSD scanning, (b) intimately bonded AA6061/SS304 interface, (c) 

higher magnification image showing tightly bonded interface, dispersion of white Mg2Si 

precipitates, and surface unevenness of SS304, (d) inter-layer bonding features near the 

overhang shown in (a), and (e) nanoscale interfacial reaction zone indicated in (c) with location 

(iii) marked for TEM sample analysis ........................................................................................ 157 

Figure 6.8: EBSD IPF (a) AA6061 base material, (b) IPF triangle, (c) IPF maps showing grain 

refinement at location (i) in L5 shown in Figure 6.7(a), (d) IPF maps showing grain refinement 

at location (ii) in L1 shown in Figure 6.7(a) ............................................................................... 159 

Figure 6.9: (a) Texture plots for IPF maps in 6.8(c), (b) texture plots for IPF maps in 6.8(d), (c) 

grain size distribution and area fraction for IPF maps in 6.8(c), and (d) rain size distribution 

and area fraction for IPF maps in 6.8(d) ..................................................................................... 159 

Figure 6.10: (a) dotted lines showing the location for mini-tensile sample machining, (b) 

configuration of the mini-tensile sample extraction, (c) dimensions for the mini-tensile 

samples, (d) physical sample after EDM machining and surface cleaning, and (e) stress-strain 

curves obtained after tensile testing ............................................................................................ 161 

Figure 6.11: Post-tensile failure features of mini-tensile samples: (a) and (b) SEM images 

showing global failure features, (c) local ductile failure features indicated in (a), (d), ductile 

and shear failure features indicated at aluminum side in (b), and (e) residual 6061 aluminum 

alloy on SS304 indicated in (b) ................................................................................................... 162 

Figure 6.12: (a) TEM dark field image taken at the location (iii) shown in Figure 6.7(e), 

showing the interface between aluminum alloy 6061 and SS304 with small grains, reaction 

zone, and distorted crystals on SS304 side, and (b) detailed view of reaction zone indicated in 

(a) ................................................................................................................................................ 163 

Figure 6.13: Elemental distribution across the reaction zone developed between aluminum 

6061 ally and SS304 during AFED ............................................................................................ 164 

 

 



 xviii 

Abstract 

Multi-material lightweight structures by “using the right material at the right place” have 

become increasingly important for ensuring environmental sustainability. Conventional 

mechanical fastening and/or adhesive bonding processes can be inefficient, unreliable, and time-

consuming, therefore unable to take full advantage of multi-material structures and emerging 

advanced manufacturing processes, such as additive manufacturing (AM). Due to material 

incompatibility between some of the dissimilar material combinations, e.g., between aluminum 

alloy and steel or between polymer composite and metal, there have been major challenges in 

achieving direct welding or joining. For instance, fusion-based dissimilar metal joining or AM, 

e.g., between aluminum alloy and steel, introduces brittle intermetallic compounds (IMCs) 

between the aluminum-steel interface, which can cause severe cracking and galvanic corrosion 

or stress corrosion cracking. However, there have been some promising developments over the 

recent years. Some solid-state dissimilar material joining and AM processes, e.g., friction-based 

processes for producing direct bonding between dissimilar metals, e.g., between aluminum alloy 

and steel and between polar polymer (PA66) and aluminum, and friction-based solid-state 

additive manufacturing (additive friction stir deposition or AFSD). However, the direct joining 

between non-polar polymer (such as polypropylene or PP) and metal and suppression of IMCs 

for improving corrosion resistance in bimetallic joints is still not achieved. The solid-state 

additive manufacturing method available to date (e.g., AFSD) imparts severe compression force 

and overheats the substrate, making the process challenging for relatively thin substrates and 
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safety-critical applications.  

In this research, solid-state friction-based dissimilar material direct joining and additive 

manufacturing methods are investigated. Using the friction-based solid-state method, it first 

achieved a novel metal to hard-to-weld polypropylene (PP) composite direct joining using a 

functionally active interface modulator insert layer under localized temperature and pressure 

conditions. Utilizing carbon-oxygen-aluminum (C-O-Al) type covalent bonding between aluminum 

alloy and polypropylene composite, it eliminated fasteners and adhesives for a robust joint 

stronger than the base composite material. Subsequently, it utilized previously discovered, 

nanoscale shear localization-induced amorphization (NSLIAA) to join thin gauge aluminum to 

steel materials directly under controlled friction spot joining configuration for the suppression 

of IMCs and increased corrosion resistance. 

It has then demonstrated a novel friction-based solid-state metal additive manufacturing 

method to enable melt-less dissimilar material additive manufacturing of metals and alloys 

directly at a large scale without solidification defects and minimal substrate compression force-

induced instabilities. It was termed SoftTouch AMTM due to its low temperature and low 

compression force features and defined as an additive friction extrusion deposition (AFED) 

process due to its friction-based extrusion and additive processing features. SoftTouch AMTM 

utilizes super-plasticity to soften the feedstock in two steps, eliminating the need for direct 

contact between substrate and feedstock and providing grain refinement and severe cold working 

(severe plastic deformation) below the melting temperatures of metallic materials. It avoids using 

pricy powders and is fully capable of utilizing off-the-shelf metallic bars as feedstock. It has 

proven crucial for future demands of large-area additive manufacturing, energy sectors, and 

sustainability. 
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With the above accomplishments, the following describes the major intellectual merits 

and broad engineering impacts of this research: 

• It proposed a new carbon-oxygen-metal or C-O-M type covalent bond formation 

mechanism between non-polar polypropylene composite and metals through an 

intermediary functional layer. 

 

• Discovered a mechanistic description that if the amorphous phase is present at the 

Al/Steel joining interface, then the electrolytic ions from the corrosive media are not 

able to penetrate the amorphous phase, which occurs through the grain boundaries in 

crystalline intermetallic compounds.  

 

• Developed novel SoftTouch AMTM process concepts and laboratory implementation 

for consistent solid-state deposition of aluminum to aluminum, aluminum to stainless 

steel, carbon steel to carbon steel, and stainless steel to carbon steel, which 

potentially offers rapid large-area solid-state additive manufacturing of similar and 

dissimilar material systems. 

 

• Introduced a novel modular multi-material insert die design and rotational stability 

requirements in the SoftTouch AMTM system for achieving consistent solid-state 

deposition of aluminum to aluminum, aluminum to stainless steel, and stainless steel 

to carbon steel. 

The dissimilar material direct joining discovered during this research provides process 

development platforms for automotive lightweighting. It is intended to support the Department 
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of Energy’s (DOE) multi-material lightweight vehicle (MMLV) initiatives in the coming years. It 

will further enable using metal to hard-to-weld polymer dissimilar and aluminum to steel-type 

bi-metallic pairs in severe and harsh environmental conditions without significantly losing 

structural strength. The research work was supported by the National Science Foundation (NSF 

– CMMI – 2126163) and the Electric Power Research Institute (EPRI) and is intended for multi-

material structural lightweighting and rapid, defect-free, large-area solid-state additive 

manufacturing for diverse industrial applications, including light water reactor (LWR) and 

energy sectors for sustainability. 
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Chapter 1 Introduction 

1.1 Background 

The global share of transport sector greenhouse gas (GHG) emissions was 8.5Gt CO2 eq 

which amounted to around 14% of all emissions in the year 2018 [1]. Road transport, international 

shipping, and international aviation amounted to 73%, 8%, and 7%, respectively of the total sector 

emissions [1], out of which the bulk is during the use phase of the transport vehicles [2]. Such 

growth in GHGs and future sustainability have demanded to rethink the transportation vehicular 

designs and significantly reduce greenhouse gases in the recent decade [2-6]. Studies have shown 

that up to 50% of the fuel consumption can be due to the mass of the vehicle [2,7], and 

lightweighting strategies are thus highly sought-after [7,8]. A multi-material approach to achieve 

demand-based structural lightweighting has been gaining ample attention in recent years [3,9-12]. 

Aerospace manufacturers have significantly adopted the use of lightweight metals in combination 

with fiber-reinforced composites to reduce the weight and achieve this goal [13]. Shipbuilding 

industries have been adopting modular and multi-material structures to achieve weight reduction 

and, therefore, fuel economy [14]. Auto manufacturers have been aggressively pursuing structural 

lightweighting to achieve increasingly stringent fuel economy requirements by regulators, in 

addition to vehicle electrification, manufacturing cost, and recyclability [9] through utilizing 

advanced structural designs, lightweight alloys such as magnesium and aluminum alloys, high-

strength steel, and fiber-reinforced composites in conjunction with advanced materials as shown 

in Figure 1.1 [15]. 
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The advent of fusion-based additive manufacturing (AM) of metallic materials has 

provided major breakthroughs in the manufacturing of near-net-shape metallic components for  

 

Figure 1.1: Existing challenges and prospective solutions for automotive lightweighting [15] 

both structural and non-structural applications [16] aimed at future sustainability through effective 

usage of materials, energy, and optimal structural design through topology optimization [17]. 

However, metallic AM processes today are not suited for large-volume build and mass-produced 

transportation systems [18]. Another major limitation for broadly deploying fusion-based metal 

AM technology is its inherent solidification-induced defects, such as gas-entrapped pores (GEPs), 

keyholes (KHs), and lack of fusion (LOF), as illustrated in Figure 1.2, for the laser powder bed 

fusion (LPBF) process. It further faces complications and downside of expensive powders and 

feedstock availability, restrictions to reuse the materials, part size limitations, and explosive 

natures for easily volatile metallic materials have made it challenging for large-area additive 

manufacturing [16,19]. Inspired by such limitations, researchers and industries sided towards 

fusion-less additive manufacturing for specific applications to build circular economies and 

sustainable ecosystems [20]. Such future sustainability-driven initiatives have culminated in solid-

state additive manufacturing processes in recent years and have been dominating large-area 
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additive manufacturing applications such as joint-less hulls, large rocket engines, and on-demand 

repair capabilities [21].  

1.2 Advanced Manufacturing Processes 

1.2.1 Dissimilar material direct joining 

The success of multi-material lightweighting structures depends heavily on the robustness 

and cost-effectiveness of joining technologies to achieve dissimilar material joining between  

 

Figure 1.2: (a) General schematic of laser powder bed fusion (LPBF) additive manufacturing [19] (GEPs = Gas-entrapped Pores, 

KHs = Key Holes), and (b) typical presence of defects in a simple cylindrical structure micro-CT image [18] (LOF = Lack of 

Fusion) 

a metal and a polymer/polymer composite or between two different and incompatible metals [22]. 

Conventional joining methods such as riveting, adhesive joining, resistance spot welding, and 

advanced joining methods such as self-piercing rivets have been in application for decades to 

achieve such joining between dissimilar materials [22,23]. However, as shown in Figure 1.3, due 

to their weight penalties, non-recyclability, susceptivity to fatigue failure, and environmental 

corrosion, there has been an increased demand to achieve the joining between two dissimilar 

materials without adhesives and fasteners in the recent decade [24]. Deformation, temperature, and 
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friction-based joining technologies have been providing very apt solutions to achieve direct joining 

between metal and polymer composites via physical, chemical, or mechanical interlocking effects 

[25].  

Metal-to-polymer joining has been primarily achieved using adhesives and mechanical 

fasteners for structural and non-structural applications. However, the advent of electric vehicles 

has driven auto manufacturers to investigate metal-to-polymer welding or direct joining without 

relying on adhesives and fasteners for a rapid turn-around, weight reduction for fuel efficiency, 

and utilization of thermoplastic polymers for the circular economy. Various structural polymers 

such as polyamide (PA) or nylon, polypropylene (PP), polyether ether ketone (PEEK), and 

polycarbonates (PC) and their glass fiber and carbon fiber composites have been introduced for 

the structural and non-structural components not only for automotive applications, but for 

aerospace, and marine structural applications as well [9].  

 

Figure 1.3: Challenges faced by traditional adhesive joining and fastening applications [22,23]. 

On the other hand, bimetallic dissimilar material joints and their structural applications 

vary vastly from marine structures, aerospace, and automotive industries [26]. Aluminum alloys 

and steel stand out among all and have amounted to more than 70% of the structural parts in 
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shipbuilding and automotive components [27]. However, their long-term usage has been enabled 

by either adhesive, fasteners, fusion-based, or friction-based welding methods. The direct joining 

between two dissimilar metals such as fusion-based or friction-based welding methods, suffer from 

the formation of brittle intermetallic compounds (IMCs) at the joining interface due to interatomic 

diffusion [28]. Due to the presence of IMCs, they suffer additional accelerated corrosion at the 

joining interface, and manufacturing industries seek active solutions to avoid such accelerated 

corrosion phenomenon.  

1.2.2 Solid-state additive manufacturing 

In the past decade, solid-state additive manufacturing (SSAM or S2AM) methods have 

enabled multiple avenues for additively depositing materials or 3D printing without solidification 

or melting-induced defects [21]. It has become one of the major thrust areas for sustainable 

manufacturing due to its solid-state nature, leveraging off-the-shelf feedstocks as raw material, 

minimal material waste, and higher energy efficiency compared to fusion-based additive 

manufacturing processes. Utilizing the defect-free nature of the S2AM, significant efforts have 

been made to deposit metallic materials on a base material or component surface either in the 

single line of deposition or multiple parallel passes (cladding) for strengthening, protecting, 

repairing, or increasing the wear resistance of the base surface [29]. Cold spray and additive 

friction stir deposition (AFSD) have been largely employed to achieve seamless engine block 

repair and reusable and long-lasting off-shore component surfaces repaired for in-service or on-

demand applications [30]. 

Additive friction extrusion deposition (AFED), shown in Figure 1.4(b) is a relatively new 

form of additive manufacturing, invented by Liu et al. [31] recently and termed SoftTouch 

Additive Manufacturing (SoftTouch AMTM). It can provide a dense microstructure through a solid-
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state grain refinement process without severely compressing the substrate or the previously printed 

layers compared to AFSD (Figure 1.4a). As Liu et al. [31] described, it utilizes grain refinement 

to soften the feedstock material in a flowable state, and simultaneous extrusion prints the paste-

like softened material through the nozzle. AFED is different from other friction-stir-based additive 

manufacturing [21,31] in which the feedstock is actively compressed on the substrate or the 

previously printed layer to engage under pressure and generate frictional heating to plasticize the 

feedstock. The applied pressure in both the processes are significantly different and the SoftTouch 

AMTM deposition process provides the advantage of securing the previously printed layer or the 

substrate. With the low compression force needed in the SoftTouch deposition process, it is 

possible to control and further utilize the deposition process for structural repair without 

overheating and over-compressing the substrate as a suitable alternative to other solid-state 

additive manufacturing processes [21,30,31]. 

 

Figure 1.4: Solid-state additive manufacturing schematics; (a) AFSD module commercialized by MELD Inc. [32], and (b) novel 

AFED process schematic invented by Liu et al. [31] 
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1.3 Major Challenges 

Although conventional manufacturing processes such as adhesive bonding, mechanical 

fastening, and fusion-based welding methods have been the mainstream approaches to joining 

dissimilar materials, they have failed to provide efficient weight reduction, corrosion resistance, 

and cost benefits in multi-material structural components. Major challenges remaining for directly 

joining dissimilar materials without adhesives or fasteners are: 

i. Suitable manufacturing processes  

ii. Material compatibility at the metal-to-polymer joining interface 

iii. Lack of underlying bonding mechanism explanations 

iv. Occurrence of IMCs at the bimetallic interfaces 

v. Joint design for static and structural fatigue applications 

vi. Mechanical property extraction and transferability for other joint types 

vii. Corrosion resistance of the directly bonded dissimilar-material joints 

 Similarly, fusion-based additive manufacturing methods have produced dissimilar material 

additively manufactured components for non-structural and limited structural applications. Due to 

the liquid-to-solid transition phenomenon during molten pool solidification, such components 

have suffered from size/scale limitations, thermal shrinkage, and major material incompatibility 

issues. To eliminate the fusion-induced defects and address large-area additive manufacturing 

challenges, the additive friction stir deposition (AFSD) based solid-state additive manufacturing 

method has been adopted in recent years. However, the AFSD methods introduced in recent years 

have been utilized primarily for similar material deposition and pose major challenges as: 

a. Sever compression-induced instability of the substrate material 

b. Special square shape feedstock preparation 
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c. Lack of controlled material interaction at the joining interface for incompatible materials 

d. Excessive substrate plate heating and plasticization before feedstock material deposition 

e. Lack of controlled dissimilar material deposition for structural applications 

1.4 Objectives of the Current Research 

 Based on the above critical review of the research needs and challenges faced by the 

industry for realizing the enormous benefits of multi-material lightweight structures, we conclude 

that it is of paramount importance to develop direct joining and solid-state additive manufacturing 

processes to achieve multi-material structural lightweighting. These processes and strategies 

should not only be capable of developing metal-to-polymer, dissimilar metal direct bonding, and 

dissimilar material solid-state additively manufacturable components but also provide robust joints 

and ease of translational capabilities for direct industrial applications. Achieving metal-to-polymer 

direct joining significantly differs from metal-to-metal dissimilar material direct joining, although 

they share similar material incompatibility and joint design issues. Hence, the dissimilar material 

direct joining processes should not only provide specific material-dependent joining solutions but 

should also be able to translate between various joining configurations, such as localized spot or 

linear joining configurations for broader structural lightweighting applications. On the other hand, 

the friction-based solid-state additive manufacturing methods should not only eliminate the 

compression force-induced instabilities in the substrate but should also provide intermetallic free 

or intermetallic suppressed joining interface capable of corrosion resistance and large area additive 

manufacturing. Driven by these motivations, this dissertation research aims at developing a 

fundamental understanding of solid-state dissimilar material joining and additive manufacturing 

processes and novel process implementation for enabling the design and manufacture of next-

generation multi-material structures through these four major research undertakings:  
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i. Direct method for direct joining polymer composite to metal and underlying bonding 

mechanisms. 

ii. Direct method for direct joining between dissimilar metals (e.g., aluminum to steel or 

stainless steel to carbon steel) and underlying bonding mechanisms.  

iii. Robust solid-state dissimilar metal additive manufacturing. 

iv. Characterize bond quality and joint properties. 

1.5 Outline of the Dissertation 

The four tasks mentioned above for achieving dissimilar material joints and enabling 

structural lightweighting for sustainability via solid-state manufacturing processes are addressed 

through the seven chapters of this dissertation. This doctoral thesis follows a multi-manuscript 

format, with Chapter 1 serving as an integrated introduction and Chapter 7 as an integrated 

conclusion. Chapters 2 [22,23], 3 [34], 4 [35], and 5 [36] are four separate manuscripts that have 

been published in peer-reviewed international journals. These chapters are thus presented in the 

format submitted with minor changes to abide by the formatting requirements. As a result, there 

may be a few overlaps between the material presented in these chapters. These overlapping 

materials make the individual chapters completely self-contained. Chapter 6 further substantiates 

the solid-state dissimilar material deposition processes by presenting exploratory studies using 

both ferrous and non-ferrous alloys. 

 The dissertation begins with background information on the structural lightweighting 

demands of the transportation sectors and the role of a multi-material approach in achieving 

sustainability, supported by relevant literature reviews. It later emphasizes the importance of direct 

joining processes vs. traditional joining processes and solid-state manufacturing processes vs. 

fusion-based additive manufacturing processes. Based on the combined literature review, Chapter 
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1 lays the foundation for major challenges and objectives of the current research work and outlines 

the strategic plan to tackle the current shortcomings. 

 Chapter 2 of the dissertation provides a critical review of advanced joining processes for 

dissimilar materials focusing on metal-to-polymer direct joining. It identifies the suitable joining 

processes, critical and affecting process parameters, importance of pressure and temperature 

conditions, material chemistry, and use cases for various industrial applications. It further 

emphasizes the importance and nuances of joint design for the eventual success of dissimilar 

material joining processes for structural lightweighting applications. It ends with 

recommendations for C-O-M type covalent bonding formation mechanism and structural stress 

methods for joint strength evaluations and transferrable joint property evaluations.  

 With the scientific rationales presented in Chapter 2 to select the friction-based solid-state 

joining processes, Chapter 3 builds upon identifying the suitable joining process parameters and 

joint formation mechanism between aluminum alloy and glass fiber reinforced polypropylene 

(GFRP-PP) composite intended for automotive structural applications. It provides a detailed 

examination of the joint formation mechanism using C-O-M type covalent bonding, joint load 

capacity, and joint failure characteristics to achieve a joint stronger than the base PP composite 

material sheet.   

 Following a successful metal-polymer direct joining in Chapter 3, nano-scale shear 

localization-induced amorphization (NSLIAA) developed previously by Liu et al [33] for thick 

sheets has been implemented to generate the direct bonding between thin gauge aluminum alloy 

and steel material sheets in Chapter 4. It utilizes a systematic approach to suppress the formation 

of IMCs at the joining interface of aluminum and steel. Chapter 4 further assesses the joint load 

capacities under a well-accepted automotive corrosion cycle GMW 14872 and provides critical 
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findings behind the corrosion resistance nature of bimetallic joints with suppressed IMCs at the 

bonding interface.  

 Utilizing the successful direct joining of dissimilar materials in the previous chapters, 

Chapter 5 presents a novel solid-state additive friction extrusion deposition (AFED) process to 

additively manufacture metallic alloys at a large scale. It first lays the foundation of a novel AFED 

process schematic, the effect of process parameters, grain refinement, and the effect of layer 

thickness on the substrate reaction force while 3D printing aluminum alloy 6061-T6. Later, it 

assesses the noteworthy mechanical properties of below-melting deposition of AA6061-T6, 

highlighting improved hardness, isotropic nature, and ductility behavior. 

 Following the AFED process concept development and implementation presented in 

Chapter 5, Chapter 6 provides a novel exploratory study on dissimilar material deposition 

processes using aluminum alloy 6061-T6 on stainless steel 304 substrate and stainless steel 316 

material on carbon steel AISI-1018 substrate. Chapter 6 further evaluates the suppression of IMCs 

at the AA6061/SS316 interface and provides a detailed analysis of bonding strength and 

microstructures for AA6061/SS316 and SS316/AISI-1018 interfaces through hierarchical material 

characterization using various microscopy techniques. The dissertation is then concluded in 

Chapter 7 with an integrated summary of the research work completed so far and recommendations 

for possible future research directions.   

1.6 Brief Summary and Highlights of Major Contributions 

In this research, solid-state friction-based dissimilar material direct joining and additive 

manufacturing methods are investigated. Using the friction-based solid-state method, it first 

achieved a novel metal to hard-to-weld polypropylene (PP) composite direct joining using a 

functionally active interface modulator insert layer under localized temperature and pressure 
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conditions. Utilizing C-O-Al type covalent bonding between aluminum alloy and PP-GFRP 

composite, it eliminated fasteners and adhesives for a robust joint stronger than the base 

composite material. Subsequently, it utilized previously discovered, nanoscale shear 

localization-induced amorphization (NSLIAA) to join thin gauge aluminum alloy to steel 

materials directly under controlled friction spot joining configuration for the suppression of 

IMCs and increased corrosion resistance. 

It has then demonstrated a novel friction-based solid-state metal additive manufacturing 

method to enable dissimilar material additive manufacturing of metals and alloys directly at a 

large scale without solidification defects and minimal substrate compression force-induced 

instabilities. It was termed SoftTouch AMTM due to its low temperature and low compression 

force features and defined as an additive friction extrusion deposition (AFED) process due to its 

friction-based extrusion and additive processing features. SoftTouch AMTM utilizes super-

plasticity to soften the feedstock in two steps, eliminating the need for direct contact between 

substrate and feedstock and providing grain refinement and severe cold working (plastic deformation) 

below the melting temperatures of metallic materials. It avoids using pricy powders and is fully 

capable of utilizing off-the-shelf metallic bars as feedstock. It has proven crucial for future 

demands of large-area additive manufacturing, energy sectors, and sustainability. 
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Chapter 2 State of the Art Review and Research Needs 

2.1 Introduction  

To ensure sustainability of the environment and quality of life, effective use and reuse of 

existing materials have become increasingly important in transitioning to a circular economy [1–

3]. As part of such an effort, major automotive manufacturers have been leading the drive towards 

structural lightweighting over the last decade or so [4–7]. The consensus resulted from recent 

major research initiatives is that multi-material structure, i.e., “using the right material at the right 

place”, offers the most effective lightweighting in addition to achieving multi-functionalities [8–

12]. For instance, the US Department of Energy (DOE) multi-material lightweight vehicle 

(MMLV) autobody structure [13] made of high strength steel, aluminum, and magnesium alloys, 

and carbon fiber polymer composites can offer up to 40% weight reduction versus all high strength 

steel structures, as highlighted in Figure 2.1. However, the challenge has been how to cost-

effectively manufacture such multi-material structures in a mass-production environment while 

ensuring structural durability, and recyclability.  Traditional mechanical fastening incurs 

additional part counts and adds weight while adhesive bonding increases production cycle time in 

addition to its implications for long-term durability and recyclability of adhesive-bonded 

components [14–16]. To mitigate some of the major concerns, direct welding of dissimilar 

materials (polymer to metal or between incompatible metals, e.g., aluminum to steel) has gained 

growing attention in the research community over recent years [17–19]. 
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Figure 2.1: Structural lightweighting through a multi-material concept [13] 

There have been some promising successes in developing methods for direct welding of 

polymer or polymer-composite to metal. For instance, Liu et al, [20] demonstrated that the 

functional groups in polyamide (PA) or nylon enabled its direct welding with aluminum alloy 

without any surface or material pre-treatment through a carbon-oxygen-metal (aka C-O-M) 

chemical bond formation under localized heating and pressure conditions, e.g., via a friction-

assisted lap welding technique. Using friction assisted spot method, Khan et al [21], recently 

demonstrated that a nonpolar polypropylene (PP) composite can be directly welded using a thin 

layer of functional group seeding material between the PP composite and metal partner without 

special surface treatments. Han et al, [22] have shown the joining of PP sheet with aluminum alloy 

using a metal surface laser texturing by micromechanical interlocking under friction-assisted spot 

joining. Kawahito et al, [23] have shown successful joining of steel and PA under pulsed laser 

joining and achieved strong joints. The combination of PA or PP and aluminum or steel can be 

used for reducing weight in some of the automotive interior components. As shown in  Figure 2.2a, 

recent applications of PP in GM liftgates and PA composites in GMC Sierra trucks (Figure 2.2b) 
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have shown the importance of directly joining polymer composites with aluminum and steel 

structures for structural lightweight applications in mass production environments.  

It should be noted that the direct joining of incompatible dissimilar metals such as 

aluminum alloys to steel (involved in MMLV in Figure 2.1) has been facing similar challenges 

due to the formation of brittle intermetallic compounds (IMCs) at the joining interface [24–26].  

Recent research efforts have shown that brittle IMCs can be effectively avoided through a 

nanoscale shear localization process beyond a threshold strain rate under certain friction stir 

welding conditions. As a result, the aluminum-steel interface exhibits a dominantly amorphous 

microstructure which offers high interfacial bonding strength and excellent thermal stability [27–

30]. A good thermal stability is important to restrict the nucleation and growth of IMCs at thermal 

cyclic loading conditions [148].   

The use of fiber-reinforced thermoplastics has been a prime mover in the automotive 

industries due to recyclability [31–34] and has been seeing an uptake in aerospace and marine 

structures as well [35–38]. It is expected that the need for recyclable polymers and lightweighting 

requirements will enable the use of thermoplastics for as much as up to 40% of the total material 

in automotive structures [13,39]. PA and PP are the most common polymer materials being used 

in the automotive industries due to their formability, low cost, and recyclability [40–43]. PP, due 

to its low density comparing with other industrial polymers and high corrosion resistance, is widely 

used in automotive industry [44–47]. The direct joining of metals with polymer or polymer 

composites thus eliminates multiple process steps, mechanical fasteners, and adhesives and 

provides strong joints capable of hermetic sealing required for applications under pressure and 

severe weather environment [17–19]. As recently suggested from some recent studies [48–50], 
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direct dissimilar material joining also offers improved structural reliability under dynamic and 

fatigue loading conditions.   

 

 

As highlighted above, multi-material or mixed-material structures made of dissimilar 

metals, polymers, and polymeric composites have been becoming increasingly important for 

meeting today’s increasingly stringent weight reduction, energy efficiencies, and recyclability 

requirements [51,52]. However, robust, reliable, and cost-effective joining methods are still in the 

early research and development stage. Among various new dissimilar material joining methods 

under exploration today, direct joining of polymer to metal is of the most interest for mass-

production environment and can be a key enabler for realizing the advanced multi-material 

structures (e.g., the one shown in Figure 2.1) in a cost-effective manner.  

 In addition to the need of ensuring adequate chemical bonding at polymer and metal 

interface as a result of direct joining methods, effective methodologies for extracting joint 

properties from simple lab specimen testing are also of critical importance for supporting 

computer-aided engineering (CAE) evaluation of multi-material structures for industrial 

applications. However, one additional major challenge remains: how to determine the mechanical 

properties of these joints in such a way that these properties can be used in the design and 

Figure 2.2: (a) A lightweight liftgate concept made of GFPP of passenger van [43], and (b) A lightweight truck cargo bed 

made of metal-polymer hybrid structure [gmauthority.com] 
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evaluation of actual structures. Most of the aforementioned investigations have been relying on 

simple lap-shear (Figure 2.21a) or coach peel (Figure 2.21b) by performing either static tensile 

strength or fatigue tests. The resulting test data are typically presented in terms of nominal stress 

(𝐹/𝐴) corresponding to load at failure, where 𝐴 can be either defined as the loaded base plate 

cross-section area or the bonded area at the dissimilar material interface of a simple lab specimen, 

depending upon where the failure actually occurs in the test. As such, the test data cannot be 

directly adopted in a finite element (FE) model for structural design and optimization purposes. 

This is because in actual structures, the load carrying area 𝐴 is typically ill-defined. To remove 

such limitations, the test data based on 𝐹/𝐴 obtained from simple lab specimens must be 

transformed into a joint level property, e.g., tensile strength or fatigue strength. This would 

typically require rigorous mechanics-based modeling, e.g., through FE analysis. The major 

difficulty in performing FE analysis for welded joints is how to suppress mesh-size induced 

sensitivity when stresses are computed at sharp corner locations (see the red arrow lines in Figure 

2.21) where stress and strain possess singularity. This is illustrated in Figure 2.22 in which two 

lap-shear specimens were analyzed using commercial code ABAQUS [156]. The stresses at the 

sharp corner locations suffer severe mesh size sensitivity, just like in welded components as 

discussed in some recent publications [156-162]. This issue must be resolved in order to reliably 

extract joint properties not only for evaluating dissimilar material joint design, but also for 

optimizing structural performance in product development process involving multi-materials.  

Along this line, this chapter is structured as follows: after a brief introduction of the needs 

in direct joining methods for effectively integrate polymer composites to metal for structural 

applications, some of the promising direct joining methods will be critically reviewed and assessed 

in Section 2.2.  Their process characteristics, bonding mechanisms involved, as well chemical 
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bonding enhancement techniques are discussed in Section 2.3.  Then, in Section 2.4, joint property 

characterization methods, particularly those that are relevant for supporting computer-aided 

engineering (CAE) for design and structural performance evaluation will be discussed. One of the 

key outcomes of the section is mechanics-based principles for achieving optimal design for 

dissimilar material joints for improved jointability and joint performance in load-bearing 

structures. Finally, some of the unresolved research issues for enabling reliable structural 

applications will be summarized for considerations by the research community.    

2.2 Promising Direct Joining Techniques 

Here, a direct joining technique is defined as a method by which a polymer or its composite 

forms (e.g., reinforced through glass or carbon fibers) can be joined with a metal substrate by 

forming chemical bonds without needing any separate surface or material pretreatment or curing 

process [48]. Among all promising direct joining processes reported in the literature to date, 

localized heat and pressure are the necessary ingredients (Figure 2.3) for providing favorable 

thermomechanical conditions for the formation of chemical bonds. In this regard, thermoplastic 

polymers and their composites including glass fibers and carbon fiber composites are often 

considered for joining with metals and their alloys. Among them, polymers with carbonyl 

functional groups, such as polyamide (PA) or nylon, polycarbonate (PC), and polyether ether 

ketone (PEEK) have been shown to possess weldability with aluminum 5xxx, 6xxx, and 7xxx 

alloys for automotive and aerospace applications, i.e., without needing any special surface or 

material treatment before joining. Whereas polymers lacking carbonyl functional groups, such as 

PP, and PE, typically require special surface treatment such as metal surface laser texturing for 

mechanical interlocking or chemical treatment to enable chemical bonding with metal 
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counterparts, therefore, continuing to pose significant challenges for achieving direct joining with 

metals.  

 

Figure 2.3: Schematic of localized heat and pressure conditions to join metal and polymer. 

For dissimilar material combinations discussed above, localized heating and pressure can 

be achieved through a variety of means, e.g., laser, electrical resistance, induction, ultrasonic 

vibration, and friction. Some of the promising direct joining processes are described and discussed 

below, based on their process capability, particularly for structural applications.  

2.2.1 Laser-assisted joining processes 

2.2.1.1 Process description 

It utilizes a laser source to generate laser beams of suitable wavelength to project onto the 

metallic sheet and locally heat the interacted area. A customized clamping system is often used to 

provide localized pressure conditions for the molten polymer to interact with the metal sheet and 

form the joint. The laser beam can be projected directly on the metal surface to heat and melt the 

plastic underneath (conduction joining CJ, Figure 2.4a) or it can pass through a transparent 

polymer to heat the metal at the assembly interface (transmission joining TJ, Figure 2.4b) [23,53]. 

Conduction joining (CJ) can be implemented for opaque polymers when the laser wavelength can’t 

penetrate the polymer sheet without significantly damaging it. Laser beams can be applied either 
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in spot configuration or linear configuration per the joint design requirements and shielding gases 

such as Argon (Ar) or Nitrogen (N2) are often used to protect material surfaces and control the 

temperature. 

2.2.1.2 Key process parameters and joint formation mechanisms 

Laser beam shape, power density, laser wavelength, and scanning speed combinedly affect 

the joining quality between a given metal and polymer combination. Laser power density is a 

function of laser power and defocused distance. Combined with laser beam shape and wavelength, 

the interaction volume or fusion zone can be controlled to provide sufficient wetting of the metal 

surface with polymer. The directed laser heats the metal and the localized rapid heating further 

melts and often generates inherent bubbles at the metal/polymer interface. One key consideration 

in such laser-assisted polymer-metal joining is the amount of bubbles formed during localized 

rapid heating. Such bubbles, although can help by generating pressure between the molten layer 

of polymer and metal substrate, however in excess, lead to a poor bonding quality. For example, 

Kawahito et al [23] used a continuous wave (CW) 1.5 kW Nd:YAG laser beam with a 1064 nm 

wavelength and a 200W laser diode (LD) laser beam with an 807 nm wavelength to join stainless 

steel with PA, polyethylene terephthalate (PET) and polycarbonate (PC) and used Ar and N2 as 

shielding gases for continuous wave and laser diode mode respectively. Gas bubble formation was 

found be minimal under CJ mode for linear configuration using laser diode laser beam while 

joining SUS304 and PA (Figure 2.5).  

Furthermore, a defocused laser beam can be used to regulate heating zone size, geometry, 

and beam/material interaction volume [54–56]. Consequently, a larger defocus distance increases 

the weld width and spreads the temperature and energy uniformly. However, an optimal defocus 

distance, laser power density and spot size are often necessary, and the optimum values change for 
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the material combination provided [57–59]. Jung et al [60] found that there is always an optimal 

laser power and scanning speed to obtain the strongest joint made of steel and nylon (PA6) 

composite (Figure 2.6). The clamping pressure plays an indirect role during weld formation 

process and can be generated by a mechanical, pneumatic or servo-electronically driven device. It 

is found that a minimum contact pressure to keep the joining counterparts closely in contact is 

necessary to achieve a good interfacial bonding, resulting in stronger joints demonstrated through 

mechanical testing [61–63]. Applying a too-high pressure can deteriorate interfacial bond quality. 

Metal and polymer usually have a very high thermal conductance difference and the application 

of pressure also ensures a continuous heat diffusion between these highly different materials. It 

also affects bubble formation and thus controls the final bond to a significant extent [64,65]. 

 

Figure 2.4: Variants of laser assisted joining, (a) conduction joining, (b) transmission joining. 

 

Figure 2.5: Nd:YAG vs diode laser (LD) joining method characteristics [23] 
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2.2.1.3 Joint strength and structural applications 

The joint strength is primarily governed by the material interaction volume and interface 

quality at the metal/polymer joining interface which in turn is controlled by localized heating 

[66,67]. Figure 2.7a shows a recent application of laser joining of steel with PA composite for a 

FIAT panda roof grill and represents the adaptability of laser joining method in automotive 

structures. To develop a continuous production throughput, the laser joining method further 

requires due automation and qualification for load bearing applications.  

 

Figure 2.6: Effect of laser process parameters on joint load capacity [60] 

2.2.2 Friction-based joining processes 

2.2.2.1 Process description 

Friction based direct joining between metal and polymer shares a great deal of similarities 

with friction stir welding (FSW) but differs in fundamentals. The major difference is not only in 

the tooling pin functionality, but also in geometry [17,69–72]. It generates friction heating by 

rotating the friction tool against the metal part of the joint. The resulting local heating rapidly 

diffuses to metal/polymer interface to cause the melting of polymer in contact with the metal 

underneath the rotating friction tool. By design, such friction-based direct joining processes using 
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rotational friction tool simultaneously produces both localized heating and pressure through the 

rubbing action between the rotating tool head and the metal surface. A sufficient closing contact 

pressure at the joint interface is necessary to keep the joining counterparts in close contact as in 

the case of the laser joining. 

 

Figure 2.7: (a) Fiat panda roof grill made of steel-PA composite using laser and induction joining [www.compositesworld.com], 

(b) Aircraft fuselage structure made of Al-PPS composite using friction spot joining [17,68] 

Such a contact pressure can be achieved through the same unitary system (embedded with 

the tooling system) or by a binary system (externally via clamps or temporary fixtures). It can be 

used either for spot (Figure 2.8 and Figure 2.9) or linear (Figure 2.10) joining configurations under 

the same principal. The linear joining configuration has been termed as friction lap welding (FLW) 

or friction lap processing (FLP) and was initially used by Okada et al [147] to join metal and 

polymer sheets. The spot joining configuration has been termed friction spot joining (FSpJ) and 

has been found considerably advantageous due to its ease of process control.  
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Figure 2.8: Schematic of friction-based spot joining method 

2.2.2.2 Key process parameters and joint formation mechanisms  

The tool impression area, tool rotation rate, plunge force or depth, and weld time (spot time 

in spot joining configuration or linear welding speed in linear joining configuration) play important 

roles to achieve desired joining between a given metal and polymer combination. The diffusing 

heat resulted from friction heating rapidly raises the polymer temperature, and the continuous heat 

generation raises the volumetric temperature above the bulk melting point of the polymer (Figure 

2.8 and Figure 2.9). Thus, this molten polymer reacts with the metal surface present at the vicinity 

forming the chemical bond at the joint interface under the localized heat and pressure conditions. 

Excess temperature thermally decomposes the polymer material and deteriorates the joining 

interface by introducing gaseous bubbles both in friction spot joining (FSpJ) and friction lap 

welding (FLW) unequivocally [73–75]. For example, Khan et al [21] used spot joining 

configuration to achieve good interfacial direct bonding between AA6061 and PP composite and 
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found that an initial minimum contact pressure achievable through fine-tuning the friction tool 

forge depth, for which 1800 RPM and 12-sec spot time seemed to provide high quality interfacial 

bonding, as shown in Figure 2.17b. The spot weld time was found to be affecting the joint 

formation at a constant tool rotation rate and forge depth. Liu et al [72] utilized the FLW (Figure 

2.10) to join AA6061 and MC Nylon-6 (PA6) and achieved superior quality joints at 3000 rpm 

and 200 mm/min linear welding speed. The welding speed for linear welding was seen to be 

affecting the polymer melt pool and interfacial bond formation differently. A higher linear welding 

speed, although, reduced the thermal energy (Figure 2.11) and bubble volumes, it also reduced the 

polymer melt pool volume. A further examination of the linear welding speed effects on joint 

strengths suggested that the joint strength decreased with increasing welding speed, however, not 

more than 22% for a 5 m/min welding speed compared to a 1 m/min welding speed [76].  

 

 

Figure 2.9: Spot joints made using FSpJ method, cross-section and process temperature characteristics [71] 
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2.2.2.3 Joint strengths and structural applications  

Due to lack of joint design guidelines and well-accepted strength testing methods, a 

common practice of using the nominal area defined by friction tool impression has been used in 

literature for joint strength estimation [17,71,72,77,78]. In case of FSpJ, using the outer sleeve area 

the joint strength was found to be over 20 MPa for AZ31/PPS-CF joint under optimal parameters 

of 1950 rpm, 0.25 mm plunge depth and 8 sec spot time [71]. Under the same tooling configuration 

AA2024/CF-PPS joints provided similar results although at 2900 rpm and 4.8 sec spot time [77]. 

Figure 2.9 demonstrates aluminum alloy joined with the PPS composite using FSpJ in an aircraft 

skin panel to emphasize the adoptability of friction based joining methods in aircraft 

manufacturing industry.  

 

Figure 2.10: Friction lap joining schematic for metal-polymer joining [17] 

2.2.3 Roles of chemical bonding 

To achieve maximum joint strength in a metal to polymer joint, one straight forward way 

adopted in some of the publications is to demonstrate that a polymer to metal joint under lap-shear 

condition fails away from the weld area, e.g., across the polymer substrate, which is referred to 

here as base material (BM) [21,78].  Although this may be achieved through some of the traditional 
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joining processes, such as adhesive bonding with sufficiently large bonding area design and/or 

introducing mechanical interlocking, chemical bonding at molecular level is highly desirable for 

hermetic sealing purposes. Along this line, Liu et al [20] provided some direct evidence of Al-O-

C type chemical bond formation at the joining interface between PA6 and aluminum alloy, resulted 

in a joint strength higher than PA polymer base material. Khan et al [21] further achieved similar 

results for PP/6061 joints with a PA6 type seeding layer placed at the interface between aluminum 

alloy and PP composite. Such type of covalent bonds can also act as a barrier for moisture 

penetration through the interface to provide strong hermitic sealings. Based on these promising 

results, a brief discussion on various types of chemical bonding at the interface is provided in the 

ensuing section. 

 

Figure 2.11: Temperature and cross-section characteristics under friction lap joining method [78] 
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2.3 Direct Chemical Bonding Between Polymer and Metal 

2.3.1 Role of functional groups 

Once the necessary localized heat and pressure conditions can be achieved to melt the 

polymer at polymer/metal interface, the ability for forming chemical bonds is dependent on the 

chemical structure of the polymer under consideration. Based on the electronic charge affinity, 

polymers can be either functional polymers (polar polymers) or polyolefins (functionally inert or 

non-polar polymers) [79]. Functional polymers have active functional groups made of 

electronegative species, such as oxygen, (-O) or nitrogen (-N) attached to the main chain or 

branching chain of the polymer, are hydrophilic and polar in nature, such as PA-6 (Figure 2.12b). 

On the other hand, polyolefins don’t possess any active functional group or electronegative species 

in or around the main chain of polymer, and are hydrophobic, functionally inert, or non-polar in 

nature, such as PP (Figure 2.12a).  

 

Figure 2.12: (a) Non-polar polypropylene, (b)PA6 with carbonyl group, (c)chemical interaction at the joining interface of metal 

and polymer, (d) AA6061 and Nylon joining under FLW and cross-section views [20], (e & f) XPS spectra confirming C-O-Al 

bonds at 0.8 nm and 3.2 nm depths respectively [78] 
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Various researchers have shown successful direct joining of polymethylmethacrylate 

(PMMA) [57,80–82], polycarbonate (PC) [83,84], polyethylene terephthalate (PET) [85–88], 

polyamide (PA) [72,89–91], polyether ether ketone (PEEK) [56,92,93], and polyetherimide (PEI) 

[94,95] polymers with metals. These polymers have at least one active functional group, made of 

oxygen (-O) and thus are polar and functionally active. Liu et. al. [20], illustrated that functional 

groups like carbonyl (C=O) help developing chemical bonds with metals under optimal conditions. 

Thus, the direct joining with metals without any surface modifications can be effectively achieved 

if carbonyl (or like) functional groups are present in the main chain of the polymer such as nylon-

6 (PA6) shown in Figure 2.12b. A molecular dynamic simulation was developed which showed 

that 80% of the reacted C=O bonds form linear Al-O-C bonds and rest develop a triangular Al-O-

C bonding structure Figure 2.13. A further analysis using the XPS was subsequently performed, 

and the formation of Al-O-C chemical bond was confirmed as shown in Figure 2.12 e & f.  

 

Figure 2.13: Chemical bond formation via MD simulation [96] 
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2.3.2 Thermomechanical conditions 

2.3.2.1 Chemical kinetics and C-O-M bond formation 

Chemical bonding at the joining interface can be defined when the covalent bond formation 

takes place between the metal and the polymer. Physical bonding such as Van der Waals forces or 

hydrogen bonding can also appear at the joining interface [18,48,97]. Once the localized heating 

raises the polymer temperature to its flowable state (melting point), its polymeric chains with 

functional groups gain energy to actively interact with metals at the molecular level. At the same 

time, surface energy increases on the heated metal surface and the available carbonyl groups in the 

polymer develop chemical bonding to form an intimately bonded interface. Chemical bonds have 

much higher bonding energy (250-1000 kJ/mol) compared to either the physical forces (2-40 

kJ/mol) or hydrogen bonds (50 kJ/mol) [98]. Covalent bonds are the strongest bonds after ionic 

bonds among other types of bonds [98,99]. Which further substantiated the conclusion by Liu et 

al [20] that the C-O-M type covalent bonding must have taken place between metal (-M) and 

polymer (=C-O-) joining counterparts at the joining interface owing to its considerably high 

bonding energy (Figure 2.12 e & f) observed at the joint interface [20,78].  

Another important attribute of covalent bonds is the length of the chemical bonds at the 

polymer-metal interface. Generally, the covalent bonds are much smaller than the water molecule 

(≈ 0.27 nm across) and if joining interface is well-developed by forming the chemical bonds at the 

interface, it becomes impervious to water or moisture molecules [48]. Such an interface provides 

strong hermetic sealing along with good load bearing capacity to metal-polymer hybrid joint 

demanded for pressure containment structural applications. Additionally, the chemical bonds at 

the joining interface become unstable when re-heated at a sufficiently high temperature above the 
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melting point but below the degradation temperature of polymers. Such a reversible process 

provides an advantage to disassembly of metal-polymer hybrid joints for repair and reuse. 

 

Figure 2.14: ToF-SIMS spectra near weld line for Al-PA joint and proposed model chemical reaction [100] 

 

Figure 2.15: Hydrogen bond formation during Al-PA joining and IR spectra at Al-PA joint interface [97] 
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2.3.2.2 Alternative chemical bonding possibilities 

Hirchenhahn et al [100] have performed an interesting study and proposed another 

chemical bonding theory between PA66 and the native oxide of aluminum sheet when joined using 

laser joining process. They suggested that the native oxide layer gets transformed into surface 

hydroxyl groups and then this hydroxyl group reacts with the available carbonyl group (-C=O-) 

group in the PA66 chain to formulate CHNOAl+- type species (Figure 2.14). They further 

investigated the covalent chemical bonding between the aluminum and polymer chain using XPS 

and time of flight secondary electron microscopy (ToF-SIMS). In their investigation they 

concluded that C-O-Al chemical bonds were indeed formed between the carbonyl group and the 

available aluminum by the means of ToF-SIMS rather XPS. Zhao et al [97] have further illustrated 

a different bonding mechanism under injection molding of PA6 polymer over AA5052 sheets. Due 

to the presence of inherent oxide on the aluminum surface and susceptibility towards 

hydrocarbons, the formation of metal hydroxide is probable. Under such circumstances, the metal 

hydroxide can also contribute towards chemical reaction sights. Although there appeared a 

significant level of mechanical interlocking at the joint interface, they concluded that the observed 

joint strength was significantly enhanced by the hydrogen bonding between the -CONH 

(containing -C=O- carbonyl group) group of the PA6 and the hydroxyls (-OH) on the aluminum 

surface. Using AFM-IR, they confirmed the formation of hydrogen bonds at 1630 cm-1 

wavenumber conforming with the IR spectra at the joining interface (Figure 2.15). All these studies 

further demonstrates that the presence of carbonyl group (-C=O-) is critically important to 

achieving a strong chemical bonding between metal and polymer substrates.  
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Figure 2.16: Schematic of functional group seeding methodology. 

 

 

Figure 2.17: Al-GFPP joint formation using functional group seeding and substrate failure [21] 
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2.3.2.3 Functional group seeding 

Non-polar polymers, i.e., polymers without functional groups in their chemical structure, are not 

capable of directly forming chemical bonds at the metal-polymer interface [20,101–105]. One cost-effective 

solution was to introduce functional group seeding either in-situ or ex-situ. Along this line, Liu et al [48,106] 

have recently proposed that 3D distributed chemical bonds (3D ChemBonds) can be produced in-situ 

between metal and polymer through trapped air pockets at the joint interface. These air-pockets induce the 

necessary carbonyl groups in the inert polymer which in turn helps form the chemical bond observed.  

Khan et al [21] recently developed a simple and effective functional group seeding method 

via using a readily available PA6 thin film between aluminum alloy and PP composite to enable 

the metal-PP composite joining under friction based joining process, as illustrated in Figure 2.16. 

This technique is shown working well for polymer composites with inert polymer resins and any 

combination of reinforced fibers. Once the seeding material is placed between the metal and the 

inert polymer composite sheets, suitable conditions of temperature and pressure need to be 

imposed to melt both polymers and formulate an intermixed multi-material fiber composite at the 

interface. Using an off-the-shelf 50 µm thin PA6 film not only the joining was enabled between 

aluminum alloy and GFRP-PP composite (Figure 2.17), but the load bearing capability was also 

maximized such that the joint did not fail under the lap shear tensile condition, rather, the base 

GFRP-PP material failed at the bulk material through-thickness (Figure 2.17).  

 

Figure 2.18: Bonding interface in Al-GFPP joints [21] 
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Their investigations showed that the joint interface between PP and aluminum alloy was 

intimately bonded through the thin PA6 intermediate layer forming an inter-mixed composite 

network among the available glass fibers and the PP matrix (Figure 2.18). A closer look at the Al-

PA interface (Figure 2.18) revealed that the joining interface is indistinguishable at a 200 nm length 

scale suggesting strong possibility of chemical or molecular level bonding at the joint interface 

between Al and PA materials.  

2.3.3 Bonding and joint strength enhancement methods 

Although direct chemical bonding between metal and polymer substrates can be achieved 

if inherent functional groups are present in the polymers (polar polymers such as PA or PC), for 

engineering applications, additional measures for ensuring a sufficient joint strength is required. 

This is because chemical reaction sights at a joint interface can be limited or nonuniformly 

distributed, due to process variability. There are numerous metal or polymer surface or bulk 

material pre-treatment techniques being reported in the literature, as briefly highlighted below.  

 

Figure 2.19: Metal surface pre-treatment methods: (a) laser texturing on the metal surface [22], (b) chemical etching method to 

generate micro mechanical anchoring effect [107] , (c) surface anodization in aluminum to provide honeycomb pores [108], (d) 

mechanism of silane coupling [109] 
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2.3.3.1 Metal pre-treatment 

Metal pre-treatment can be used to generate mechanical features at various length scales to 

assist and increase mechanical interlocking effects [110–115]. When performed at micro or nano 

scale [116–119], this also increases the surface energy of the metal surface and provides higher 

wettability. Laser texturing (Figure 2.19a) has been efficient to develop mechanical grooves to 

provide anchoring effect and increase joining between metal and polymers [22,120–122]. A 

sequence of chemical etching using sodium hydroxide (NaOH), hydrochloric acid (HCl) and 

hydrazine (N2H4) is another way to locally dissolve metal surface (usually soft metals such as 

aluminum alloys) and generate nanopores (Figure 2.19b) to assist seeping in the polymer melt and 

form micro-mechanical interlocking effects [107]. Electrochemical etching (surface anodizing) 

has also been an effective method to generate a controlled honeycomb morphology (Figure 2.19c) 

on aluminum alloys for joining with non-polar polymers [108,123–125]. Alternatively, silane type 

chemical coupling agents [126–128] and plasma electrolytic oxidation [129,130] can be used on 

the metal surface when mechanical anchoring features are not desirable. Silane is a chemical 

coupling agent with multiple carbonyl (-C=O-) type functional groups. Due to a strong polar nature 

(Figure 2.19d), it reacts with the metal surface (or native oxide when available) to form strong 

linkages between the metal and the polymer joining partners. For example, it generates chemical 

reaction sites by formulating a covalent bonding in addition to the proposed hydrogen bonding 

compared to the untreated condition (Figure 2.19d) when joining aluminum alloy with PA6 [109]. 

2.3.3.2 Polymer pre-treatment 

Other than micro-mechanical interlocking methods, the polymer side can be treated either 

on the surface or in a bulk manner [133–137]. These processes share the same principle of either 

inducing or providing functional groups (-C=O-) on the surface or in the bulk of the polymer 



 40 

matrix and are called polymer functionalization. For example, using controlled atmospheric and 

inert vacuum plasma treatments distinguishable carbonyl groups (-C=O-) can be generated on the 

PP surface (confirmed by XPS in Figure 2.20a) [104,131,138–140]. On the other hand, a bulk 

grafting of PP using anhydride has also proven very vital to functionalize PP and enable joining 

with metal counterparts [141–145]. 

 

Figure 2.20: Polymer pre-treatment methods: (a) effect of plasma treatment on PP surface conditions [131], and (b) effect of 

MAH grafting on PP [132] 

Maleic anhydride (MAH) is one of the most used grafting compounds which contains 

multiple carbonyl type (-C=O-) functional groups in its cyclic chemical structure (Figure 2.20b). 

Untreated PP can be used in small pellets in a blend with MAH and the blend can be co-extruded 

to form a modified grafted PP (MAH-g-PP) below the decomposition temperature of PP. 

Carbonyl-type functional groups thus can be grafted in the PP and the surface energy of such 

grafted-PP increases [101,137,146].  Surface energy increase and introduction of functional groups 

make it possible for grafted PP to react chemically with the metal joining partner under the 

prescribed localized heat and pressure conditions. 

2.3.3.3 Limitations of bonding enhancement methods  

Most of the surface treatment methods discussed above are still cost- and time-prohibitive 

for use in mass production environment. For instance, mechanical or physical surface modification 
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of metal side is time-consuming. The resulting mechanical protrusions tend to serve stress 

concentration sites in structural applications. Chemical bulk structure modification or chemical 

surface treatment on polymer side involves various steps to be followed to achieve a reasonable 

bonding strength in metal polymer hybrid (MPH) joints. The process of functionalizing non-

functional (non-polar) polymers generates a very thin layer of such carbonyl groups, usually of 

few hundreds of nanometers, and requires immediate joining operation before degradation occurs. 

This can be a major limitation for its use in a production environment.   

 

Figure 2.21: Existing testing schematics for dissimilar material joint property measurement [156] 

 

Figure 2.22: Effect of mesh size on joint strength evaluation due to inherent singularities 
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2.4 Joint Design and Joint Property Evaluation Methods 

There have been two major developments in robust finite element methods for dealing with 

the aforementioned mesh-sensitivity problems caused by stress or strain singularity. One is 

referred to as the mesh-insensitive structural stress method (also known as a traction structural 

stress method) for welded structures [158-159] and the other is direct fracture mechanics approach 

[156]. For the latter, it would require a clearly defined crack size which can be difficult to 

implement for structural design evaluations. Both methods are critically reviewed here, with the 

focus on their applications in determining critical joint design dimensions and their use in 

extracting joint properties for supporting engineering design.  

 

Figure 2.23: Traction based mesh-insensitive structural stress and effect of mesh size on SCF [157,158] 

2.4.1 Mesh-insensitive traction stress method 

There have been a number of publications over the last decade on the effectiveness of the 

mesh-insensitive traction stress method [160-167] and its adoption in ASME B&PV International 

Code [168] for design and evaluation of pressure vessel and piping components. The mechanics 

basis and computational procedures can be found in the aforementioned references, e.g., [158, 161, 

167] and will not be repeated here due to space limitation. In essence, the key reason behind the 
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method’s mesh-insensitivity for computing stresses at sharp corner locations (see Figure 2.21 and 

Figure 2.22) is that nodal forces and moments from FE computation are used by imposing an 

equilibrium-equivalent argument if two dimensional (2D) stress problems are considered or work-

equivalent argument in the form of a matrix equation if general 3D stress problems are considered.  

The effectiveness for a similar lap joint shown in Figure 2.21a is summarized in Figure 2.23. For 

the given loading conditions and the substrate thickness combination, the resulting normalized 

stress (i.e., stress concentration factor, SCF) by the remotely applied stress (F/A) remains 

essentially the same regardless of the relative element size (Δ𝑙/𝑡) used, as shown in Figure 2.23c.   

It should be noted that another advantage of the traction structural stress method is that the 

stress calculated has a clear definition in terms of the failure mode (position and orientation) being 

considered. The traction structural stress results given in Figure 2.23c, corresponding to failure 

initiated at the fillet corner (often referred to as toe) position into base plate thickness, referred to 

failure Mode A.  As explained in Figure 2.24, the traction structural stress can be computed for 

Mode A which has two possibilities, while Mode B represents interfacial failure [156,169,170].  

Mode A is controlled by normal traction stress along its arrow line with respect to each of the 

substrate thickness and Mode B is controlled by the interfacial traction stress along the arrow line 

along the interface between Substrates 1 and 2, as further illustrated in Figure 2.25. More detailed 

discussions on filled welded components on how to treat Mode A versus Mode B failure mode can 

be found in [170-173]. 

 

Figure 2.24:Failure modes in a typical bi-material joint 
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Figure 2.25: Illustration of traction stress definition controlling failure Modes A versus B 

2.4.2 Joint strength property 

For the dissimilar material joints, Liu et al [174] used the mesh-insensitive traction stress 

method discussed above to prove that PA66/AL 6061 joint shear strengths are essentially the same 

(up to about 5%) as welding speed varied from 1m/min to 5m/min (see Figure 2.28b), even though 

the nominal shear strengths measured in 𝐹/𝐴 exhibited a significant variation up to 22% (see 

Figure 2.28a).  The joint cross-section profiles are shown in Figure 2.26, corresponding to welding 

speed 1m/min, 3m/min, and 5m/min, respectively.  Upon a closer examination, the only difference 

among the three welding conditions given in Figure 2.26 was the fillet size (see the arrow lines). 

After the actual fillet sizes were considered in their finite element models, as shown in Figure 2.27, 

the shear traction stresses computed corresponding to interfacial failure (i.e., Mode B, as described 

in Figure 2.24) between PA66 and aluminum substrate were used for correlating the same test data 

given in Figure 2.28(a). This was done by multiplying the shear traction stress SCFs corresponding 

to the joint fillet profiles shown in Figure 2.27 against their respective  𝐹/𝐴 values in Figure 

2.28(a). The results are shown in Figure 2.28(b) which shows that all three welding conditions 

exhibit essentially the same joint shear strengths within a scatter band of 5%.  The shear strengths 

so calculated offer transferability, regardless of test specimen geometries and loading conditions 
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and therefore can be directly used in complex structural models for design and performance 

optimization purposes. 

 

Figure 2.26:Fillet formation in PA66/AA6061 joint [174] 

 

Figure 2.27: Fillet feature approximations for FE modeling using mesh-insensitive structural stress method [174] 

 

Figure 2.28:Traction stress-based joint shear strength results – (a) without considering the fillet features, and (b) after considering 

fillet features [174] 
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As another example for demonstrating the effectiveness of the mesh-insensitive traction 

stress method in interpreting joint strength test data, we consider the test specimens shown in Khan 

et al [154] for GFRP-PP to aluminum alloy 6061 joints, which resulted in Mode A failure along 

the PP base plate/material width (or BM failure). Although these specimens are of spot weld types, 

their Mode A failures along PP base plate can be approximately treated as 2D traction stress 

problems for illustration purpose here, so that simple closed-form analytical solutions can be 

readily obtained for gaining insights on how the mesh-insensitive traction method described above 

works.  

As shown in Figure 2.29, the equilibrium condition with respect to moments leads to:  

          𝑀1 = 𝑃 × (
𝑡1+𝑡2

2
−

𝑡1

2
) =

𝑃𝑡2

2
       (1) 

𝑀2 = 𝑃 ×  (
𝑡1+𝑡2

2
−

𝑡2

2
) =

𝑃𝑡1

2
            (2) 

where 𝑃 represents applied line load (i.e., remote load divided by Substrate 2 width) at failure. 

Then, the traction structural stress corresponding to a given failure mode is a linear combination 

of the membrane and bending stresses. For the cases shown in Figure 2.29, the traction structural 

stress acting on the planes indicated by Line A-A with respect to substrate-1 (AA 6061) and Line 

B-B with respect to substrate-2 (PP) can be expressed for per unit specimen width (into the paper) 

as:   

𝜎𝑠1 = 𝜎𝑚1 + 𝜎𝑏1 =
𝑃

𝑡1
+ 6

𝑀1

𝑡1
2      (3) 

and, 

𝜎𝑠2 = 𝜎𝑚2 + 𝜎𝑏2 =
𝑃

𝑡2
+ 6

𝑀2

𝑡2
2      (4) 
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respectively.  Since  𝑡1 = 2.00 𝑚𝑚,  𝑡2 = 2.70 𝑚𝑚, as given in Khan et al [154], the traction 

stress acting on the plane described by line B-B is becomes 𝜎𝑠2 = 0.370𝑃 + 0.823𝑃 which 

corresponds to the failure position observed in experiments.  

 

Figure 2.29: Analytical traction structural modeling of a lap-shear joint specimen between AA 6061 and PP (GFRP) 

To determine the static strength in terms of the membrane and bending parts of the traction 

stress given in Eq. (4), a well-established membrane and bending interaction diagram in terms of 

(𝜎𝑚 + 𝜎𝑏)/𝑆 versus 𝜎𝑚/𝑆 (see ASME B&PV code Section VIII Division 2) can be used here, as 

illustrated in Figure 2.30, where 𝑆 presents the tensile strength of PP from simple tensile strip tests.  

The curve and vertical straight line represent the theoretical static failure envelope. The 

AA6061/PP joint test results from Khan et al [154] expressed in terms of (𝜎𝑚 + 𝜎𝑏)/𝑆 versus 

𝜎𝑚/𝑆 are summarized in Figure 2.30 below. These results are also plotted against the interaction 

diagram in Figure 2.30, which shows that the failure envelope provides a reasonable estimation of 

the failure conditions observed from the test data, demonstrating the effectiveness of the mesh-

insensitive traction stress in establishing test data transferability.  
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Table 2.1: Test data and corresponding membrane and total traction structural stress values 

Sample 𝝈𝒎/S (𝝈𝒎 + 𝝈𝒃)/S 

Sample-1 0.50 1.59 

Sample-2 0.52 1.67 

Sample-3 0.53 1.70 

 

 

Figure 2.30:Membrane and bending interaction diagram for determining static strength and applications in interpreting AA 

6061/PP (GFRP) joint test data 

2.4.3 Joint fatigue property 

In addition to facilitating the extraction of joint static strength properties as discussed in 

the previous section, the traction structural stress method has been shown effective in extraction 

of dissimilar material joint fatigue properties. One example along this line is the recent work by 

Zhang and Dong [156] on modeling of adhesive-bonded test specimens in the form of lap shear 

(LS) and coach-peel (CP) configurations, as shown in Figure 2.31a. If the nominal stress (F/A) 
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range is used, it can be seen that the lap-shear and coach-peel test data follow their own scatter 

band in the form of an S-N plot in the log-log scale  (Figure 2.31b). Once the traction structural 

stress method is used, the same test data points are collapsed into a single narrow band in Figure 

2.31c, indicating fatigue test data transferability. As a result, the single scatter band, and its 

statistical values (e.g., mean−2𝜎) can be used for structural fatigue evaluation of dissimilar 

material joints. Here 𝜎 represents the standard deviation with respect to cycles to failure.  

 

Figure 2.31:Traction structural stress modeling of fatigue in dissimilar material joints [156] 

2.4.4 Optimum joint design  

In addition to joint property extraction, optimum design of dissimilar material joints can 

be quantitatively determined by means of the new computational methods for structural 

applications. Both the computational fracture mechanics modeling and simplified analytical 

solutions recently developed by Zhang and Dong [156] have shown that there exists a threshold 
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value about 𝐿/ℎ ≈ 2 beyond which fatigue driving force in terms of stress intensity factor (𝐾𝐼 

corresponding to Mode-I, e.g., in coach peel tests and 𝐾𝐼𝐼 corresponding to Mode-II, e.g., in lap 

shear tests) remains constant, as shown in Figure 2.32. This indicates that a further increasing in 

bond area size (e.g., 𝐿) no longer offers any additional fatigue capacity.   

 

Figure 2.32:Effect of joining length on mode-I and mode-II stress intensity factor K (a fracture mechanics parameter)  

 

 

Figure 2.33: Validation of Mode A failure - aluminum to steel welded lap shear tests 
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Figure 2.34: Failure Mode A versus Mode B in various joint types in which Mode A offers the best static and fatigue load 

capacity and should be ensured through optimum joint sizing 

Indeed, the results shown in Figure 2.31 has been confirmed by experimental test data 

(𝐿/ℎ ≈ 3), as shown in Figure 2.33 for direct welding aluminum to steel by the means of a new 

shear localization procedure described in [175-177]. In fact, joint design rules can be simply stated 

as: prevention of Mode B failure, if possible, regardless of static loading or fatigue loading.  As 

such, Mode A failure mode provides the best load capacity under given joint type and joint 

position, as illustrated in Figure 2.34 covering both dissimilar and similar material joints.  If the 

best load capacity is still not sufficient for a given structural applications, alternative joint type 

and/or joint position needs to be considered, as discussed in [178,179].  

2.5 Unresolved Critical Issues for Industrial Applications 

As discussed in sections 2.2 and 2.3, there have been numerous promising developments 

for achieving robust polymer to metal welding (e.g., either direct or through an intermediate 

carbonyl functional agent), industrial scale adoption of some of these dissimilar materials joining 

technologies is still at its infancy, particularly in mass-production environment. To accelerate a 
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broad adoption of these novel joining techniques for supporting industry’s drive towards multi-

material lightweighting, three major hurdles need to be overcome. These are: (1) an improved 

understanding of C-O-M chemical bond development mechanisms and their controlling 

parameters; (2) effective procedures for extracting joint properties from simple lab test specimens 

for supporting computer-aided engineering of multi-material structures; (3) joint design guidelines 

for improved jointability in process and joint performance in structural context. These are further 

discussed below.  

2.5.1 Dominant chemical bond formation mechanism 

Carbonyl functional group (C=O) has been the most important chemical component for 

achieving the strong direct joining between the metals and the polymers (plastic). However, there 

are multiple theories on the bond formation mechanisms. Al-O-C type covalent bond formation 

between the aluminum and the polymer chain via carbonyl group, covalent bond formation 

between native aluminum oxide and the polymeric chain, and hydrogen bonding between the 

native aluminum oxide and the polymeric chain via hydrolysis of hydrocarbons in conjunction 

with the carbonyl group are among the top. The Van der Waals effect at the bonding interface is 

also considered a contributing factor.  How to experimentally confirm one dominant bonding 

mechanism and to what extent over others under a given direct joining process condition remains 

to be challenging. The ability to do so is important for developing optimized direct joining process 

for promoting the uniformity and sufficient length scale of the resulting covalent chemical bond. 

In addition to capable measurement and characterization techniques, novel experimental 

approaches (e.g., the alumina/PA66 coating experiment by Liu et al [180]) to isolate and promote 

some of the bonding mechanisms can be rather effective for elucidating favorable bond formation 

environment. Such insights played a key role in their subsequent process development [154,174].   
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2.5.2 Joint property development 

As discussed in Sec. 1, once a capable direct joining process has been established, it is 

important to establish a mechanics-based procedure for extracting mechanical properties from lab 

specimen test data for supporting CAE of multi-material structures. It should be emphasized here 

that any joint properties, e.g., joint tensile strengths, fatigue strengths (typically expressed in terms 

of S-N curve in stress life or E-N curve in strain life context) must satisfy transferability 

requirements, i.e., properties that must exhibit invariance over specimen types (e.g., different 

thickness combinations of polymer and metal substrates) and loading mode (e.g., lap-shear versus 

coach-peel, see Figure 2.31). This aspect has not been adequately addressed, as demonstrated in 

Section 2.4.  The recent developments in computational methods, e.g., the mesh-insensitive 

traction structural stress method, can be an effective tool for extracting joint properties from simple 

lab specimen tests for use in CAE based design optimization of complex structures. Once an 

effective joint property extraction procedure is in place, another benefit is that bond quality and its 

effect on a specific joint property parameter can be determined through either lap specimen testing 

or finite element modeling (see Figs. 2.29-2.330).  

2.5.3 Quantitative joint design methods  

Design of dissimilar material joints, particularly for direct joining methods (versus 

traditional mechanical fastening, as an example), is mostly done through empirical means today. 

As described in some recent investigations (see [154,156,174]), a proper joint design can 

significantly improve not only jointability and cost in manufacturing, but also joint performance 

in structures. Here, by joint design, we refer to three essential aspects: (1) joint location, (2) joint 

type (e.g., lap versus butt-seam); (3) joint detailing (bonding area size, end fillet (see Figure 2.26), 

and nearby geometry (see [154,156,174]). As demonstrated in Figure 2.32, for a given dissimilar 



 54 

material combination, there exists an optimum interfacial bonding area or size, beyond which any 

benefit becomes rapidly diminished. As discussed in Section 2.4, advanced computational 

modeling methods are now available for quantitatively evaluating the three aspects above for 

structural applications. A longer-term objective should be the development of industry-wide joint 

design guidelines for typical dissimilar joint types and joining processes for mass-produced 

products for supporting a broader application of some of advanced joining processes, which will 

facilitate confidence building, reduce development costs, and ensure product safety.   

2.6 Closure 

A state-of-the-art assessment of polymer-metal joining research and promising techniques 

have been presented, with a particular emphasis on their potential for structural applications in the 

mass-produced marketplace. Direct welding of polymer to metal is not only possible but also 

shows the potential for applications in mass-production environments, in addition to its simplicity 

and excellent joint performance for some dissimilar material combinations.  To accelerate a broad 

adoption of these novel joining techniques for supporting the industry’s drive towards multi-

material lightweighting, three major hurdles need to be overcome. These are: (1) an improved 

understanding of C-O-M chemical bond development mechanisms and their controlling 

parameters; (2) effective procedures for extracting joint properties from simple lab test specimens 

for supporting computer-aided engineering of multi-material structures; (3) joint design guidelines 

for improved jointability in process and joint performance in structural context.  

Regarding the C-O-M chemical bond mechanisms, the carbonyl functional group (-C=O-) 

has been the most important chemical component for achieving the strong direct joining between 

the metals and the polymers (plastic). However, there are multiple theories on the bond formation 

mechanisms. Al-O-C type covalent bond formation between the aluminum and the polymer chain 



 55 

via carbonyl group, covalent bond formation between native aluminum oxide and the polymeric 

chain, and hydrogen bonding between the native aluminum oxide and the polymeric chain via 

hydrolysis of hydrocarbons in conjunction with the carbonyl group are among the top. The Van 

der Waals effect at the bonding interface is also considered a contributing factor.  How to 

experimentally confirm one dominant bonding mechanism and to what extent over others under a 

given direct joining process condition remains to be challenging. The ability to do so is important 

for developing an optimized direct joining process for promoting the uniformity and sufficient 

length scale of the resulting covalent chemical bond. In addition to capable measurement and 

characterization techniques, novel experimental approaches to isolate and promote some of the 

bonding mechanisms can be rather effective for elucidating a favorable bond formation 

environment. Such insights played a key role in their subsequent process development.   

With an improved understanding of the C-O-M bonding mechanisms and some of the 

chemical bond quality improvement techniques reviewed in this article, some main-stream 

structural applications are expected to be realized in the near future for achieving ever-increasingly 

structural lightweight goals by the transportation industry. Along this line, the research needs for 

supporting the technology transition are also highlighted, particularly in the area of joint property 

development and effective methodologies for optimum joint design for jointability and joint 

performance. Some of the recently developed computational methods are demonstrated through a 

number of detailed examples.  Then, “using the right material at the right place” can become a 

reality for mass-produced products for meeting today’s structural lightweighting needs.  
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Chapter 3 Direct Joining of Metal and Non-Polar Polypropylene Thermoplastic Composite 

3.1 Introduction 

 Concerns for environmental sustainability and demands for vehicle performance continue 

to drive major vehicle manufacturers to pursue more advanced lightweight structure solutions 

[1,2]. Most recent studies have shown that multi-material structures are the most effective way of 

achieving structural lightweighting in transportation vehicular systems by “using the right material 

at the right place”. Cost-effective manufacture of reliable multi-material structures, e.g., made of 

lightweight metals and polymer composites, has been considered one of the major challenges for 

realizing the benefits of these advanced lightweight vehicular structures [3,4]. These multi-

material structural design scenarios often require combining steels, and aluminum alloys with 

various polymeric composites through either direct or indirect welding and joining methods.  

 One of the key challenges in manufacturing multi-material structures in a mass-production 

environment is how to cost-effectively achieve strong bonding between metal and polymer 

composite. Traditionally, metals and polymers were typically joined together using adhesives 

and/or mechanical fastening methods. Adhesive joining requires significant curing time under the 

support of special fixtures, and its byproducts sometimes can be hazardous to the environment [5]. 

Mechanical fastening using rivets, nuts, bolts, and mechanical engraving, adds additional weight 

to the hybrid structure, creates stress concentration sites that are prone to fatigue failures, and 

cannot attain hermetic sealing [6,7]. These issues can be addressed to a large degree by developing 

robust welding methods capable of joining metal and polymer composites directly [8,9]. In the 
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past decade, some advanced welding concepts were investigated for joining metals and 

polymer/polymer composites, such as friction lap welding (FLW) [10–14], ultrasonic welding 

[15,16], laser direct welding [17–20], induction welding [21], and resistance spot welding [22]. 

Among these newly developed welding methods, FLW has the advantages of high welding speed, 

good bonding strength, fewer process parameters to control, low material and mechanical property 

losses, and absence of environmental hazards [10,11]. It should be noted that some of these 

welding methods mentioned above have been demonstrated to be able to produce considerable 

high bonding strength between metal and polyamide (PA) based materials without special 

preprocessing or surface modifications [10,23,24]. However, to our best knowledge, none of them 

can be used successfully for joining metal and polypropylene (PP) based composite materials 

which are widely used in auto-body closures [13,25].  

The major difficulty can be attributed to the PP polymer’s molecular structure [24]. It has 

been shown that various metals can be welded directly to polymethylmethacrylate (PMMA) [26], 

polycarbonate (PC) [27], polyethylene terephthalate (PET) [17,28], PA [10,15,22,29–32], 

polyether ether ketone (PEEK) [21,33–36], and polyetherimide (PEI) [16]. All these polymers 

contain carbonyl functional groups (C=O). Liu et. al., [24] demonstrated that the carbonyl group 

on the thermoplastic surface reacted with aluminum atoms on the surface of aluminum alloys once 

an intimate contact can be created during the welding, leading to the formation of strong C-O-Al 

chemical bonds at the bonding interface. Liu et. al., [24] also concluded that it is difficult to directly 

weld metals to thermoplastics that do not contain polar functional groups, such as polypropylene, 

and polyethylene without any surface or material modifications.  

To overcome the difficulties associated with the lack of polar functional groups, special 

surface modifications of metal and/or PP sides, therefore, have been explored for increasing their 
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weldability. Additional physical and chemical treatments have also been examined to introduce 

geometrical features at a microscopic scale on the metal surface to promote micro-mechanical 

interlocking between metals and PP under different welding conditions [25,37]. Along this line, 

the application of silane coupling agent on the metal surface has been proven beneficial for 

enabling the bonding between the metal and PP [22]. Surface modification of PP by plasma 

treatment [38] and bulk polymer modification by maleic anhydride grafting [39,40] have also been 

useful for joining PP with metals. These promising outcomes were attributed to the contributions 

of plasma treatment which generated transient functional groups on the PP surface and maleic 

anhydride grafting that contains carbonyl functional groups [41,42]. On the other hand, micro-

mechanical anchoring provided by laser texturing has also become a suitable means to provide the 

joining through mechanical interlocking mechanism when the functional groups are absent in the 

polymer [25] or when to fulfill the requirement of joint strength improvement [33].  

PP has the lowest polymer density and its composites have been very cost-effective among 

other available thermoplastic composites [43–45]. Demands for PP-based composites for 

producing metal-polymer hybrid structures have been surging in recent years in the automotive 

industry due to the significant advancements in thermoplastic composite manufacturing[46,47]. 

Even though the surface modification methods mentioned above have shown their efficiency in 

enhancing the bonding strength between metals and PP, these methods are still less attractive for 

the mass-production industry for which low manufacturing cost and production throughput are the 

main drivers.  

To address some of the challenges mentioned above, this study is focused on the 

development of a robust and direct PP to metal joining method.  Specifically, here we consider the 

combination of 6061 aluminum alloy (AA6061) and PP-based glass fiber reinforced polymer 
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composite (GFRP-PP) through a spot weld configuration. Through a simple and inexpensive 

carbonyl group seeding technique, it can be shown that strong chemical bonding at the GFRP-PP 

and AA6061 interface can be consistently established, resulting in strong bonding strengths. Both 

mechanical and interfacial microstructure characterizations are then performed for characterizing 

the resulting bonding interface quality and effects of various process parameters. The underpinning 

bond formation mechanisms at the joint interface between AA6061 and PP-based GFRP-PP are 

also discussed. 

Table 3.1: Mechanical and physical properties of AA6061-T6, 40GFRP-PP, and PA6 

 AA6061-T6 40GFRP-PP PA6 

Ultimate tensile strength (MPa) 310 115 85 

Yield strength (MPa) 242 - - 

Elastic modulus (GPa) 68.9 8.66 3.30 

Elongation at break (%) 12.50 4.50 40 

Melting temperature (℃) 476-660 165 230 

Thermal conductivity (W m-1 K-1) 167 0.30 0.25 

Coefficient of thermal expansion (μm m-1 K-1) 23.6 45 90 

 

Table 3.2: Elemental composition of AA6061-T6 sheet (wt.%) 

 Al Si Zn Fe Cu Mg Ni Mn Ag Cr Others 

AA6061 Balance 0.17 0.11 0.11 0.10 0.08 0.03 0.03 0.01 0.05 <0.025 

3.2 Materials and Methods 

AA6061 and GFRP-PP containing 40% glass fiber were used in this study. The physical 

and mechanical properties of both materials are listed in Table 3.1. As a point of reference, the 

conventional friction-assisted joining process is demonstrated in Figure 3.2(a) and a non-

consumable heat-treated flat head steel tool of 20 mm diameter used is shown in Figure 3.2(b). 

Corresponding forge force and forge depth variations as a function of weld time are shown in 

Figure 3.2(c). A modified version of the friction-assisted spot joining schematic is shown in Figure 

3.3(a), in which an off-the-shelf 50-μm thin PA6 film was placed for seeding the functional group 
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as an inter-layer between AA6061 and GFRP-PP (Figures 3.3b and 3.3c). Note that the color of 

the PA6 film is chosen only for providing a sufficient contrast in subsequent bonding surface 

examination. The physical and thermal properties of the PA6 film are listed in Table 3.1 and the 

chemical composition of AA6061-T6 is listed in Table 3.2. The dimensions of the specimen used 

are shown in Figure 3.4(b-c). The aluminum sheet was polished with P400 sandpaper and then 

degreased with ethanol before joining. No special surface or bulk material modification was 

performed on the GFRP-PP composite.  

 

Figure 3.1:Chemical structure of (a) Polypropylene (PP) without any functional group, (b) nylon-6 (PA6) containing carbonyl 

functional group 

 

Figure 3.2: (a) Schematic of a friction spot joining method, (b) non-consumable steel tool, (c) forge force and depth variation 

during the main phase of friction assisted joining process, (d) non-joinable AA6061 and GFRP-PP by conventional method 
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Sandwich assembly using PA6 inter-layer was prepared as shown in Figures 3.3(a-b) and 

an initial force of 150N using the said flat head tool were applied to maintain close contact between 

metal and composite sheets. Friction-assisted spot joining was then performed at a constant tool 

rotation rate of 1800 rpm under displacement control mode. Forge depth was varied from 0.05 to 

0.15 mm and spot weld times of 3, 6, and 12-sec were used. 

Three K-type thermocouples were used to measure the interface temperatures and their 

embedded arrangements are shown in Figure 3.8(a-b). Lap shear tensile experiments were 

performed to obtain the joint strength in an MTS load frame at a displacement rate of 1 mm/min 

(Figure 3.4a). Cross-sectional analyses at macro and microscopic levels were performed along the 

section BB’ (Figure 3.8a) using Nikon DIC optical microscope (OM) and a JEOL IT500 scanning 

electron microscope (SEM). SEM observations were carried out at 5kV – 15kV accelerating 

voltage under secondary electron detector (SED) mode and at 15kV accelerating voltage under 

back electron detector (BED) mode. The lengths of the bonding regions were measured along the 

aluminum surface at the cross-sections and the depths of the melting region were measured under 

the nugget center (Figure 3.6a-c).   

3.3 Results  

           As stated in the previous section, due to its non-polar nature (Figure 3.1a), low surface 

energy, and hydrophobicity, PP-based composite does not join with any metal without any special 

surface or material pre-treatment. After the initial polishing and degreasing, several welding trials 

were conducted to join AA6061 and GFRP-PP using the reference welding parameter variation as 

shown in Figure 3.2c, and the resulting scenarios are presented in Table 3.3. As can be seen in 

Table 3.3, none of the welding parameter combinations could produce the joining between 

AA6061 and GFRP-PP, and sheets of both materials fell apart (Figure 3.2d) as soon as the tool 
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was lifted from the metal surface. Consequently, no significant polymer residue was observed on 

the metal side (Figure 3.2d).  

Table 3.3: Summary of welding trials to join AA6061 and GFRP-PP without PA6 thin film inter-layer and any special surface or 

material pre-treatment 

Spot Weld Time (sec) 900 RPM 

0.10 mm  

1800 RPM 

0.10 mm 

1800 RPM 

0.15 mm 

3 No Joining No Joining No Joining 

6 No Joining No Joining No Joining 

12 No Joining No Joining No Joining 

25 No Joining No joining No joining 

 

 

Figure 3.3: (a) Schematic of friction spot joining method using thin film insert, (b) detailed view of material placement during 

joining, (c) 50 µm thick PA6 insert film, (d) top view of the AA6061/GFRP-PP joint produced using thin PA6 film [1800 RPM, 

12-sec and, (f) bottom view and base material failure of the joint produced after the lap shear tensile test 

3.3.1 Bonding enabled by carbonyl group seeding  

 Figures 3.3(d-f) illustrate a strongly bonded joint between AA6061 and GFRP-PP 

composite substrates, in contrast to Figure 3.2(d) which shows no signs of bonding at all. The 

inter-layer of PA6 thin film enabled the formation of a strong bond between these two materials 

without requiring any special surface or material modifications either on the metal or GFRP-PP 
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side. Figure 3.3(d-f) represent a specimen produced at 1800 rpm, 12-sec spot weld time, and 0.10 

mm forge depth before and after the lap shear tensile experiment. Except for the plastically 

deformed region under the tool impression, no noticeable thermo-mechanical distortion was seen 

on either side of the specimens (Figures 3.4d-f). Figure 3.4(f) shows the base material failure, 

suggesting a much stronger joint than the base GFRP-PP composite material.  

The failure location is at some distance away from the tool center, indicating a sufficiently 

developed interfacial bonding between both materials, which offers sufficient joint strength. It 

should be emphasized here that the joining method demonstrated here requires no special bulk or 

surface modifications on either material side, unlike the existing methods either using surface 

treatments [25] or bulk material modification methods [39,41,48]. It should be pointed out that 

maximum loads at failure not the joint strengths are compared to determine the maximum load 

capacity of the joints. For deriving joint strength in terms of stress at failure for comparing with 

other specimen types (e.g., cross-tension [49,50]) or structural applications, the mesh-insensitive 

structural stress methods [51–53] can be used, which is beyond the scope of this study.  

 

Figure 3.4: (a) Lap shear tensile test schematic, (b) & (c) major dimensions of the specimen used, (d) summary of the peak loads 

at failure during lap shear tensile test 
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3.3.2 Joint strengths, failure modes, and key welding parameters  

 Joint strengths were evaluated using lap-shear specimen design configuration (see Figure 

3.4a through 3.4c) typical of those used for spot welded specimens [25,34] under different welding 

conditions in terms of friction tool forge depth and welding time. The results are shown in Figure 

3.4d corresponding to a constant tool rotation rate of 1800 rpm. Two important observations can 

be made from the lap shear tensile test results obtained in Figure 3.4d. First, the spot weld time 

has significant effects on the joint load capacity (measured as the load at failure). The load at 

failure increases with spot weld time and reaches its maximum value when the weld time reaches 

about 12 seconds, when tensile failure within the PP substrate at some distance away from the spot 

weld area occurs, hereafter referred to as base material failure mode.  

 

Figure 3.5: (a-i) Failure patterns after lap shear tensile test of AA6061/GFRP-PP joints produced using PA6 thin film inter-layer 

[1800 RPM, various forge depth and spot weld time], (j) comparison of the bonding region lengths measured as the outer 

diameters of the bonding region lengths measured as the outer diameters of the melting zone (MZ). 

 The apparent lower failure loads with weld time of less than about 12 seconds can be related 

to insufficient bond formation at the interface, leading to the interfacial failure mode, i.e., failure 
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along the interface between the aluminum and PP substrates, as shown in Figure 3.5(a) through 

3.5(f). Second, welding forge depth within the range considered did not influence the joint load 

capacity in any significant manner. As can be observed from Figure 3.4(d), all three forge-depths 

resulted in similar levels of loads at failure in all cases. Also, as stated in Section 3.2, an initial 

contact force of around 150 N was used to keep both material sheets in close contact to avoid any 

gap between the joining surfaces before starting the process. This suggests that the forge depth 

does not affect the joint formation significantly as long as an initial minimum contact force is 

maintained between both the materials. 

As substantiated in Figure 3.5(a) through 3.5(f), within the cases exhibiting interface failure 

mode corresponding to weld time being less than 12 seconds, the increase in failure loads shown 

in Figure 3.4d can be attributed to the increase in interfacial bonding area indicated by the overall 

increased area size of PP composite residuals sticking to the aluminum substrates. As the weld 

time reaches about 12 seconds, the failure mode transitions to base material failure in PP composite 

substrates (Figures 3.5g through 3.5i) in all cases resulting in the maximum joint load capacity 

given in Figure 3.4d.  

3.3.3 Interfacial microstructure characterization   

SEM micrographs of the cross-section in Figure 3.6(a-b) further elucidate the bonding 

interface and bond-line microstructure features of the joint developed between AA6061 and 

GFRP-PP at 1800 rpm, 12-sec spot weld time and 0.10 mm forge depth. A mixed network of 

polymers and randomly distributed glass fibers across the composite side can be seen in Figure 

3.6(a) without any fiber penetration through or across the aluminum surface. Since the peak 

process temperature is above 350 ℃ (Figure 3.9c), both polymers must generate various chemical 

compounds through pyrolysis at elevated temperatures. Consequently, gases and bubbles form in 
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the viscous polymer melt and migrate away from the aluminum surface under high pressure. These 

bubbles become cavities during polymer re-solidification and are encircled in Figure 3.6(a).  

 

Figure 3.6: Cross-sectional SEM images of AA6061/GFRP-PP joint [1800 rpm, 12-sec and 0.10 mm], (a) low magnification 

SEM micrograph with visible cavities, (b) high magnification SEM micrograph depicting bonding interface and PA6-fibers-PP 

network 

An intimately bonded interface between AA6061 and PA6 near the aluminum surface and 

a significant amount of PA6 dispersion towards the GFRP-PP composite side can be further 

observed in Figure 3.6(b). A network of PP matrix, glass fibers, and PA6 wrapping the glass fibers 

in the re-solidified polymer melt are highly pronounced below the aluminum surface (Figure 3.6b). 

It suggests that frictional heat melted the PA6 and PP matrix, and glass fibers were physically 

inter-mixed again between these polymers. The system then re-solidified as a multi-material 

composite network near the aluminum surface. 

Figures 3.7(a-c) show a tightly bonded AA6061 and PA6 interface. The boundaries are 

non-distinguishable at the nanoscale and can be seen intimately fused (Figure 3.7c). “Fused 

boundaries suggest intimate bonding between both materials without any significant mechanical 

interlocking features”. The intimate bonding between the AA6061 and PA6 consistently prevails 

for most of the joint bond-line (Figure 3.6a-b), although the spread of PA6 varies with respect to 

the nugget center location (Figure 3.6b and 3.12). 
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Figure 3.7: SEM images of bonding interfaces in AA6061/GFRP-PP joint [1800 rpm, 0.10 mm and 12 sec], (a-c) Al-PA6 

interface, (d-f) PA6-fiber interface 

Figure 3.7(d) shows a glass fiber surrounded by the PA6 and another 400 nm thick layer 

of unidentifiable material which is further observed in Figures 3.7(e-f) between PA6 and the glass 

fiber. Since PP was reinforced by 40% glass fibers in GFRP-PP, the residual layer may be a layer 

of PP matrix that remained on the fiber during the melting and re-solidification of polymers. It 

suggests that despite a thin layer of residual material on the glass fiber, PA6 is surrounding the 

glass fibers intimately, and formulates a strong multi-material composite network with GFRP-PP. 

A further molecular level adhesion characterization of this interface is beyond the scope of this 

article.  

 

Figure 3.8: SEM images showing possible PA6-PP interface in AA6061/GFRP-PP joint [1800 rpm, 12-sec and 0.10 mm] 
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Figures 3.8(a-c) illustrate a noteworthy feature between PA6 and PP matrix materials. In 

general, PA6 and PP polymers are incompatible to mix and do not interact chemically due to their 

significantly opposite polar characteristics [40,54]. PA6 is polar in nature (Figure  3.1a) due to the 

presence of oxygen and nitrogen as electronegative species, whereas PP does not have any such 

electronegative species in its chemical structure (Figure 3.1b), making these two polymers 

chemically incompatible with each other [54]. However, we can observe an undefined interaction 

between both polymers at the nano-scale level and three-dimensional fibrillar linkages of PA6 can 

be seen diffusing in the PP matrix (Figures 3.8b-c). Probable molecular chain entanglement either 

at a physical level or chemical mixing of both the polymers under high temperature and pressure 

conditions can be attributed to this phenomenon and, a comprehensive physical and chemical 

analysis is necessary to provide more meaningful insights further in the future.  

 

Figure 3.9: Interfacial temperature measurement, (a-b) schematic of thermocouple (TC) placement, (c) temperature 

measurements for AA6061/GFRP-PP joint [1800 rpm, 12 sec, 0.10 mm] and, (d) ratios of MZ to DZ for various process 

parameters. 
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Interfacial temperature histories are examined, as shown in Figure 3.9. Figures 3.9(a-b) 

show the embedded thermocouple placements during spot welding corresponding to 1800 rpm 

friction tool rotation, 12-sec spot weld time, and 0.10 mm forge depth.  Figure 3.9(c) shows the 

interfacial temperature history measurement data corresponding to the three interfacial positions 

described in Figure 3.9(b). As can be seen in Figure 3.9b, thermocouple-1 (TC1) was placed at the 

centerline of the nugget, TC2 was placed underneath and adjacent to the tool boundary (tool 

diameter 20 mm) and, TC3 was placed where the through-thickness failure initiation of GFRP-PP 

was observed (just before 23.50 mm from the nugget center). TC1 provided the temperature profile 

under the nugget center and reached a maximum of 394 ℃ representing the overall peak process 

temperature (Figure 3.9c). This indicates a high frictional heat diffusion radially inwards 

increasing the temperature at the center higher than in other locations. TC2 and TC3 registered 

maximum temperatures of 336 ℃ and 185 ℃ respectively (Figure 3.9c). Also, TC1 maintained a 

comparatively higher temperature than TC2 and TC3 throughout the process. This can be 

attributed to the farther positions of TC2 and TC3 from the nugget center and unavoidable losses 

of frictional heat while diffusing radially outwards from the center.  

As can be seen in Figure 3.9(c) that all the thermocouples maintain temperatures higher than 

165 ℃ after a 6-sec spot weld time where 165 ℃ represents the melting point of the PP matrix. 

The thermal decomposition of pristine PP and PA6 starts above 355 ℃ and 398 ℃ respectively 

and glass fiber reinforcement can increase the decomposition temperature for GFRP-PP further 

beyond 425 ℃ [55,56]. Additionally, as shown in Figure 3.9(c), the peak process temperature 

measured (TC1 peak) is near 400 ℃, and the TC1 temperature profile is above 350 ℃ for most of 

the joining process duration. This indicates a reasonable possibility of partial thermal 

decomposition of both the polymers near the tool center. However, TC2 and TC3 temperature 



 82 

profiles are well below the decomposition temperatures, suggesting no significant thermal 

decomposition of both the polymers away from the tool center. Corresponding melting zone (MZ) 

diameter from Figure 3.5(j) and decomposition zone (DZ) diameters are further used to obtain 

MZ/DZ and are shown in Figure 3.9(d). It can be observed that the 12-sec spot welding 

significantly increases the MZ/DZ corresponding to the stabilized temperature regime in Figure 

3.9(c) beyond 6-sec spot weld time.  

 

Figure 3.10: Failure features of the produced joints [1800 rpm, 0.10 mm] at, (a) 3-sec spot weld time, (b) 6-sec spot weld time, 

(c) SEM micrograph of R1 on aluminum side, (d) SEM micrograph of R2 on aluminum side 

3.3.4 Fracture surface analysis 

 Posterior analyses of fracture feature further elucidate the bonding phenomenon between 

AA6061 and GFRP-PP due to the thin PA6 insert layer and are shown in Figures 3.10(a-d). Joints 

developed at 1800 rpm and 0.10 mm forge depth was selected owing to the reasons stated in earlier 

sections. Figures 3.10(a) and 3.10(b) show the interfacial fracture features of 3-sec and 6-sec spot-

welded joints respectively. Due to their different failure surface morphologies, three distinct 
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bonding regions can be observed. Region-1 (R1) contains the area with a noticeable tool 

impression under the aluminum sheet and receives the highest amount of heat during the joining 

process to attain the peak process temperature (Figure 3.10b). Region-2 (R2) is the shiny area 

beyond R1 with a significant amount of PA6 residue on both aluminum and PP composite sides 

(Figure 3.10b). Region-3 (R3) is the outermost thick ring of re-solidified PP and PA6 residues 

surrounding R2 (Figure 3.10b). All the regions are shown in Figure 3.10(b) and can be seen 

evolving, with spot weld time conforming with Figure 3.5. Other researchers [10,25,57] have used 

different terminologies for such regions responsible for bonding based on similar 

thermomechanical and adhesion characteristics.  

 Furthermore, Figure 3.10(a) shows a spread of PP residue (blackened area) and fibers in 

R1 starting at a 3-sec spot weld time. PP residue and fibers’ density increase for the 6-sec spot 

weld time in R1 on the aluminum side as shown in Figure 3.10(b) and are expected to increase 

further for the 12-sec spot weld time. Due to high heat input, a large amount of polymer must melt 

in R1 and flow outside the R1 under high tool pressure, leaving a shiny saddle transition surface 

surrounding R1 (Figure 3.10b). Similarly, due to high heat, the density of gaseous bubbles must 

be high in R1 compared to surrounding areas. Consequently, R1 shows interface failure features, 

and the fracture surfaces on the aluminum side depict the morphology of intermittently broken 

bubbles, cavities, and polymer network tearing (Figure 3.10c). Dominated by high bubble and 

cavity concentrations and resultant failure features, R1 alone cannot provide high joint strength.  

On the other hand, R2 has a different correlation with spot weld time compared to R1. As 

can be seen in Figure 3.5 and Figure 3.10(a-b), the width of R2 increased significantly both in 

aluminum and PP composite sides with spot weld time. R2 has an opaque residue of PA6 material 

which increases both on aluminum and PP composite sides with increasing spot weld time. The 
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PA6 residue in R2 is not consistently uniform and spots of shiny aluminum surface also appear in 

R2 on the aluminum side (Figure 3.10d). Its mixed spread on both aluminum and GFRP-PP sides 

suggests that R2 has both adhesive and cohesive failure features as can be seen in Figures 3.10(b 

& d). Furthermore, R2 has only minute traces of glass fibers as can be seen in Figures 3.10(d). The 

absence of fibers in R2 at the aluminum side, suggests that PA6 film melted and resolidified with 

glass fibers of GFRP-PP to form a strong multi-material composite network in R2. The fiber 

network between PA6 and glass fibers is significantly stronger than the PA6 and aluminum 

bonding in R2 and does not break in PP composite (Figure 3.10d). The absence of any cavity-

breaking features in R2 implies that bubbles if formed, should be very few in R2. A further increase 

in spot weld time from 6-sec must melt and resolidify a higher amount of PA6 and PP matrix in 

R2 and further increase the bonding strength. Owing to the low possibility of bubbles and a 

combination of adhesive-cohesive failure features, R2 should provide a high contribution toward 

overall joint strength. This fact is more pronounced in the 12-sec spot-welded joint (Figure 3.11) 

which failed in the base PP composite material. 

 

Figure 3.11: Resolidified PA6 near fracture origin in the joint [1800 rpm, 0.10 mm and 12 sec], (a) global view, (b) local view of 

PA6+PP reconsolidation near through crack fracture region, (c) SEM micrograph of crack front location and ridges, (d) ridges 

pattern on the aluminum side 
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 The outermost region R3 has a different morphology compared to R1 and R2 as shown in 

Figure 3.10(b). The outer diameter of R3 increases significantly with spot weld time as can be seen 

in Figures 3.10(a) and 3.10(b). It has a thick blackened ring of re-solidified material when spot 

weld time is 3-sec (Figure 3.10a), and it partially diffuses with PA6 when spot weld time increases 

to 6-sec (Figure 3.10b). The outer edge of R3 for the 12-sec spot-welded specimen suggests that it 

has ridge patterns (Figure 3.11b-d). Ridges form due to the squeezing action of molten viscous 

polymers away from the nugget center during the joining process. These ridges further formulate 

bulk material waviness in R3 when re-solidified, causing material discontinuities. Such melt flow 

and re-solidification caused material discontinuities in R3 must increase the stress concentration 

significantly near the outer edge of R3 (Figure 3.11b-d). Consequently, the fracture location 

appears near the edge of R3 as shown in Figure 3.11(b). It further follows from the morphologies 

and failure features that; qualitatively, bonding regions should follow a ranking of R2 > R1 > R3 

towards the joint strength contribution. In other words, the boundary of the R1 corresponds to the 

DZ and the boundary of the R3 corresponds to the MZ. As shown in Figures 3.5 and 3.9(d), the 

fracture mode transitions from the interfacial failure mode for the 3 and 6-sec spot weld time, to 

BM failure for the 12-sec spot weld time when the MZ/DZ increases to the maximum attainable 

value. 

3.4 Discussions 

3.4.1 Bonding mechanisms 

It is worth noting that all A6061 aluminum substrates used in this study were subjected to 

polishing using P400 sandpaper and degreasing with alcohol. The polishing process with P400 

sandpaper typically provides surface roughness of around 30 µm without any significant depth and 

is not sufficient to achieve a strong micro-mechanical interlocking effect [25]. AA6061 and GFRP-
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PP did not join without the PA6 inter-layer (Figure 3.2d and Table 3.3) after AA6061 surface 

polishing and degreasing using P400 sandpaper. However, using the same surface degreasing 

process, the strong joining between AA6061 and GFRP-PP (Figure 3.3d-f and Fig 3.5) was 

achieved when using the PA6 inter-layer, and, joining can be solely attributed to the application 

of functional group seeding inter-layer via PA6 thin film. The temperature profile due to the 

frictional heating in Figure 3.9c suggested that all the joining regions were either at the melting 

temperature of the PP matrix or higher and TC1 and TC2 remained above the melting temperature 

of PA6 throughout the joining process suggesting sufficient melting of both PA6 and PP matrix 

and mixing with the glass fibers to formulate the multi-material composite network. This multi-

material composite network initiated at the AA6061 surface with the PA6 formulated an intimate 

interface with the AA6061.  

Due to the presence of functional groups, PA6 must react strongly with metals and should 

be the major contributor to the strongly bonded interface between aluminum alloy and PA6 

[11,24]. Liu et al., [24] proved that the formation of the C-O-Al type of chemical bond is a highly 

probable cause for providing intimate bonding between aluminum and PA6 type polymers. In 

addition, other researchers have suggested other possibilities of different chemical interactions 

between PA6 and metals [58,59]. AA6061 is an alloy containing various compositional elements 

and is always prone to have oxide and hydroxide layers when exposed to atmospheric conditions. 

In addition, hydrocarbon contaminations are likely to be present before and during the welding 

process, suggesting various combinations of chemical interactions between aluminum surface and 

PA6. On the other end, both PA6 and PP matrices are found to have a strong network via the glass 

fibers and form a strong interface at the AA6061. The boundaries of AA6061 and PA6 are 

indistinguishable in Figure 3.7(c), suggesting a strong and intimate bonding between both 
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materials at the molecular level. Further quantification of chemical and physical bonding types at 

an atomic or molecular level is out of the scope of this study.  

Another important feature of bonded regions observed in Figure 3.5 is further illustrated in 

detail in Figure 3.10. All these bonded regions are predominantly circular and are found to be 

playing a significant role in joint quality. The placement of the friction tool and the distances from 

all the joint boundaries were maintained to keep the joint geometry symmetric with respect to the 

tool center and tool surface area. Edges of the joint were maintained square of 70 mm x 70 mm 

and a minimum one tool diameter distance was maintained between the tool edge and the joint’s 

outer edges providing a significant space to contain the pressure generated during the tool plunging 

and polymer melting during the joining process. Additionally, the spread of the melting zone 

increases more compared to the concentration of the decomposition zone around the tool 

impression (Figures 3.5 a-j and Figure 3.9d) which signifies a fully developed joint under the 12-

sec spot weld condition for the said material combination. This can potentially happen when the 

interfacial contact regions have reached the melting point of both the PA6 and the PP matrix 

material, as can be seen from the corresponding temperature profiles in Figure 3.9(c) for an 

approximately stable thermal regime beyond 6-sec spot weld time. Further analysis to understand 

the effect of pressure containment and optimization corresponding to the tool and joint sizing and 

tool placement will be considered in future studies.  

Based on the macro and microscopic observations discussed above, the bond formation 

process can be described as illustrated in Figure 3.12, starting from polymer melting, to melt flow 

and melt re-solidification, leading to a multi-material composite network at the joint interface (see 

Figures 3.12(a-b)). As seen in the previous sections, spot weld time plays a vital role in forming a 

strong joint. With a sufficient spot weld time, e.g., 12-sec (see Sec. 3.3.2), the general 
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characteristics of the bonded region and its development process follow those shown in Figures 

3.12(a) and 3.12(b). As such, cavity-rich volume in R1, wide spread of PA6 forming composite 

with glass fibers of GFRP-PP in R2, and evolution of ridges in R3 are shown in Figure 3.12(a). 

Fully developed bonding regions on aluminum and GFRP-PP sides along with ridges in R3 are 

shown in Figure 3.12(b).  

 

Figure 3.12: (a) Schematic representation of multi-material composite network formation at the cross-section of AA6061/GFRP-

PP joint (T = 12-sec), (b) schematic representation of the fully developed bonding regions for a 12-sec spot-welded joint 

3.4.2 Process Characteristics   

 The proposed friction spot joining process for achieving metal-polymer joining has only 

four process parameters to control (tool dimension, rpm, forge depth, and spot weld time). It can 

be directly extended for performing friction lap seam welding which can be used to achieve metal-

polymer continuous joints and has numerous advantages [9,10]. The process offers several major 

advantages over existing joining processes, including (i) direct control of the bonded region 

through friction heating tool dimension, (ii) high welding speed without requiring special surface 
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or bulk material treatments, (iii) energy-saving and environmentally friendliness due to the absence 

of filler or masking gas, voltage sparks, and minimal material loss during friction heat generation. 

In addition, the application of an inexpensive and readily available PA6 thin film interlayer makes 

the process highly cost-effective. Note that PA6 thin film cost only around 1.50 cents per square 

inch of the joint produced between AA6061 and GFRP-PP in the laboratory which is significantly 

lower than other surface and material modification methods necessary to join said materials for 

load-bearing structural applications. After achieving the high quality joining under the current 

sample and material conditions, another future study of process parameter optimization is 

underway and is expected to bring forth an optimally short processing time aptly suited for 

automotive applications through the acquisition of a dedicated machine and control system. 

3.5 Conclusions 

 A simple and reliable process for joining nonpolar polymer composite to metal is presented 

and has been successfully demonstrated for joining AA6061 and GFRP-PP in a spot weld 

configuration by seeding functional groups through a readily available PA6 thin film as an 

interlayer.  The major conclusions of the present work can be summarized as follows. 

1. Reliable joining between AA6061 and GFRP-PP, which traditionally cannot be 

accomplished without special surface or material modifications, can now be achieved 

through a simple functional group seeding technique using a PA6 thin-film. The joint 

failure load increases from zero (no joining condition), without the PA6 film insert, to 

11.52 kN (BM failure) when using the PA6 film insert. The new process proves to be 

simple and cost-effective, particularly in a high-volume production environment.  

2. Although this study was not intended to develop a detailed process parameter window for 

a specific application, the experimental results show that the proposed joining process 
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possesses just a few parameters to control for ensuring bond quality consistency. Chief 

among them are weld time (12-sec for the material combination used) which governs the 

final interfacial bonding area and preset forge depth (corresponding to the 150 N preset 

force) which is to ensure initial intimate contact at the joint interface. As a result, the 

process can be readily adapted to various applications for joining nonpolar polymeric 

composites to metals.  

3. The application of PA6 provided the necessary interfacial bridging between the non-

joinable AA6061 and the GFRP-PP. The interfacial bonding mechanisms observed can be 

attributed to (1) direct bonding between aluminum and PA6 (resulting from PA6 film) 

through previously proven C-O-Al type chemical bonding and; (2) the formation of a 

strong multi-material composite network of PA6, glass fibers, and PP matrix, leading to a 

strong AA6061/GFRP PP joint.  
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Chapter 4 Direct Spot Joining of Thin Gauge Aluminum Alloy to Stainless Steel 

4.1 Introduction  

A multi-material approach to achieve effective structural lightweighting has gained 

increasing attention over the last decade [1–3]. As such, effectively combining steel with 

aluminum alloy can be a cost-effective means of attaining high strength-to-weight ratios in 

transportation systems, particularly for mass-produced automotive structures [4]. Another 

promising area of the multi-material applications approach is non-structural. These include thin 

gauge aluminum and steel combinations for automotive interior and exterior trims, weathering 

strips, and other related components [5–7]. Due to the nature of the high-volume production of 

these products, cost-effective dissimilar material joining methods become essential for realizing 

the potential of multi-material systems. This becomes particularly challenging when dealing with 

metallurgically incompatible material combinations, e.g., by directly welding an aluminum alloy 

to a steel substrate [8] (or polymer composite to metal [9–13]).    

It is well known that fusion-based welding methods introduce brittle intermetallic 

compounds (IMCs) at the aluminum alloy and steel (Al/Steel in short) interface [14,15]. The 

presence of a certain amount of IMCs can cause cracking during welding and degrade joint load 

capacity for structural applications [16]. In addition, IMCs have been shown to be highly 

susceptible to galvanic corrosion under service environments [17].  

As a result, solid-state joining methods have been considered in the research community. 

These include friction welding [18] and friction stir welding [19,20], roll bonding [21], magnetic 
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pulse welding [22], and vaporizing foil actuator welding (VFAW) [23,24] for joining the two 

incompatible metals directly. The first two methods have shown their potential, but consistently 

mitigating detrimental IMCs remains to be the major challenge. The last two are mostly 

investigated for some special applications, and VFAW uses a controlled high velocity impact to 

join the dissimilar material pairs. In the context of friction based joining processes, Ma et al. [25] 

showed that heat input during the friction joining of the aluminum alloy and the steel significantly 

affected the joint strength as a result of IMCs. The heat input during the joining process is further 

correlated with the IMC layer thickness, and the joint strength is significantly affected by the 

thickness of the IMCs at the interface. The joint strength was found to show a significant 

improvement with a reduction in IMC thickness. Kimapong et al. [26] reported that an IMC 

thickness of ~ 7 µm reduced the joint strength by ~ 60% for a joint compared to its strength when 

an IMC thickness was ~ 1 µm. Tanaka et al. [27] reported that the joint strength can be affected as 

much as three times when IMC thickness is reduced from ~ 1µm to ~ 0.1 µm. Watanabe et al. [28] 

showed that the thickness of the IMC layer in aluminum to steel joint under FSW increased with 

spot welding time used. There have been attempts of an intermediate transition layer, such as using 

Zn-based filler material [29] and utilizing the effect of silicon on Al-Si-based filler materials [30]. 

However, the presence of IMCs still cannot be avoided. 

It is well established that aluminum to steel joints are prone to galvanic corrosion, which 

can be further adversely affected by the presence of IMCs [17]. Wloka et al. [29] demonstrated 

that the cathodic material (Fe) containing IMCs increases the dissolution of base material under a 

corrosive environment significantly. Shi et al. [31] showed that IMCs help formulate the galvanic 

cell at the interface and dissolve the base metals, accelerating the corrosion process further. 

Sravanthi et al. [32] have shown that the IMCs participate in galvanic corrosion and can further 
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accelerate the corrosion process with increased layer thickness. Ma et al. [33] have shown that the 

corrosion potential is severely affected if the IMC layer thickness is high and the corrosion 

resistance drops. Reducing the IMC layer thickness to the sub-micron level is, hence, critical for 

achieving structurally applicable and corrosion-resistant joints between aluminum and steel. The 

corrosion behavior of these dissimilar material joints thus is a defining factor for a successful 

structural application.  

Several efforts have been used to either reduce the IMC layer thickness via controlling the 

heat input during the joining process or eliminate any IMCs at Al/Steel interface, including the 

stationary shoulder and buttering technique [25,34–36]. Along this line, noteworthy recent studies 

by Liu et al. [37] have shown that two dissimilar materials, e.g., aluminum alloy (AA6061-T6) 

and stainless steel 304, can be successfully joined together using a novel friction stir additive 

manufacturing (FSAM) method without detrimental IMCs at the interface through a controlled 

nanoscale shear localization induced amorphization (NSLIAA) process. Liu et al. [37] utilized a 

flat shoulder friction stir tool with a flat head pin and maintained a certain distance above the steel 

faying surface after penetrating the tool into the overlapped aluminum sheet. The rotating tool was 

then moved along the overlap length, maintaining the gap above the steel faying surface, enabling 

the NSSLIA process. Zhang et al. [38] further proved that the amorphous layer formed between 

the Al/Steel binary joints is stable and does not degrade or thicken under high-temperature post-

heat treatment.  

Encouraged by the recently discovered NSSLIA process for thick sheet aluminum alloy 

and steel combinations, this study is focused on achieving direct spot-joining of thin gauge 

aluminum alloy to stainless steel sheet by suppressing the IMCs at the interface by the NSSLIA 

process, develop a continuous amorphous reaction zone compared to discontinuous amorphous 



 98 

layer achieved for thick metallic sheet pairs and significantly improve the corrosion resistance. 

After establishing bond quality and probable presence of amorphous phase at the bonding 

interface, the effects of a well-adopted automotive corrosion cycle on the resulting weld nugget 

morphology and spot joint strengths are then investigated in detail to explore the applicability of 

thin sheet spot joints for automotive applications under severe environmental conditions.  

Table 4.1: Chemical compositions of stainless steel 316 (wt%). 

 Fe Cr Ni Mo Mn Cu C Si N S P Ti 

SS316 Bal. 16-18.5 10-15 0-3 0-2 0-1 0-0.08 0-1 0-0.1 0.35 0-0.045 0.7 max 

 

Table 4.2: Chemical compositions of AA6061-T6 alloy (wt%). 

 Al Mg Si Fe Cr Cu Zn Mn Ni Ti Other 

AA6061 Bal. 1.1 0.73 ≤0.7 0.08 0.29 ≤0.25 ≤0.15 ≤0.05 ≤0.15 0.15 

4.2 Materials and Methods 

Aluminum 6061-T6 alloy sheets of 0.60 mm in thickness and SS316 stainless steel sheets of 0.76 

mm in thickness were chosen to be joined for consideration in an automotive component. The 

chemical compositions of SS316 and AA6061-T6 are provided in Table 4.1 and Table 4.2, 

respectively, and their mechanical properties are listed in Table 4.3. A friction spot joining process 

was designed for this study by adopting a recently developed nanoscale shear localization process 

[37], as illustrated in Figure 4.1. The novelty of the shear localization-induced solid-state joining 

between the aluminum alloy and steel lies in the fact that it is capable of eliminating or minimizing 

the generation of IMCs. The process implemented here employs a non-consumable flat head tool 

with a shoulder and pin, as depicted in Figure 4.1. The pin used has a diameter of 8 mm and is 

maintained at a constant height “h” above the aluminum alloy/steel (Al/Steel) interface, as 

discussed in [37]. For the present study, it was set as 
ℎ

𝑡
=

1

3
, where t refers to the thickness of 
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aluminum sheet and maintained throughout the process. The steel surfaces were received with #8 

mirror polished surface condition securely covered with an adhesive back polymer film to avoid 

any contamination, and no surface or bulk material treatment was performed on aluminum alloy 

sheets. However, both sheets were cleaned using ethanol to remove dirt and grease from the 

surfaces. Although the perfectly flat steel faying surface without microscopic scratches is the 

primary requirement for this joining process, a mirror-polished surface was a final product surface 

requirement.  

Table 4.3: Mechanical properties of base metals 

 
Yield Strength 

(MPa) 

Ultimate Tensile 

Strength (MPa) 

Elongation 

(%) 

AA6061-T6 276 310 12 

SS316 290 580 50 

 

 
Figure 4.1: Friction spot joining process schematic: (a) tool placement with respect to the aluminum and steel sheets, and (b) 

critical dimensions of the friction stir tool 

The steel sheet was treated as the substrate, and the aluminum alloy sheet was placed on 

the top in the spot joining configuration, as shown in Figure 4.1. During the process, the non-

consumable tool rotation speed was set at 1000 rpm under displacement control mode for 20 

seconds. For process characterization purpose, temperature measurements on a number of selected 

samples were made by placing probe K-type thermocouple near the joint interface under the tool 
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footprint, as illustrated in Figure 4.2(a). A typical temperature history measured is shown in Figure 

4.2(b).  

For comparing with and without corrosion effects on joint strengths, one batch of the spot 

joined specimens was subjected to GMW 14872 automotive-grade corrosion (Cycle C), under 

which this batch of the samples underwent 18 repeated corrosion cycles. Each cycle consisted of 

an ambient stage at 25 ℃ for 8 hours, humidity exposure at 100 % relative humidity at 49 ℃ for 

another 8 hours, and then a water fog chamber with 30% relative humidity at 60 ℃ for the 8 hours 

as well. The salt mist solution consisted of 0.90 wt% NaCl, 0.10 wt% CaCl2, and 0.075 wt% 

NaHCO3 in deionized water.  

 
Figure 4.2: Joining process temperature measurements, (a) thermocouple placement schematic, and (b) temperature profile 

Weld cross-section analyses were performed on both with and without being subjected to 

the aforementioned corrosion cycles by using a Nikon optical microscope and TESCAN MIRA 3 

FEG scanning electron microscope (SEM). Cross sections across the weld nugget were removed 

using a wire electric discharge machine (EDM). Samples were ground using silicon carbide grit 

papers up to P800 size and then were polished up to 1 micron using the diamond polishing solution 
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for further cross-section examinations. Both secondary electron images and backscattered electron 

images were collected at 5kV-15kV voltage and 15kV voltage, respectively. In-situ focused ion 

beam (FIB) liftouts for transmission electron microscopy (TEM) analysis across the Al/Steel 

bonding interface were prepared using a Thermo-Fisher (TFS) Nova 200 Nanolab FIB/SEM 

system. A TFS Spectra 300 Probe-Corrected S/TEM with two 60mm2 SDD detectors attached was 

used for both imaging and spectroscopy using X-ray signals operated at 300kV in STEM mode.   

 
Figure 4.3: Al/Steel joints: (a) & (b) before the corrosion cycle, front and back sides of the sample, respectively, and (c) & (d) 

post-corrosion cycle, front and back sides of the sample, respectively. 

The Al/Steel joint samples before and after subjecting to corrosion cycles are shown in 

Figure 4.3. Due to the lack of any specific testing standard for directly joined bi-metallic spot joint 

samples of thin sections, non-standard sample dimensions and testing configurations were adopted 

in this study to best accommodate the finished product requirements after joining. Three specimens 

corresponding without and three with corrosion effects were mechanically tested under lap shear 

tension conditions. A loading rate of 1 mm/min was used to be consistent with the quasi-static 

loading definition in an Instron 3382 load frame with a 100 kN load cell. To eliminate the global 

eccentricity with respect to the applied load line generated due to the unequal thickness and lap 

configuration, rectangular tabs of complementing thicknesses were placed at the gripping locations 

of the joints during the lap shear tensile experiments, as can be seen in Figure 4.4. The load 
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capacity of the test specimens or peak load reached prior to final failure (i.e., separation) of the 

joints under quasi-static loading conditions are summarized in Figure 4.9.  

 
Figure 4.4: Lap shear tensile experimental schematic, (a) & (b) sample dimensions and shims/tab placement, (c) experimental 

setup with Al/Steel joint sample 

4.3 Results 

4.3.1 Al/Steel interfacial bond formation characteristics 

As described above, a constant value of  
ℎ

𝑡
=

1

3
  was set to generate frictional heating and 

material flow just above the steel sheet surface to induce shear localization bonding [37] at the 

aluminum/steel interface. As shown in Figure 4.2(b), the measured temperature follows a 

continuously increasing profile after the initial transient nonlinear part up to 10 seconds of joining 

process time. Figure 4.2(b) shows that the maximum temperature during the spot joining process 

reaches 406℃, which is well below the solidus to liquidus phase transition temperature (652 ℃) 

of AA6061-T6 [39].  As shown in Figure 4.3, the samples indicate a spot joint formation by looking 

both from the front and back sides (see Figures 4.3a and 4.3b). There seems to be no significant 



 103 

change in sample surface appearances after being subjected to the corrosion cycles, particularly 

around the weld nugget regions (see Figure 4.3c and 4.3d).     

 

Figure 4.5: Cross-sectional SEM images of Al/Steel joint nugget shoulder, (a) before corrosion cycles; (b) after corrosion cycles; 

(c) high resolution detailed view from (a); (d) high resolution detailed view (b); and (e) high resolution detailed view near the not 

To examine the local effects of corrosion environment exposure on weld nugget region, 

Figure 4.5 shows macro- and microscopic examinations of one side of the spot joint in different 

magnification scales.  The green arrow lines show that the Al/Steel bonding line ends (i.e., where 

the interfacial notch begins) slightly beyond the tool footprint edge. Again, there appear to be no 

significant differences between without and with being subjected to the corrosion cycles by 

comparing Figures 4.5a and 4.5c with Figures 4.5b and 4.5d. One subtle change in appearance as 

a result of the corrosion environment can be seen by comparing Figures 4.5c and 4.5d at a 100 µm 

magnification scale. A light opening of the interfacial notch becomes more obvious in Figure 4.5d 

after corrosion cycling than that without going through corrosion cycling.  This could be attributed 

to temperature cycling associated with corrosion cycles described earlier. There is no sign of stress 

corrosion cracking into the weld nugget from the interfacial notch tip, as shown in Figure 4.5e 
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under an even higher magnification. This was further confirmed by the intimately bonded Al/Steel 

interface away from the shoulder locations shown in Figure 4.6 (a-d) at higher magnifications SEM 

images and also by the nugget profile on the post-corrosion sample shown in Figure 4.10d, 

suggesting that the joining interface at and around the joining nugget is intimately bonded under 

the tool footprint. 

 
Figure 4.6: Cross-sectional SEM micrographs at the nugget center of Al/Steel joints, (a) & (b) low resolution images before 

corrosion cycles, and (c) & (d) high resolution images after corrosion cycles 

Figure 4.6 shows the Al/Steel cross-section images obtained from SEM at the center of the 

nugget for both before and after the corrosion cycles. Both before and after the corrosion cycles 

cases show a significantly flat interface without scratches or mechanical irregularities. It can be 

observed from Figure 4.6 that the Al/Steel interfaces don’t have any cavities or visible voids. It 

should be noted here that the steel surface used here was industrially mirror-polished and must be 

significantly flat. Higher resolution images from SEM shown in Figures 4.6b and 4.6d don’t show 

signs of IMCs, implying that the Al/Steel interface is strongly and intimately bonded without 

noticeable IMCs at the micron length scale. The absence of IMCs at this length scale for the post-
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corrosion sample, as shown in Figure 4.6d, also confirms that the corrosion cycle didn’t induce 

any IMCs at the Al/Steel bonding interface.  

 

Figure 4.7: High-resolution cross-sectional STEM images of the Al/Steel joints at the nugget center, (a) (c) & (e) high-angle 

annular dark field (HAADF) images, and (b) (d) & (f) bright-field images, (c) and (d) showing the high-magnification images 

near the red arrows marked in (a). 

4.3.2 Interface chemical composition and nanoscale structure 

Figure 4.7 shows an HAADF image and its corresponding STEM BF images. There is no 

irregularity or discontinuity at the Al/Steel interface throughout the bonding length. Both 

magnified BF and HAADF images clearly depict an interface without any IMCs up to a 25 nm 

length scale (see Figure 4.7e and 4.7f). BF image shows a contrastingly darker area in Figure 4.7b, 

and corresponding brighter areas are marked with red arrows in the HAADF image, as shown in 
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Figure 4.7a. These areas can be seen more clearly in Figures 4.7d and 4.7c, respectively, at a higher 

magnification. These brighter areas are adjacent to the Al/Steel interface and are on the steel 

material. Since the end surface of the tooltip is placed away from the steel surface, the steel 

material does not experience a direct friction stirring effect. However, the bright areas forming an 

irregularly shaped band in the HAADF image shown in Figures 4.7a, 4.7c, and 4.7d imply partial 

crystal distortion induced by the formation of a phase band in the regions. The bright-band regions 

are up to an average length of 200 nm from the Al/Steel interface due to an indirect effect of high 

strain rate shear deformation occurring in the aluminum material side under the tool-tip surface.  

 
Figure 4.8: STEM HAADF image at the nugget center cross-section of the Al/Steel joint and EDS elemental maps 

Figure 4.8 shows corresponding elemental maps obtained from the area shown in HAADF 

images in Figure 4.7a. The elemental maps further elucidate that aluminum is fully intact above 

the bonding interface and iron is restricted below the bonding interface. Major alloying elements 

Mg and Si are spread in a thin layer with an order of 40-50 nm throughout the bonding interface, 

as shown in Figure 4.8. There is also a very thin layer of O distribution throughout the bonding 
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interface, as shown in Figure 4.8. This can be attributed to the native aluminum oxide on the 

surface, which is usually in the range of ~10 nm on the surface before joining occurs [37]. A 

noteworthy observation can be made from Figure 4.8 and Figure 4.13 that none of these significant 

alloying elements is cross-distributed in more than 50 nm length across the interface and are found 

to be contained in very narrow proximity from the Al/Steel interface or the bond line.  

The red dashed boundaries shown in Figure 4.13b further depict the alloying elements' 

reactions or inter-diffusion. This reaction zone's thickness was measured to be around 45 nm. A 

closer look at the reaction zone provided a noteworthy observation of the presence of Mg and O 

elements, including Cr and Si, in considerable amounts. As shown in Figures 4.8 and Figure 4.13b, 

the Mg and O strongly tend to form an amorphous phase and are restricted to 20 nm across the 

interface similar to how described by [37]. Figure 4.8 and Figure 4.13b also show that the Al and 

Fe elements have not inter-crossed beyond the 45 nm reaction zone. Furthermore, Al, Fe, and Si 

in the reaction zone are more likely to form the Al-Fe-Si phase at the nanoscale above the 

amorphous Mg- and O-rich layer [37]. The addition of Cr, however, changes the threshold of Al-

Fe-Si phase formation [37], and a detailed study should be performed to quantify its effect, which 

is beyond the scope of this article. Similar elemental distributions of alloying elements were found 

throughout the interface without significant variation in the atomic %, implying a uniform and 

robustly bonded interface.  

4.3.3 Joint strength and failure characteristics  

As shown in Figure 4.9, the load capacity of the joint samples without being subjected to 

the corrosion cycles is at a minimum of 1.788 kN and a maximum of 1.833 kN, averaging at 1.818 

kN with standard deviation of 0.026 kN among three specimens. In comparison, the load capacity 

of the joints after experiencing the corrosion cycles is at a minimum of 1.781 kN and a maximum 
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of 1.813 kN, averaging at 1.797 kN with standard deviation of 0.016 kN. As can be seen, there is 

no significant difference between the average values of the joint load capacity before and after the 

corrosion cycles. It should be pointed out that maximum loads at failure (for with and without 

being subjected to corrosion cycle case) not the joint strengths are compared to determine the 

maximum load capacity of the joints. For deriving joint strength in terms of stress or joint strength 

at failure for comparing with other specimen types (e.g., Coach peel [40]) or structural 

applications, the mesh-insensitive structural stress methods [40–43] can be used, which is beyond 

the scope of this study. 

 
Figure 4.9: Al/Steel joint load capacity during lap shear tensile loading before and after corrosion conditions: S1-S3 represent the 

samples before corrosion cycles, and C1-C3 represent the samples after corrosion cycles 
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Figure 4.10: Failure features after lap shear tensile experiments, (a) & (b) global and local views before corrosion, and (c) & (d) 

global and local views after corrosion 

Figure 4.10 shows the post-fracture images of the specimens after the lap shear tension 

testing.  As shown in Figure 4.10b and 4.10d, the whole nugget of the spot joint was pulled away 

from the aluminum sheet and remained attached to the steel sheet post-tensile, often referred to as 

“pull button” failure mode [44,45], regardless with or without being subjected to the corrosion 

cycles.  It suggests that the corrosion cycle did not have any noticeable detrimental effects on the 

Al/Steel bond integrity. This is further confirmed by lap shear tension test results shown in Figure 

4.9 which shows no noticeable deterioration of joint load capacity after corrosion cycles. It should 

be noted that such a “pull-button” mode (Figure 4.10) serves as an indication of a sufficient weld 

nugget strength and bond quality required ensuring adequate static and fatigue load capacity for 

structural applications [46].  

As shown in Figure 4.11, fracture surface morphologies around the weld nugget boundary 

are consistently ductile for both cases with and without experiencing the corrosion cycles.  A closer 

look at the fracture surface around the aluminum button remaining on the steel sheet in Figure 

4.10b, shows significantly elongated dimples in Figure 4.11(i) for the case without experiencing 

corrosion cycles. Similar fracture surface features are also shown for the case subjected to the 

corrosion cycles, as shown in Figure 4.11(ii). These elongated dimple features signify the ductile 

fracture of the aluminum nugget implying that all these specimens did not exhibit any brittle 
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fracture either due to the presence of IMCs at the Al/Steel joint interface and/or any detrimental 

effects of corrosion-induced damage.  

 
Figure 4.11: SEM micrographs at locations (i) and (ii) near the aluminum nugget shown in Figure 4.10, respectively. 

 
Figure 4.12: Fracture morphologies around the button failure at the nugget boundary, (a) global views, (b) schematic of nugget, 

(c) failure locations and failure paths during lap shear tensile experiments, (i-iv) detailed views of the locations i-iv shown in (a) 

To investigate fracture development processes, Figure 4.12(a) shows the post-fracture weld 

cross-section images with detailed fracture path features (i) and (ii) (corresponding to location “d” 
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in Figure 4.12b) and detailed features (iii) and (iv) (corresponding to location “c” in Figure 4.12b).  

In both cases (with and without experiencing corrosion cycles), the high-resolution images on the 

right side of Figure 4.12(a) show no evidence of damage or cracking at the Al/Steel interfacial 

notch tip. Both fracture initiation sites and final failure paths share a great resemblance between 

without and with corrosion cycling effects. The resulting failure mode is depicted in Figure 4.12(c) 

with or without considering corrosion cycles. In fact, it has been shown by a rigorous fracture 

mechanics analysis [9,41] that as long as 𝐷/𝑡 ≥ 3, the “pull button” failure mode becomes 

dominant, where D is the bonded nugget diameter shown in Figure 4.12(c). In the present study, 

such a condition is obviously satisfied, as shown in Figure 4.12(a).  

4.4 Discussions 

4.4.1 Suppression of IMCs  

Development of IMCs at the Al/Steel interface is highly dependent on the diffusion 

constants of material, which in turn is governed by the interfacial temperature [14,47], relative 

mobility of the atoms, rate of material deformation, and cooling rate [28]. Liu et al. [48], Tanaka 

et al. [27], Beygi et al. [49], and Kimapong et al. [26] have shown that developing IMCs at the 

Al/Steel interface highly depends on the steel tool probe placement near the steel faying surface 

when joining aluminum alloy and steel plates. They have further found that the IMCs developed 

in two separate growth categories, one right where the tool probe was inserted in the steel material 

and the other under the shoulder where temperature distribution was found to be slightly higher 

than under the tool probe. Watanabe et al. [28] have systematically discussed the growth manner 

of the IMCs under various joining parameters and have suggested that keeping the stirring probe 

away from the steel-faying surface and restricting the joining temperature below the solidus 

temperature of the aluminum alloy favors the suppression of IMCs. Liu et al. [37] further 



 112 

conformed with the above observations and have achieved a novel form of amorphous phase while 

joining aluminum alloy to stainless steel under modified friction stir additive manufacturing. 

Derived by these principles, we have restricted the tool probe above the steel faying surface in spot 

joining configuration to provide a high shear strain rate and controlled temperature at the joining 

interface.  

Under static diffusion bonding conditions, the inter-diffusion of elements is mainly 

governed by the diffusion coefficient [28]. The diffusion coefficient of aluminum into iron matrix 

is zero up to 800 ℃ and diffusion coefficient of iron into aluminum matrix is zero up to 400℃, 

and above 400℃, the diffusion coefficient of Fe into Al increases significantly [28]. The interfacial 

temperature measurement at the boundary of the tooltip in our study showed that the maximum 

temperature was below 406℃ throughout the joining process, suggesting the diffusion coefficient 

of Fe into Al must remain very small at the reaction zone. Beygi et al. [49] have recently presented 

a comparative study between carbon steel and stainless steel joining with aluminum alloy under 

friction stir welding conditions and showed the significance of alloying elements on the IMCs 

formation. They have observed that the presence of Cr can lower the IMCs thickness under 

material stirring conditions. On the other hand, Liu et al. [37] have shown that during the friction 

lap joining of aluminum alloy and stainless steel, the dominant mechanism for forming the joining 

interface was high shear strain rate driven nanoscale pre-melting that occurs much below the 

solidus to liquidus phase transition temperature (652 ℃) [39]. Combined with the low cooling and 

extremely high strain rates, the T-T-T phase profile for such a process avoids the crystallization 

nose and provides an amorphous phase [39].  
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Figure 4.13: (a) EDS line analysis location across Al/Steel interface, and (b) elemental distribution across Al/Steel joint interface 

Figure 4.13a shows a HAADF image with a blue arrow drawn running from the center of 

the image from top to the bottom direction. Figure 4.13b displays element profile curves collected 

along the arrow line and direction in Figure 4.13a. It can be seen that the reaction zone is 40-50 

nm thick, conforming with the findings by Liu et al. [37]. The shear strain rate near the tooltip is 

~ 109 s-1, reasonably above the minimum required condition for a high shear strain rate stated by 

Liu et al. [37].  Based on the rationales presented by Liu et al. [37], such a reaction zone must 

contain ordered short-range structures that cannot be defined as IMCs (IMCs are dominantly in 

the form of crystalline structures) and must be in the form of an amorphous phase with some degree 

of nano-crystalline precipitates.   

Liu et al. [37] have provided an in-depth discussion about the mechanisms associated with 

the formation of an amorphous phase at the 6061 aluminum alloy and 304 stainless steel interface, 

which involves a rapid shear localization induced pre-melting and suppression of atomic diffusion 

process as a result of a high shear strain rate in the order of 109 s-1. The present process follows the 

same principle, except that the aluminum alloy and stainless substrates are much thinner, i.e., 0.60 

mm and 0.75 mm, respectively. The thin thickness combination studied here can be particularly 



 114 

challenging in maintaining a threshold nominal strain rate at the interface without causing any 

direct physical contact between the rotational tool face and the stainless substrate. As a result, the 

offset “h” in Figure 4.1 needs at the maximum value possible while still generating a relatively 

uniform shear strain rate at the interface. From the interface TEM characterization results shown 

in Figure 4.7, it can be seen that a consistent interfacial bond quality is evident without noticeable 

signs of IMCs, proving the robustness of the shear localization amorphization formation process 

presented by Liu et al. [37], even for thin gage aluminum-steel direct joining.   

 

Figure 4.14:  Schematic representation of the amorphous phase formation at the aluminum to steel joining interface produced via 

friction stir spot joining: (a) pre-melting layer formation due to intense friction induced high shear strain rate above the steel 

faying surface, and (b) amorphous phase formation as a graded reaction zone (or reaction layer) due to rapid quenching effect. 

Liu et al. [37] have further demonstrated that the Al-Fe-Si rich phase developed as a q-

glass due to the cooling rate achieved by the friction stir additive manufacturing and the Mg and 

O rich layer developed as an amorphous-crystalline nano-composite. In the current study, the bulk 

volume is different, and the spot joining process time is relatively shorter than the one used by Liu 

et al. [37]. Furthermore, the heat dissipation time between the peak temperature and a characteristic 

temperature of 300 C achieved in the current study is approximately 3 seconds compared to the 

time obtained in similar processes by Liu et al. [50,51] are approximately above 5 seconds. Thus, 

it is understandable that the formed amorphous phase and its chemistry are different from the 

literature [37,49]. The formation mechanism of the amorphous phase can be explained in two steps, 
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as shown in Figure 4.14. Firstly, a pre-melting liquid forms the interface between aluminum alloy 

6061 and the stainless steel 316 faying surface (see Figure 4.14a) due to an intense frictional 

heating and high shear strain rate 109 s-1, similar to Liu et al. [37]. Differently, a faster cooling rate 

was achieved in the spot joining process configuration in the present study. It did not give sufficient 

time for diffused elements in the pre-melting layer to cluster themselves once the shear strain rate 

is removed. Secondly, the amorphous phase is then formed with a much high chemical 

homogeneity after the shear strain has been released (see Figure 4.14b) due to a high cooling rate 

achieved along with a much smaller bulk material used here compared to those used in Liu et al. 

[37,38]. A more sophisticated analytical and experimental analysis is necessary to further elucidate 

the interface microstructure formation mechanism which is beyond the scope of this article. 

4.4.2 Corrosion effects 

As stated in the introduction section, IMCs are detrimental to dissimilar material joints as 

due to their brittle nature which can trigger premature failure under load [52]. IMCs can also form 

galvanic cells at the Al/Steel joint interface [29]. Wloka et al. [29] reported that Fe-containing 

IMCs at the joining zone acted as cathode and reduced the open circuit potential (OCP). Next to 

the IMCs, the corrosion was found to be faster to dissolve the Al-IMC interface. Thus, the joining 

zone between aluminum alloy and galvanized steel had the most negative corrosion potential and 

was the first to corrode. Zhang et al. [17] have also shown that the OCP difference between IMCs 

and aluminum becomes the largest under corrosive conditions, leading to accelerated corrosion of 

the Al-IMCs interface and weakening the joining interface significantly. Sravanthi et al. [32] have 

shown that an increased amount of IMCs at the joint interface between aluminum alloy and mild 

steel was mainly responsible for localized corrosion at the joint interface. They also found that the 
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increased thickness of IMCs at the joint interface further increased the base material grain 

boundary widths and weakened the joint interface further.   

As it has been well established that IMCs are crystalline solids with well-defined grain 

boundaries which are highly susceptible to corrosion [53]. Bennett et al. [54] have shown that 

sensitization in stainless steel was found to be exacerbated by the grain boundaries leading to rapid 

corrosion at the grain boundaries and intergranular corrosion. For aluminum-based alloys, a 

sequential pitting initiation, pitting propagation and the intergranular corrosion were found to be 

accelerated by the depletion of noble Si near the grain boundaries [55]. Hoffman et al. [56] further 

elucidated that the CoCrMo alloys show preferential grain boundary attacks around high-energy 

grain boundaries as a consequence of grain boundary sensitization. They further showed that the 

grain boundaries were mainly responsible for the crevice and intergranular corrosion due to the 

penetration of the electrolytic ions. In contrast, amorphous phase does not contain any ordered 

structure or grain boundaries and offers a high degree of resistance to corrosive media [57]. Naka 

et al. [58] showed that the corrosion resistance of amorphous copper-based alloy was higher than 

that of crystalline alloys with the same composition. They further confirmed that the chemical 

homogeneity increments due to the glass formation increased the corrosion resistance in the 

amorphous metal-metal system. Bakare et al. [59] have shown that the crystalline form of an iron-

based alloy showed preferential dissolution of Mo-rich precipitates and shown accelerated 

corrosion compared to the amorphous form of the alloy with the same composition. They further 

attributed the improved corrosion resistance of the amorphous material to the chemical 

homogeneity and resistance of the amorphous phase for electrolytic ions. Based on the above 

documented findings in the literature, this study further confirms that the amorphous phase formed 
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at the aluminum alloy 6061 and stainless steel 316 indeed serves as an effective barrier for 

corrosion attacks, at least under the automotive grade corrosion cycles.  

 

Figure 4.15: Schematic illustration of corrosion resistance via amorphous reaction zone at the aluminum/steel joining interface 

achieved via NSSLIA: (a) schematic representing spot joining configuration, (b) representation of corrosive media electrolytic 

ions penetration through grain boundaries of crystalline grain boundaries in IMCs, and (c) barrier effect to prevent the penetration 

of corrosive media electrolytic ions via the amorphous phase reaction zone 

Based on the discussions above and the experimental characterizations performed in this 

study, the corrosion-resistant nature of the amorphous interfacial layer can be postulated as shown 

in Figure 4.15 above. It should be noted here that the grain boundaries are exaggerated to 

schematically depict the electrolytic ion transfer from the corrosive media towards the Al/Steel 

interface in Figure 4.15b. Since the grain boundaries are the regions of atomic packing 

discontinuity, the diffusion of ions from the electrolytic media gets accelerated through the grain 

boundaries. It reaches the steel surface through the crystalline IMCs, easily allowing the 

preferential grain boundary corrosion attack. Additionally, the potential difference between a 

single grain and the grain boundaries is always present due to the difference in microstructure 

homogeneity (due to the presence of defects, slip, and dislocations). The micro-galvanic cell 

formation is accelerated around the crystalline solids such as IMCs, and ion exchange becomes 
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faster to corrode the joining interface. On the other hand, the amorphous dominant reaction zone 

(Figure 4.15c) acts as a barrier to prevent the ion exchange between the bulk electrolytic corrosive 

media and the joining interface due to its chemical homogeneity. Such a barrier effect does not 

allow for a preferential corrosion attack or micro-galvanic cell formation around the joining 

interface, increasing the corrosion resistance of the joints.  

Furthermore, as described in Section 4.3, all Al/Steel spot joint samples, with and without 

being subjected to the corrosion cycles, have consistently exhibited ductile failure mode (see 

Figure 4.11 and Figure 4.12) in the form of “pull button”, as illustrated in Figure 4.12c. There is 

also a noticeable amount of thinning around the notch near the joining nugget boundaries due to 

the plunging action of the friction stir tool. This thinning can be observed with a continuous profile 

from the actual sheet thickness down to the joining sheet thickness in the nugget area (Figures 4.5 

and 4.12). However, the amount of thinning is nearly the same in both with and without being 

subjected to the corrosion cycle cases and has been found to contribute similarly to failure modes 

in both conditions. The resulting relatively consistent joint strengths in terms of test specimen load 

capacities shown in Figure 4.9 further prove the corrosion-resistant nature of the spot joints 

realized by the shear localization-based direct joining method presented in this study.  

4.5 Conclusions 

A shear localization-based spot-welding method is presented for joining thin gauge aluminum 

alloy to stainless steel sheets with a consistent bond quality with negligible detrimental 

intermetallic compounds, if any. Environmental corrosion effects on joint strengths were examined 

by subjecting a batch of aluminum alloy (6061-T6) and stainless steel (316) joint samples to a 

well-accepted corrosion environment conditions by the automotive industry. The following 

represent the key findings: 
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i. The nanoscale shear localization induced alloy amorphization (NSLIAA) discovered by 

Liu et al. [37] can be consistently reproduced for direct spot-joining of thin aluminum alloy 

(AA6061-T6) to thin stainless steel (SS316) substrates without noticeable IMCs. This 

further proves the robustness of the NSLIAA process for potentially a broad application in 

the direct joining of incompatible metals.  

ii. A continuous amorphous dominant reaction zone was observed at the bimetallic joining 

interface, consisting of an Mg and O-rich layer adjacent to the steel faying surface in 

combination with an Al-Fe-Si amorphous phase. The continuous reaction zone was 

attributed to the faster cooling rate effect observed for the spot joining configuration and 

high shear strain rate dominant material pre-melting at the joining interface.  

iii. The resulting bimetallic spot joints show no degradation in joint strengths, nor any change 

in failure mode after being subjected to a full automotive grade corrosion test cycle. The 

continuous and homogeneous amorphous reaction zone did not allow the electrolytic ion 

penetration at the joining interface and was found to have a barrier effect under the 

automotive corrosion cycling conditions.  

iv. The good corrosion resistance thus observed in the Al/Steel joints investigated in this study 

can be attributed to the amorphous phase at the joining interface. The results suggest that 

the NSLIAA process has a strong potential for enabling direct joining between 

incompatible metals to achieve structural lightweighting for applications in severe and 

harsh environmental conditions.  
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Chapter 5 Novel Solid-State Additive Friction Extrusion Deposition Method 

5.1 Introduction  

Metal manufacturing has traditionally faced hard choices among property, geometry 

complexity, and cost. Metals can be processed into complex geometries through fusion or sintering 

based additive manufacturing (AM) methods, such as powder bed fusion, directed energy 

deposition, or binder jetting [1-5].  However, these methods often lead to inferior mechanical 

properties due to the formation of columnar grain structure or manufacturing defects [6-8].  The 

mechanical properties of solidified metals, including tensile strength, fatigue strength, and 

ductility, can be improved by a subsequent thermomechanical processing [9,10], which inevitably 

leads to a compromise of the geometry complexity and affordability of the resultant parts. One 

way to break the property-complexity-affordability tradeoff is to develop new metal processing 

methods, e.g., by introducing new deformation-based metal AM methods that can cost-effectively 

print dense metals into complex structural forms.  

Thermoplastics can be readily printed into complex geometry through a simple and cost-

effective extrusion-based AM [11].  In contrast, extrusion-based AM of metals is only applicable 

to a limited number of metals, such as some specific bulk metallic glasses and alloys with a 

sufficiently large difference between the solidus and liquidus temperatures [12].  As a result, the 

versatility and affordability of metal AM lag significantly behind thermoplastics AM. The 

asymmetry of the development can be attributed to the inherently different material behavior 

between thermoplastics and metals at elevated temperatures. Most thermoplastics are either 
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amorphous or semi-crystalline and, therefore, possess a considerable temperature range in which 

the thermoplastics are flowable below the melting point. This gives thermoplastics the ability to 

maintain a suitable range of viscosity within a practical time scale to be processed through 

extrusion-based AM. Polycrystalline metals can be treated as composites of grains separated by 

thin “amorphous” grain boundaries [13,14], but the proportion of “amorphous” grain boundaries 

in conventional coarse-grained meals is extremely low. As a result, most of these metals are either 

too hard before reaching their melting points or too soft after melting for a stable extrusion-based 

AM [12]. 

Introducing more “amorphous” grain boundaries into polycrystalline metals can 

significantly soften the metals before melting [13,15,16], offering new strategies for developing 

extrusion-based metal AM. One strategy to introduce denser grain boundaries is through dynamic 

recrystallization-induced grain refinement. Since the finer the grain size, the less stable the grains 

at elevated temperatures, a suitable grain structure rather than the finest grain structure is more 

desirable for low flow stress at high temperatures [17].  The high-angle grain boundaries with large 

areas of poor fit and a comparatively open structure are more disordered and, therefore, are more 

desirable to promote grain boundary sliding and reduce the flow stress of the fine-grained alloys 

at elevated temperatures, which has been quantitatively described by a recently established visco-

plastic constitutive equation [18].  It has been demonstrated that an excellent combination of fine-

grained structure and a high fraction of high-angle grain boundaries can be achieved by introducing 

intensive plastic deformation using friction/friction-stir processing [19].   

Motivated by these recent findings, the authors developed an extrusion-based AM method, 

additive friction extrusion deposition (AFED) or “SoftTouch deposition” in the filed patent [20], 

aiming to offer new solutions for fabricating customized dense metal parts at reduced 
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manufacturing costs. The principle of AFED is illustrated in Figure 5.1 and can be described as: 

(1) locally processing the metal to its malleable state through rapid friction between the feedstock 

and the rotating die before deposition; (2) extruding the softened and refined metals out through 

an opening as a “paste” onto a targeted location; and (3) continue to deposit until the desired shape 

is achieved. Different from other extrusion-based AM processes which soften the feedstock mainly 

through heating [11,12], AFED enables an effective combination of friction energy and grain 

refinement to soften the metal feedstock before printing. 

 

Figure 5.1: Principle of AFED (or SoftTouch deposition). 

 

It should be pointed out that the proposed AFED method is different from other friction 

stir-related processes, e.g., friction surfacing (FS) [21-23] and additive friction stir deposition 

(AFSD or MELD) [25-27].  The latter two processes share a rather similar principle and have 

attracted a great deal of attention from both academia and industry since they can additively 
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manufacture dense metal parts without reaching melting temperature. The major limitation of FS 

and AFSD is that these two processes do not have the mechanism to actively soften the feedstock 

metal just prior to the deposition and therefore require direct friction between the feedstock and 

the previously deposited metal to soften the metal feedstock [24,25]. A high compressive force or 

pressure needs to be applied to the substrate or the previously deposited metal layer to enable high-

pressure friction. Therefore, the deposition of the following layer needs to wait until the previously 

deposited layer is stiff enough to support the applied high pressure, which severely limits the 

process throughput.  

AFED has the potential to address this limitation by pre-processing the metal feedstock 

into its malleable state in a self-reacting module just prior to the deposition. The applied stress on 

the previously printed layers can be reduced significantly. The manufacturing rate of AFED can 

be much higher than that of FS and AFSD due to the significantly reduced waiting time between 

layers. In addition, the pre-processing module enables microstructure uniformity before deposition 

and a high degree of portability for in-field AM applications. It also makes high-resolution solid-

state 3D printing possible by adjusting the size of the die opening.  

With the above discussions in mind, the objective of this study is to demonstrate that AFED 

is a viable solid-state metal AM method for printing dense metals with a significantly reduced 

pressure against the previously deposited layers. In addition, AFED has been experimentally 

proven as an effective metal AM method for enabling refined equiaxed grain structure and 

excellent mechanical properties. 

5.2 Materials and Methods 

To demonstrate the versatility and cost-effectiveness of the AFED, off-the-shelf 6061 

aluminum rods rather than costly metals were used as the metal feedstock. Commercial 6061-T6 
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aluminum sheets were used as the substrates for deposition. The 6061 aluminum alloy rods 

consisted of Al (balance), Mg (0.89%), Si (0.75%), Fe (0.38%), Cu (0.33%), Mn (0.11%), Cr 

(0.09%), Zn (0.04%), and Ti (0.02%), in weight percent while the 6061 aluminum alloy sheets 

consisted of Al (balance), Mg (0.96%), Si (0.74%), Fe (0.50%), Cu (0.33%), Cr (0.18%), Zn 

(0.14%), Mn (0.06%), and Ti (0.02%), in weight percent. 

An AFED prototype machine was developed and used for the AM experiments. The 

aluminum alloy rod was inserted into the guiding tube before deposition. The dimension of 

feedstock used in this study is 15.90 mm in diameter and ∼200 mm in length. An anti-rotation 

protrusion was machined at one end of the aluminum alloy rods and connected to the propulsion 

rod for preventing the rod to rotate during deposition. The extrusion die was driven to rotate at 

1000 rpm to locally soften the aluminum alloy rod during 3D printing. An in-plane velocity of 160 

mm/min was used for all the linear or curvilinear deposition. The materials feed rates were varied 

in such a way that defect-free depositions with the same deposition width, but different layer 

thicknesses were achieved. Three load cells were installed above the spindle of the AFED so that 

the compression reaction force applied on the previously printed layer can be measured and 

recorded. Some of the as deposited samples were subjected to T6 heat treatment: a solution heat 

treatment at 540 °C for 3 h followed by a water quenching and then an age-hardening at 170 °C 

for 7 h. 

The thermal cycle experienced by the first deposited aluminum alloy during the second 

layer deposition was measured using Type-K immersion thermocouple probes produced by Omega 

Engineering. Thermocouple output was recorded using a computer-based data acquisition system. 

Figure 5.2 shows that the end of the thermocouple probe was placed in the middle of the first 

deposited layer.  
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Figure 5.2: Schematic diagram showing the location of the end of the thermocouple during the deposition of the second layer. 

The samples for cross-sectional microstructure analysis and mechanical testing were 

removed from the build plate using wire electro discharge machining (EDM). The samples for 

microstructure analysis were mechanically polished from P240 sandpaper down to 1 μm diamond 

paste polishing while the specimens for electron backscattering diffraction (EBSD) analysis were 

further polished with 0.05 μm colloidal silica using a VibroMet 2 Vibratory Polisher for 4 h. The 

TEM foils were prepared by twin-jet electropolishing using a solution of 70 pct methanol and 30 

pct nitric at 248 K and 12 V. 

The polished samples were observed with an optical microscope and scanning electron 

microscope (SEM). TESCAN MIRA3 FEG-SEM equipped with EDAX Hikari EBSD detector 

was used for microstructure characterization and EBSD analysis. The acceleration voltage and step 

size for EBSD were set to be 30 kV and 0.20 μm, respectively. TSL OIM 8.0 software was used 

for EBSD data analysis. The transmission electron microscope (TEM) analysis was performed 



 131 

using a Thermos-Fisher Talos F200x at 200 kV. The incident electron beam was adjusted to 

parallel to a <100> zone axis of the aluminum matrix for identifying the distribution of the 

precipitates. 

Dog-bone-shaped tensile specimens were removed from both the as-deposited samples and 

heat-treated samples using EDM. The gauge length, thickness, and width of the specimens were 

5.0, 1.0, and 1.2 mm, respectively (The ratio of the sample dimensions was referred to the specimen 

size of ASTM standard E8). Tensile specimens were polished with 400, 800, and 1200-grit 

sandpaper to eliminate the effect of surface roughness on the tensile properties. Quasi-static 

uniaxial tensile testing was carried out at room temperature with an initial strain rate of 1.0 × 10-3 

s-1 using an Instron 3366 frame equipped with a 10 kN Instron load cell. 

5.3 Results and Discussion 

Figure 5.3(a) shows the SoftTouch prototype machine developed in this study. To 

demonstrate the versatility and cost-effectiveness of the AFED, off-the-shelf 6061 aluminum rods 

were used as the metal feedstock (Figure 5.3(b)). The propulsion system applies a compression 

force to push the feedstock rod against the extrusion die at a constant feed speed while the motor 

drives the extrusion die to rotate at the targeted speeds. The deposition support table can move 

relative to the extrusion die in three directions following a computer numerical control (CNC) 

program. A tie opening of about 70 mm2 was made at the center of the rotating die to make it easier 

for the prototype machine to build layers for feasibility demonstration. If high-resolution printing 

is desired, a smaller circular center orifice can be used. The aluminum alloy feedstock was heated 

up locally by the friction between the aluminum rod and the rotating die. The softened aluminum 

alloy was extruded out of the guiding tube through the die opening in solid-state and then was 
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driven to rub against the substrate/previously printed layer, generating additional friction and 

plastic deformation to promote the bonding between layers (Figure 5.3(c,d)).  

 

Figure 5.3: AFED: (a) prototype machine, (b) 6061 aluminum alloy feedstock within the system. A snapshot of AFED (c) before 

and (d) during printing. 
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Figure 5.4: Photographs of deposited aluminum alloy in the shape of spot (a), linear (b), curvilinear linear (c), and multiple layers 

(d). (e) Cross-sectional observation of the deposited metal and (f) a zoom-in view of the deposited metal. 

To demonstrate the versatility and capabilities offered by the AFED, as-built aluminum 

alloys are shown in Figure 5.4, including circular and linear single-layer build patterns (Figure 

5.4(a,b), and curvilinear multi-layer and multiple-layer build blocks (Figure 4 (c, d)). In all cases, 

the printing was controlled such that the layer width is around 20 mm, and the layer thickness is 1 

mm, which allows the aluminum extrudate to deform extensively in the lateral directions. Figure 

5.4(e,f) shows the cross-section of a typical multiple-layer build block of 6061 aluminum. No 

porosity defect was observed within the interior of the printed region while voids or kiss bonding 

were only present at the outer edges of the as-printed block between printed layers. By integrating 

the AFED with subtractive manufacturing technologies, the outer edges of the as-printed block 
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can be removed. Therefore, the AFED can be further developed into a hybrid manufacturing 

method that can build dense metal parts.  

 

Figure 5.5: Thermal history of the metal in the middle of the first deposited layer during the second layer deposition. 

The thermal cycle experienced by the first layer of the deposited aluminum alloy during 

the second layer deposition was measured using a Type-K immersion thermocouple probe. Figure 

5.5 shows that the peak temperature experienced by the first deposited layer during the deposition 

of the second layer is ∼500 °C and the duration time above 400 °C is ∼11 s. The melting 

temperature of the current 6061 aluminum alloy was determined to be ∼600 °C (873 K). Therefore, 

the peak temperature during stable deposition is ∼0.87 Tm of the aluminum feedstock, where Tm 

is the absolute melting temperature (K) of the 6061-aluminum feedstock.  

In addition to additive manufacturing of various forms of metal parts, AFED is also well 

suited for adding geometric features to existing metal parts, repairing damaged metal surfaces, and 

joining two metals together. Therefore, it is important to evaluate the bonding quality between the 

deposited metal and the substrate. A comparison of Figure 5.6(a,b) shows that AFED has 

introduced extensive thermomechanical deformation around the interface between the deposited 

aluminum alloy and the aluminum alloy substrate, leading to the disappearance of the original 
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metal surface and the occurrence of recrystallization. The metallurgical bonding between the two 

metals developed so well that the original surface of the aluminum alloy substrate cannot be 

identified in the as-deposited sample. Similar microstructures have been observed at the interface 

between the stir zone and the thermo-mechanically affected zone of friction stir welds which 

offered excellent bonding strength [28-30].   

 

Figure 5.6: Grain structure of (a) 6061aluminum alloy substrate, (b) at the interface between the deposited layer and substrate, at 

the center of the first printed layer (c) after the first layer of printing, and (d) after 10 layers of printing. 

Figure 5.6(c) shows that the first layer of the aluminum alloy printed by AFED was 

characterized by fine equiaxed grains. The average grain size was determined to be 7.50 μm. The 

remarkable grain refinement can be ascribed to the deformation-induced recrystallization during 

FED [16,31]. The grain refinement capability of the AFED is highly desirable as many metals with 
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fine equiaxed grain structures possess excellent strength, ductility, wear resistance, and 

superplasticity [15,16,32].  

Figure 5.6(d) shows that no significant change in grain structure occurred in the first printed 

layer even after the completion of a total of 10-layer printing, i.e., the grain structure was not 

adversely impacted by printing sequence. This is practically attractive since it will significantly 

simplify the grain structure control during 3D printing. In contrast, the microstructure control in 

fusion-based AM is very complex as the following printing layers significantly changed the grain 

structure of previously printed layers [6]. 

 

Figure 5.7: Distribution of grain boundary and texture at the center of the first printed layer (a) after the first layer of printing, and 

(b) after 10 layers of printing (TRD: tool rotation direction; DPN: die plane normal). 

Figure 5.7 shows that strong shear texture {112}<110> and a high fraction of low-angle 

grain boundaries formed in the first printed layer of the as-deposited 6061 aluminum alloy and a 

completion of a total of 10-layer only slightly weakened the texture. The shear direction and shear 

plane normal were aligned well with the die rotation direction and the die bottom surface normal, 

respectively. Previous investigations have shown that the formation of {112}<110> texture in 

face-centered cubic (fcc) metals is often associated with rapid shear deformation at elevated 

temperatures [33].  The mechanical properties of the as-deposited 10-layer aluminum alloy block 

produced by AFED were examined using miniature tensile specimens.  
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Figure 5.8: Tensile deformation behavior of the as-deposited dense aluminum alloys: (a) schematic showing the locations and 

dimensions of the tensile test specimens, (b) ultimate tensile strength of each deposited layer in X and Y directions, (c) a 

comparison of the stress-strain curves in X, Y,  and Z directions, and (d) typical fractography of the failed tensile specimen tested 

in the Z direction. 

Figure 5.8(a) shows the position of the miniature tensile specimens relative to the 

aluminum block. Figure 5.8(b) shows that the last printed layer exhibited the highest ultimate 

tensile strength (UTS) while the fifth layer exhibited the lowest UTS. The rest of the printed layers 

exhibited a similar UTS. Since most of the tensile samples in the Z direction failed in the fifth 

printed layer, the stress-strain curves of the fifth layer in the X and Y directions were summarized 

in Figure 5.8(c) together with the stress-strain curve in the Z direction for comparison. No 

significant difference in UTS was observed in the X, Y, and Z directions, demonstrating a weak 

anisotropy in the as-printed 6061 aluminum alloy and a good bond quality between the deposited 

layers. Figure 5.8(d) shows the typical fractography of the failed tensile specimen tested in the Z 
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direction. The fracture surface was fully characterized by dimple-type ductile fracture, which is 

different from the brittle fracture observed in the 6061-aluminum alloy produced by high-power 

ultrasonic AM in the Z direction [34]. The poor Z-direction properties of ultrasonic AM samples 

are correlated to the coalescence of pre-existing shear bands at interfaces into micro-voids, leading 

to strain localization and spontaneous failure on tensile loading. The results above suggested that 

SoftTouch AMTM is able to avoid the formation of a weakly bonded interface between deposited 

layers and, therefore, promote a fully ductile fracture during the tensile test. 

 

Figure 5.9:  Hardness map for the cross-section of the as-deposited sample and the adjacent substrate. 

Figure 5.9 shows the hardness distribution of the as-deposited 6061 aluminum alloy layers 

and the adjacent wrought 6061 aluminum alloy base metal (BM). Compared to the adjacent 

aluminum alloy BM, a remarkable hardness reduction occurred in all the as-deposited aluminum 

alloy layers. The tenth printed layer (the last printed layer) exhibited relatively higher hardness 

than the other layers. 6061 aluminum alloy is a precipitate-hardened aluminum alloy whose 
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mechanical properties mainly rely on the precipitates rather than the grain structure. A previous 

investigation [29] showed that even a short exposure of the peak-aged 6061 aluminum alloy to  

temperatures > 370 °C caused precipitate dissolution, leading to a reduction in strength. Therefore, 

it is no surprise that the as-printed 6061 aluminum alloy exhibited a reduced hardness compared 

to the adjacent aluminum alloy BM.  

 Figure 5.10(a,b) shows the TEM images of the tenth printed layer. A low density of 

dislocations and spherical precipitates around 100 nm in diameter were observed in the tenth 

printed layer while the typical needle-shaped β” or rod-shaped Mg2Si precipitates in the peak aged 

6061 aluminum alloy were not observed, suggesting the β” or rod-shaped Mg2Si precipitates 

dissolved into the matrix of the 6061-aluminum alloy. Compared to the tenth printed layer, the 

first printed layer contained a higher density of spherical precipitates and a lower density of 

dislocations (Figure 5.10 (c,d)). The typical needle-shaped β” or rod-shaped Mg2Si precipitates 

were also hardly observed in the first printed layer. Elemental mapping analysis (Figure 5.11) 

shows that the spherical precipitates were not Mg2Si precipitates but Si-rich precipitates.  

The main alloying elements in the deposited 6061 aluminum alloy are Mg (0.89 wt%) and 

Si (0.75%). Previous investigations showed that the solubility of Si in the aluminum alloy was 

0.86% at 500 °C and decreased to a few parts per million (ppm) at room temperature [35] while 

the solubility of Mg in aluminum was > 15 wt% at 450 °C and decreased to ∼1 wt% at room 

temperature [36]. Figure 5.10 suggests that high processing temperature during AFED enabled the 

dissolution of Si and Mg elements into the 6061-aluminum alloy matrix. During the cooling stage 

of AFED, part of the Si precipitated into Si-rich spherical particles while part of the Si was retained 

in solution in the aluminum alloy matrix, forming a supersaturated solid solution due to the high 

cooling rate of FED (Figure 5.10 (a, b)). 
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Figure 5.10: TEM micrographs of the tenth layer of the as-deposited sample at (a) low and (b) high magnification; TEM 

micrographs of the first layer of the as-deposited sample at (c) low and (d) high magnification. 

 

 

Figure 5.11: Microstructure and element distribution of the first layer of the as-deposited sample. 
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Figure 5.10 (c, d) shows that more Si in the matrix precipitated into Si-rich spherical 

particles after experiencing additional thermal cycles during the following deposition processes. 

The formation of Si-rich spherical particles reduced the degree of Si supersaturation in the 

aluminum alloy (Figure 5.10 (c, d)) and, therefore, the hardness of the deposited aluminum alloy 

(Figure 5.9).  

Previous investigations showed that the mechanical properties of friction stir processed 

6000 series aluminum alloys can be fully recovered after a T6 thermal cycle [37].  Therefore, the 

temporary softening of the as-printed aluminum alloy is not a major issue for many 3D printing 

applications. Similar to any other thermomechanical processing or fusion-based processing, a post-

processing heat treatment may be needed for the printed parts if high strength is a must, which was 

experimentally verified in this study. 

 

Figure 5.12: Hardness map for the cross-section of the deposited sample and the adjacent substrate after T6 heat treatment. 
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Figure 5.13: Tensile deformation behavior of the deposited alloy and the nearby BM (wrought aluminum alloy) after T6 heat 

treatment: (a) ultimate tensile strength of each deposited layer in X and Y directions, (b) a comparison of the tensile deformation 

behavior of the nearby BM and the deposited alloy in X, Y,  and Z directions. 

Figure 5.12 shows that after the T6 heat treatment (a solution heat treatment at 540 °C for 

3 h followed by water quenching and then an age-hardening at 170 °C for 7 h), the majority of the 

deposited 6061 aluminum alloy and the adjacent 6061 aluminum alloy BM exhibited a similar 

hardness. A further evaluation of the tensile deformation behavior of the heat-treated samples 

shows that the wrought BM and all the printed layers exhibited a similar UTS in both X and Y 

directions (Figure 5.13 (a)). Compared to the BM, the deposited 6061 aluminum alloy exhibited a 

slight increase in ductility in both the X and Y directions and a slight decrease in UTS and ductility 

in the Z direction (Figure 5.13(b)). Overall, the deposited 6061 aluminum alloy and the wrought 

6061 exhibited comparable tensile deformation behavior. The average UTS and ductility of the 

deposited 6061 aluminum alloy were determined to be 254 MPa and 12%, respectively. The 

average UTS and ductility of the wrought aluminum alloy were determined to be 280 MPa and 

10%, respectively. High-density needle-shaped β” precipitates, which are the most strengthening 

precipitates in the peak-aged 6061 aluminum alloy, were observed in both the BM and deposited 

6061 aluminum alloy after the T6 heat treatment (Figure 5.14).  

Considerable high strength has been achieved in the 6061 aluminum alloys produced by 

cold spray and fusion-based AM. However, the high strength is often associated with a remarkably 
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reduced elongation [38-40]. The current study showed that the bulk 6061 aluminum alloys 

produced by AFED exhibited a UTS and elongation comparable to wrought AA6061 after T6 heat 

treatment although with a slightly reduced UTS and ductility in the Z direction.  

 

Figure 5.14: TEM micrographs of the (a) BM and (b) the first layer of the deposited sample after T6 heat treatment. 

 

Figure 5.15: Effect of printing layer thickness on the printing process and bonding quality: (a) compression pressure applied on 

the substrate during AFED, and (b) compression pressure as a function of printing layer thickness. Photographs of as-deposited 

aluminum alloy with a deposition layer thickness of 1.5 mm (c) and 3 mm (d), respectively. Cross-section of as-deposited 

aluminum alloy with a layer thickness of 1.5 mm (e) and 3 mm (f), respectively. 



 144 

Figure 5.15 (a, b) shows that the compression pressure applied on the substrate is only ∼21 

MPa during deposition when the layer thickness is 1 mm. The compression pressure was reduced 

to ∼10 MPa after increasing the layer thickness to 4 mm. The low deposition compression pressure 

is advantageous in that it will allow continuous layer-by-layer printing without needing a dwell 

time for the previously printed layer to recover sufficient strength to endure the compression 

pressure. A further increase in deposition layer thickness is desirable for large-scale additive 

manufacturing since it allows a higher building rate. Further investigation is necessary to 

understand the relation between the printing layer thickness and bonding quality since interfacial 

defects started to appear when the layer thickness was beyond a certain limit, as shown in this 

study (Figure 5.15(c-f)).  

This study shows that FED can be a key enabler for achieving cost-effective dense metal 

3D printing at high manufacturing speed, therefore offering a disruptive solution to the property- 

complexity-affordability tradeoff dilemma. The absence of metal melting avoids the solidification-

induced hot cracking, large shrinkage, and voids defects associated with fusion-based AM. The 

thermomechanical deformation of FED ensured a dense fine-grained microstructure. Sound 

mechanical properties can be achieved in the as-printed state and after a post-processing heat 

treatment.  

The geometry complexity of the printed dense metal can be increased by either a size 

reduction of the die opening or a combination of the AFED with a subtractive manufacturing 

process. In this regard, AFED offers innovation opportunities in tools, facilities, and system 

integrations. The capability of using off-the-shelf metal rods as feedstock and printing in the open 

air makes the SoftTouch deposition avoid pricy metal powders, and costly inert or vacuum 

conditions. Compared to additive friction stir deposition, SoftTouch deposition has a unique 
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capability of softening the metal prior to deposition, leading to a soft metal deposition in a solid 

state. This can significantly increase the manufacturing speed and reduce the manufacturing cost 

as the waiting time between layers can now be removed, particularly for large-volume AM 

applications.  

The AFED has the potential to unlock unprecedented freedoms for innovations in the field 

of materials and manufacturing. The capacity of the AFED can be further exploited after strategic 

control of alloying, precipitates, dislocations, grain size, grain boundaries, texture, and phase 

distribution of the printed metals. To make the SoftTouch process robust in various applications, 

an in-depth understanding of the underlying process physics will become critical. Since AFED is 

an extrusion-based direct printing process operable in an open-air environment, it can be 

implemented for adding features to existing parts, repairing damaged metal surfaces, joining 

different pieces of metals, and developing novel fine-grained metals and composites in addition to 

AM applications. To that end, the authors are confident that the AFED process will significantly 

advance our metal manufacturing capability through an improved understanding of its process 

physics and implementation of novel process control algorithms in the coming years, making 

printing fine-grained dense metals cost-effective. 

 

5.4 Conclusions 

In summary, we presented an extrusion based SoftTouch/AFED process that can build 

dense metal of complex structural forms in an open-air environment using off-the-shelf metal rods 

as feedstock. During AFED, the feedstock metal was softened by severe plastic deformation-

induced grain refinement at elevated temperatures prior to deposition, enabling low compression 

pressure in the previously deposited layer during the AM process, which is critical for continuous 

layer-by-layer printing since it can eliminate or remarkably reduce the waiting time between layers 
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for cooling down the previously printed layer to recover sufficient strength to endure high 

compression pressure. 

The bulk 6061 aluminum alloys produced by AFED exhibited a UTS and ductility 

comparable to the wrought 6061 aluminum alloys after the same T6 heat treatment. The current 

study showed that compression pressure applied on the substrate by SoftTouch was in the range 

of 10−21 MPa during AFED. With an improved understanding of the process physics and 

implementation of the process control algorithms, the new AM process will be advanced in the 

coming years for making fine-grained dense metal printing cost-effective, breaking the property-

complexity-affordability tradeoff in metal manufacturing. 
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Chapter 6 Further Exploratory Study on Friction Extrusion-Based Solid-State Deposition 

of Dissimilar Material Systems 

6.1 Background 

3D metal printing or additive manufacturing (AM) processes have shown enormous 

potential for both repairing existing structures and developing optimized structures by achieving 

near-net shapes [1]. However, one of the key challenges in fusion-based AM processes is 

solidification-induced anomalies or defects, e.g., gas pores, solidification cracking, incomplete 

fusion, inclusion, etc. Fusion-based dissimilar metal AM is particularly challenging due to the 

formation of intermetallic compounds (IMCs), which can cause microcracking. The impact of 

some of these types of defects must be carefully evaluated on their implications on structural 

performance [2]. Specifically for multi-material structure applications, such as a light water reactor 

where stainless-steel cladding is used on the low carbon steel pressure vessels, a fusion-based 

cladding process can induce tensile stresses, which can cause stress corrosion cracking. Therefore, 

alternative AM processes, particularly solid-state AM, can be highly desirable for eliminating 

solidification-induced defects and enabling dissimilar metal AM [3,4].  

Furthermore, fusion-based processes, due to their high input, decarburize at the LCS side 

near the welding interface [5,6]. Such a migration of carbon from the heat-affected zone (HAZ) 

leaves the region for coarse-graining, and softening takes place weakening the region. Similarly, 

due to the high input of fusion welding and fusion-based 3D printing, significant chromium carbide 

precipitation takes place when the temperature reaches above 700℃ for a prolonged period of time 
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[7]. Precipitation of chromium carbide occurs more rapidly around the grain boundaries, and such 

a sensitization of steel makes the region around the weld more prone to corrosion, leading to a 

reduction of the service life of the welded components [5].  

Combining the grain refinement achieved in AFED presented in Chapter 5, and with the 

controlled and strategically induced localized shear strain between the steel surface and the 

depositing aluminum alloy 6061 (AA6061) in large-area friction stir additive manufacturing 

(FSAM) presented by Liu et al [8,9] in Chapter 4, this chapter presents an exploratory study on 

the solid-state deposition of stainless steel 316 (SS316) on carbon steel 1018 (AISI1018) (section 

6.2.1) and aluminum alloy 6061 (AA6061) deposition on stainless steel 304 (SS304) (section 

6.2.2) to achieve dissimilar material systems. This study is intended to provide a multi-fold 

solution to achieve structural lightweighting and on-demand structural repair by AFED to develop 

dissimilar material structures using stainless steel on mild steel for various surface cladding 

applications, and aluminum alloy on steel with suppressed IMCs and robust interfacial bonding.  

 

Figure 6.1:(a) Schematic of the AFED (SoftTouch AMTM) process, (b) bow-tie extrusion profile, (c) off-the-shelf round feedstock 

of aluminum alloy 6061 (AA6061) and stainless steel 316 (SS316), (d) anti-locking feature on the top end of feedstocks 
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Figure 6.2: (a) SS316 deposition on AISI1018, (b) cross-sectional SEM image showing a global view of deposition, (c) detailed 

features of flash overhang indicated in (b), (d) higher magnification image showing banded structure between SS316 deposition 

and AISI1018 substrate, (e) higher magnification image showing inter-penetration of SS316 deposited layer with AISI1018 

substrate top surface indicated in (d) 

6.2 Results and Implications 

6.2.1 Stainless steel 316 deposition on carbon steel AISI1018 

AFED is a novel solid-state additive manufacturing process, and the design of the material 

printing nozzle has been achieved by numerous combinations of systems and component-level 

design iterations. As shown in Figure 6.1, the feedstock and guiding tube remain stationary at all 

times, and only the extrusion die rotates at the end of the feedstock without letting feedstock pass 

through the extrusion die directly, making it different than the commercially available technologies 

such as AFSD by MELD Inc [3]. AFED system assembly does not contact with the substrate and 

the extrusion die shown in Figure 6.1(b) uses a bow-tie extrusion profile. The round feedstocks of 

aluminum alloy 6061 and SS316 shown in Figure 6.1(c) have an anti-rotation feature shown in 

Figure 6.1 (d) to prevent any rotation of feedstock when the extrusion die is rotating at the other 

end to plasticize the feedstock. A single continuous layer of SS316 was deposited on mild steel 
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1018, developing a dissimilar material SS316/AISI1018 interface. Figure 6.2(a) shows the top 

view of SS316 deposition on AISI1018 with approximately 85 mm printed length, 25 mm width, 

and 0.80 mm average thickness. It was deposited at 1000 RPM, 20 mm/min federate, and 60 

mm/min printing velocity.  

Figure 6.2(b) shows a cross-sectional macrograph with SS316 deposited on AISI1018 mild 

steel. Two distinct overhangs can be observed on either side of the printed layer widths (Figure 

6.2b). The SEM backscatter detector image shown in Figure 6.2(c) shows strong stirring and 

mixing features at the overhanging flash adjacent to the substrate material. The overhangs on the 

advancing and retreating sides were 4.50 mm (top right corner in Figure 2b) and 2.50 mm (top left 

corner in Figure 6.2b), respectively. Longer overhanging flashes on the retreating side can be 

attributed to a material flow in the extrudate deposited material between the rotating extrusion die 

exterior plane and the substrate implying insufficient forced mixing of deposited material between 

the SS316 deposition and the AISI1018 substrate.  

The higher magnification image shown in Figure 6.2(d) represents the deposition-

processing or friction-processing zone of SS316 and the inter-mixed substrate boundary. It can be 

seen from Figure 6.2(d) that the SS316 deposited material underwent a significant amount of 

frictional processing to mix and adhere with the AISI1018 substrate. It can be further confirmed 

with even higher magnification images in Figure 6.2(e). Visible shear bands or banded structures 

[10] developed by the mixing and interpenetration of elemental alloys of SS316 and AISI1018 can 

be seen with slightly varying contrast in Figure 6.2(d). A further higher inter-penetration of 

deposited material and the substrate material can be verified by Figure 6.2(e) at a much higher 

magnification image showing clear inter-mixing and inter-penetration of SS316 and AISI1018 

materials. There were no visible voids or gaps at the interface of SS316 and AISI1018 materials 
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in any of the depicted cross-sectional images shown in Figure 6.2 implying a strongly bonded 

interface. 

Figure 6.3(b) shows the EBSD IPF map for the SS316 feedstock rod material cross-section. 

The preliminary observation from Figure 6.3(b) shows typical coarse grains with grain size 

between 35 and 98 µm. We can observe a significant density of annealing twins and shear bands 

with strong texture from the EBSD IPF map shown in Figure 6.3(b), with well-defined grain 

boundaries. Figure 6.3(c-d) represents the IPF maps of EBSD scans collected for the SS316 

deposition on AISI1018 steel substrate and respective pole figures at locations marked in Figure 

6.3(a). The IPF map shown in Figure 6.3(c) at the top of the layer (point “c” in Figure 6.3(a)) 

depicts nearly equiaxed smaller grains with disappeared annealing twins compared to the base 

feedstock material grain structure. It has an average grain size of around 7.60 µm (see Figure 6.4c) 

with random texture distribution as shown in Figure 6.4(a).  

 

Figure 6.3: (a) EBSD scanning locations in the SS316 deposited layer and top of the AISI1018 substrate, (b) EBSD IPF maps for 

SS316 base material, (c) inverse pole figure (IPF) maps at the location shown for the SS316 deposited layer, (d) IPF maps at the 

top of the AISI1018 layer adjacent to the SS316 deposited layer, (e) IPF triangle 
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Figure 6.4: (a) Texture plot for the IPF maps shown in Figure 6.3(c), (b) texture plot for the IPF maps shown in Figure 6.3(d), (c) 

grain size distribution w.r.t. area fraction for the IPF maps shown in Figure 6.3(c), (d) grain size distribution w.r.t. area fraction 

for the IPF maps shown in Figure 6.3(d) 

 

On the other hand, the EBSD scanning location in the AISI1018 substrate top surface has 

a slightly different microstructure, as shown in Figure 6.3(d), depicting a more pronounced shear 

banding phenomenon generally seen in the friction stir zone [11,12]. The grains in Figure 6.3(d) 

show more elongated and friction stir deformation-induced banded patterns. It has an average grain 

size of 5.50 µm as shown in Figure 6.4(d). Corresponding pole figures shown in Figures 6.4(a) 

and (b) show weak textures for both the grain distribution shown in Figures 6.3(c) and 6.3(d), 

indicating strong frictional processing. Such a frictional processing must shear and elongate the 

grains and deform the microstructure at a high shear strain rate inducing severe plastic deformation 

and grain refinement throughout the deposited SS316 layer and adjacent AISI1018 substrate 

material.  
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Figure 6.5: Illustration of three-point bending test; (a) testing setup before the loading begins, (b) sample under 5kN loading 

condition, and (c) optical image showing bonding and delamination between SS316 deposited layer and AISI1018 substrate. 

In order to assess the interlayer bonding characteristics for SS316 deposition on AISI1018, 

a three-point bending test was performed. Figure 6.5(a) shows the loading configuration of the 

three-point bending specimen (100mm X 10mm X 6.25mm) with a deposited layer indicated by 

the double-sided red arrow. After a peak load of 5kN, the bent and sufficiently yielded profile of 

the substrate AISI1018 with unaffected SS316 deposited layer was recovered and is shown in 

Figure 6.5(b). As can be seen in Figure 6.5(c), the delamination occurred only at the outer edges 

of the deposited SS316 layer, and no delamination was seen away from the edges of the deposited 

layer. This implies a strong stirring between SS316 deposited material and AISI1018 substrate 

leading to a strongly bonded interface.  

Stacking fault energy (SFE) is the governing factor for grain refinement in metallic 

materials because it controls the dislocation movements directly [10,13]. Materials with low SFE 

have higher stacking fault width between two partial dislocations, and hence, the cross slip and 

climb of dislocations suffer from recombination, leaving concentrated regions of dislocations in 

the grains. On the other hand, materials with high SFE are easier to allow dislocations to 
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redistribute, recover, and recrystallize [10,14]. AFED process generates a high strain rate frictional 

processing of materials at temperatures significantly high, yet below the melting point. Such a 

dynamic state imparts superplastic deformation at high temperatures, and refinement of grains 

must occur. 

The AFED process discussed in this research uses the rotatory extrusion tool on the solid 

feedstock to first deform the metallic materials superplastically at a high shear strain rate. Grain 

refinement takes place partially once at the exit of the extrusion die opening. Then deposited 

material is frictionally processed again vigorously with the substrate by frictional stirring and 

severe plastic deformation must take place adjacent to the substrate. Both processes undergo a 

significant amount of frictional shear processing below melting temperature of materials, and 

severe plastic deformation (sever cold working) must occur to homogeneously refine the grains 

depending upon their SFE [10,15].  

6.2.2 Aluminum alloy-6061 deposition on stainless steel 304 substrate 

 

Figure 6.6: (a) Top view of multi-layer 6061 aluminum deposition on SS304 substrate, (b) front of view of multi-layer 6061 

aluminum deposition on SS304 substrate. 

Figure 6.6 shows the multilayer 6061 aluminum alloy deposition on the SS304 substrate, 

with Figure 6.6a representing the top view and Figure 6.6b representing the front view of the multi- 
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Figure 6.7: Cross-sectional SEM images of multi-layer 6061 aluminum alloy deposition on SS304 substrate; (a) multi-layer 

deposited sample cross-section with marked layers 1-5 and locations (i) and (ii) for EBSD scanning, (b) intimately bonded 

AA6061/SS304 interface, (c) higher magnification image showing tightly bonded interface, dispersion of white Mg2Si 

precipitates, and surface unevenness of SS304, (d) inter-layer bonding features near the overhang shown in (a), and (e) nanoscale 

interfacial reaction zone indicated in (c) with location (iii) marked for TEM sample analysis 

layer deposit. A layer thickness of 1.50 mm with 25 mm width, 75 mm printing length, 1000 RPM, 

800 psi, and 120 mm/min printing velocity was used to deposit 5 layers of 6061-aluminum alloy 

on SS304 substrate. Figure 6.7 represents cross-sectional images at various magnifications of 6061 

aluminum alloy multi-layer deposition on SS304 substrate. As shown in Figure 6.7(a), layers 1-5 

are marked as L1, L2, L3, L4, and L5 respectively. It can be observed from Figures 6.7(a-c) that 

the first 6061 aluminum layer deposition on SS304 shows no visible voids or gaps at the bonded 

interface. There was a noticeable amount of surface unevenness on the SS304 material shown in 

Figure 6.7(c), which can be attributed to the surface condition of the SS304 substrate (brushed 

condition) and the initial action of friction processing of the extruded 6061 aluminum alloy. 

Despite the surface unevenness on the SS304 substrate, the bonding interface shown in Figures 

6.7(a) and 6.7(b) shows intimate bonding between aluminum alloy 6061 and SS304. Higher 

magnification images 6.7(c) and 6.7(e) further confirm the close and tight bondedness of the 
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interface without any visible voids or gaps. The deposition-bonded interface in Figure 6.7(e) 

further shows a nanoscale interfacial feature adjacent to the SS304 faying surface. It resembles 

similarities with intermetallic compounds (IMCs) and is discussed in detail in later sections.  

The multi-layer deposited regions in Figure 6.7(a) are further investigated in detail and are 

shown in Figure 6.7(d) with L-3 and L-4 interfaces at higher magnification. It can be observed 

from Figure 6.7(d) that the aluminum 6061 deposited layers have been adequately processed and 

don’t show any signs of visible delamination or inter-layer voids.  

Another important observation can be made from Figure 6.7(c) above the SS304 substrate 

line about the broken and dissolved precipitates. Since 6061 aluminum alloy is a precipitate-

hardened alloy with the Mg2Si phase as the dominant precipitation phase [4], such precipitates 

must be dissolved and redistributed homogeneously via friction processing. This can be observed 

from Figure 6.7(c) at multiple spatial locations with white precipitate nodules distributed 

throughout the deposited layer. It can be further attributed to the high shear strain rate induced 

agitation achieved during the primary friction at the feedstock end to soften the feedstock material 

and then secondary friction to additively deposit the layer-by-layer structural build. Also, since the 

dual friction processing reduces the deposition processing temperature (as shown in Liu et al. [4]) 

and substrate back-response pressure, such a mixing must happen at lower temperatures compared 

to the solidus to liquidus temperature transition temperature leading to more uniform precipitate 

redistribution.  
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Figure 6.8: EBSD IPF (a) AA6061 base material, (b) IPF triangle, (c) IPF maps showing grain refinement at location (i) in L5 

shown in Figure 6.7(a), (d) IPF maps showing grain refinement at location (ii) in L1 shown in Figure 6.7(a) 

 

Figure 6.9: (a) Texture plots for IPF maps in 6.8(c), (b) texture plots for IPF maps in 6.8(d), (c) grain size distribution and area 

fraction for IPF maps in 6.8(c), and (d) rain size distribution and area fraction for IPF maps in 6.8(d) 
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Figure 6.8 represents EBSD IPF maps for 6061 aluminum deposition on SS304. Figure 

6.8(a) shows the 6061-aluminum alloy coarse grains for the base material with grain size between 

90 and 170 µm. Figure 6.8(b) represents the IPF triangle. The EBSD scan collected at the top layer 

mid-thickness (location (i) in L5 shown in Figure 6.7a), shows uniformly distributed equiaxed 

grains with an average grain size of around 11 µm in Figure 6.8(c) compared to around 130 µm 

diameter grains shown in Figure 6.8(a). Corresponding pole figures in Figure 6.9(a) show a strong 

texture, which can be attributed to the low heating rate associated with the friction processing of 

aluminum 6061 alloys [4]. Figure 6.8(d) shows the grain distribution IPF collected at the first layer 

(adjacent to the SS304 substrate, location (ii) in L1 shown in Figure 6.7a) mid-thickness with an 

average grain size of 18 µm and a weak texture (Figure 6.9(b)). It is interesting to note here that 

there is a slight increase in average grain size from L5 to L1. 6061 aluminum alloys’ grain growth 

is highly driven by the heating cycles around the recrystallization temperature and the grain size 

increases with temperature [16-18]. Such a noticeable increment in grain size can be attributed to 

the higher heat associated with frictionally heating the steel substrate during the first layer (L1) of 

deposition, which does not happen during the last layer (L5) deposition.  

Figure 6.10(a-e) further represents the bonding strength assessment steps using small-scale 

tensile coupons. Tensile coupons were carefully machined using an Electrical Discharge 

Machining (EDM) such that the gauge length comprises equal lengths of the substrate and 

deposited aluminum 6061 layers, as shown in Figures 6.10(b) and 6.10(d). These tensile coupons 

were then subjected to uniaxial tensile loading, and the corresponding stress-strain response is 

presented in Figure 6.10(e). As can be seen from Figure 6.10(e), sample-1 follows an initial sudden 

drop in stress after reaching the peak stress. Samples 2 and 3 follow a prolonged flattened plateau 

of load drop with respect to the strain axis indicating delayed failure of the tensile coupons after 
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reaching the peak stresses. It can be further observed from Figure 6.10(e) that none of the samples 

showed an immediate and sharp drop in load vertically. This implies that there was a significant 

amount of elongation before the final failure of the samples.  

 

Figure 6.10: (a) dotted lines showing the location for mini-tensile sample machining, (b) configuration of the mini-tensile sample 

extraction, (c) dimensions for the mini-tensile samples, (d) physical sample after EDM machining and surface cleaning, and (e) 

stress-strain curves obtained after tensile testing 

This phenomenon can be further confirmed by material failure at the aluminum 6061 alloy 

side presented in Figures 6.11(a) and 6.11(b). As shown in Figure 6.11(a), there is an apparent 

necking and gauge width reduction in the aluminum side of the tensile sample, corresponding to 

the flattened plateau shown for sample 2 in Figure 6.10(e). Respective ductile failure features from 

the necking region in Figure 6.11(a) are shown in Figure 6.11(c) depicting broken dimpled 

structures. The density of these broken dimpled features is significantly uniform and homogeneous 

indicating a well-homogenized friction extrusion deposited material volume, typically an 

indication of wrought microstructure [4,3].  
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Figure 6.11: Post-tensile failure features of mini-tensile samples: (a) and (b) SEM images showing global failure features, (c) 

local ductile failure features indicated in (a), (d), ductile and shear failure features indicated at aluminum side in (b), and (e) 

residual 6061 aluminum alloy on SS304 indicated in (b) 

On the other hand, Figure 6.11(b) represents a progressive failure starting at the 

AA6061/SS304 interfacial location at the right end of the gauge width and traversing interfacially 

before transitioning into the aluminum 6061 alloy side for final shear mode failure. Such a 

progressive failure conforms adequately with the stress-strain curve shown for sample 3 in Figure 

6.10(e) before the final sample failure regime. A detailed look at the significant amount of residual 

aluminum on the SS304 surface shown in Figure 6.11(e) further indicates that the crack must 

initiate at the aluminum 6061 alloy side. Once the crack is initiated at the softer material (AA6061) 

side, it propagates along the interface through the aluminum alloy until the loading branch is 

weakened significantly (reaches up to half gauge width). From that point, it proceeds with the 

shear dominant route, and the final failure takes place along almost 45° shear and ductile failure 

mode. The ductile failure mode can be further confirmed by the sheared dimpled and ductile failure 

features shown in Figure 6.11(d). 
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Aluminum alloy has a much higher SFE value ranging above 150 mJ m-2 [13,16]. With 

such a high SFE, the dislocation movements are easily facilitated by the shear deformation caused 

by the friction extrusion deposition process, and homogeneous equiaxed grain refinement can 

easily occur compared to SS316. This can be evidently seen from Figures 6.7(b) and 6.7(c) with 

uniform grain refinement both at the first layer (L1) and at the last layer (L5) of aluminum 6061 

alloy deposition on the SS304 substrate. The top layer (L1), however, shows a stronger texture 

compared to the bottom layer (L5) of aluminum 6061 deposition on SS304 due to a high fraction 

of low-angle grain boundaries form in the last deposited layer (L5) and repetition of multi-layer 

deposition weakened the texture of the first deposited layer (L1) as described by Liu et al [4].  

 

Figure 6.12: (a) TEM dark field image taken at the location (iii) shown in Figure 6.7(e), showing the interface between aluminum 

alloy 6061 and SS304 with small grains, reaction zone, and distorted crystals on SS304 side, and (b) detailed view of reaction 

zone indicated in (a) 

For the case of aluminum 6061 deposition on SS304 to develop a dissimilar material 

interface, a noteworthy phenomenon can be further illustrated using TEM dark-field (Figure 6.12a) 

and bright-field (Figure 6.12b) images taken at the interface before tensile testing of AA6061 

deposition on SS304 (location (iii) in Figure 6.7e). A continuous horizontal stacking of spherical 



 164 

nodules with overlapping regions can be seen at the interface between aluminum alloy 6061 and 

SS304, shown in Figure 6.12(a), and can be more clearly seen in Figure 6.12(b) at a higher 

magnification image. Liu et al [8,9] have identified similar features during 6061 aluminum alloy 

friction stir additive manufacturing (FSAM) with SS304 and defined this to be a reaction zone 

where nanoscale shear localization takes place. Since the deposited aluminum 6061 material had 

undergone a significant amount of grain refinement, two distinct grains adjacent to each other can 

be seen situated immediately above this reaction zone. There is some evidence of crystallographic 

distortions on the SS304 side (Figure 6.12a), which can be attributed to the initial frictional 

processing necessary for the interfacial bonding between aluminum 6061 and SS304 to take place 

[8,9].  

 

Figure 6.13: Elemental distribution across the reaction zone developed between aluminum 6061 ally and SS304 during AFED 

To identify the chemical composition of the reaction zone described above, elemental 

analysis was performed for the area shown in Figure 6.12(b) and elemental distribution is shown 

in Figure 6.13 at the reaction zone between aluminum 6061 alloy and SS304. It can be observed 

from the concentrations of alloying elements at the reaction zone that Si has concentrated strongly, 
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and a partial width of Mg and O are distributed at the SS304 faying surface compared to Cr, which 

is very minute. The base alloying elements of Al and Fe can be seen forming a reaction zone with 

Si as the dominant alloying element with the graded distribution of Mg and O at the SS304 surface. 

Based on these observations, the reaction zone is not in the form of a dominant intermetallic 

composition of Al and Fe alone [9] and has a significant amount of Si, Mg, O, and a trace amount 

of Cr in the reaction zone.  

Liu et al. [9] have provided an in-depth discussion about the mechanisms associated with 

the formation of an amorphous phase at the 6061 aluminum alloy and 304 stainless steel interface 

under friction stir additive manufacturing using nanoscale shear localization induced 

amorphization (NSLIAA). The NSLIAA process involves a rapid shear localization-induced pre-

melting and suppression of the atomic diffusion process as a result of a high shear strain rate in the 

order of 109 s-1. The present process follows the same principle, except that the aluminum alloy 

has been processed to soften first and deposit on the SS304 under localized shear deformation. 

Based on the rationales presented by Liu et al. [8,9], such a reaction zone must contain ordered 

short-range structures that cannot be defined as IMCs (IMCs are dominantly in the form of 

crystalline structures) and must be in the form of an amorphous phase with some degree of nano-

crystalline precipitates. A detailed TEM analysis of such a reaction zone is beyond the scope of 

this dissertation research work.  

6.3 Summary 

 Using a two-step friction extrusion deposition process (SoftTouch AMTM) recently 

invented by Liu et al. [4], a single layer of SS316 and five layers of aluminum 6061 alloy were 

deposited on carbon steel AISI1018 and SS304 substrates, respectively. Three-point bending and 

micro tensile testing confirmed robustly bonded SS316/AISI1018 and AA6061/SS304 dissimilar 
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material interfaces. Severe plastic deformation was achieved during the AFED processing, and 

more than an order of magnitude grain size reduction with a significant amount of grain refinement 

was achieved. On the other hand, a nanoscale reaction zone was observed with multi-element (Al, 

Fe, Si, Mg, O, and a trace amount of Cr) distributions, and corresponding failure modes in tensile 

loading were found to be ductile and not brittle, indicating suppression of IMCs. Nanoscale shear 

localization-induced alloy amorphization (NSLIAA) [8,9] was found to be a dominating 

mechanism for generating nanoscale reaction zones and suppression of IMCs. 

 AFED has proven to utilize off-the-shelf metallic feedstock without any special feedstock 

preparation and has shown strong potential to be utilized as an alternative solid-state additive 

manufacturing technology. Current research has further demonstrated the dissimilar material and 

multi-material additive manufacturing capabilities intended for future industrial, energy, and 

sustainability applications via advanced manufacturing.  

 

 

 

 

 

 

 

 

 

 



 167 

References 

[1] DebRoy T, Wei HL, Zuback JS, Mukherjee T, Elmer JW, Milewski JO, et al. Additive 

manufacturing of metallic components – Process, structure and properties. Prog Mater Sci 

2018;92:112–224. https://doi.org/10.1016/j.pmatsci.2017.10.001. 

[2] Wu S, Dong P. Modeling of distributed defects and a proposed fatigue interaction criterion 

for additively manufactured metal parts. Int J Press Vessel Pip 2023;206:105048. 

https://doi.org/10.1016/j.ijpvp.2023.105048. 

[3] Shao J, Samaei A, Xue T, Xie X, Guo S, Cao J, et al. Additive friction stir deposition of 

metallic materials: Process, structure and properties. Mater Des 2023;234:112356. 

https://doi.org/10.1016/j.matdes.2023.112356. 

[4] Liu F, Dong P, Khan AS, Zhang Y, Cheng R. 3D printing of fine-grained aluminum alloys 

through extrusion-based additive manufacturing: Microstructure and property 

characterization. J Mater Sci Technol 2022. https://doi.org/10.1016/J.JMST.2022.08.017. 

[5] Shushan SM, Charles EA, Congleton J. The environment assisted cracking of diffusion 

bonded stainless to carbon steel joints in an aqueous chloride solution. Corros Sci 

1996;38:673–86. https://doi.org/10.1016/0010-938X(96)00158-8. 

[6] Govardhan D, Kumar ACS, Murti KGK, Madhusudhan Reddy G. Characterization of 

austenitic stainless steel friction surfaced deposit over low carbon steel. Mater Des 

2012;36:206–14. https://doi.org/10.1016/j.matdes.2011.07.040. 

[7] Sundaresan S. Metallurgy of welding stainless steels. Adv Mater Res 2013;794:274–88. 

https://doi.org/10.4028/www.scientific.net/AMR.794.274. 

[8] Liu FC, Dong P. From thick intermetallic to nanoscale amorphous phase at Al-Fe joint 

interface: roles of friction stir welding conditions. Scr Mater 2021;191:167–72. 

https://doi.org/10.1016/j.scriptamat.2020.09.031. 

[9] Liu FC, Dong P, Khan AS, Sun K, Lu W, Taub A, et al. Amorphous interfacial 

microstructure and high bonding strength in Al-Fe bimetallic components enabled by a 

large-area solid-state additive manufacturing technique. J Mater Process Technol 2022;308. 

https://doi.org/10.1016/j.jmatprotec.2022.117721. 

[10] Agrawal P, Haridas RS, Yadav S, Thapliyal S, Dhal A, Mishra RS. Additive friction stir 

deposition of SS316: Effect of process parameters on microstructure evolution. Mater 

Charact 2023;195:112470. https://doi.org/10.1016/j.matchar.2022.112470. 

[11]  Pei X, Dong P. An improved friction stir shear localization model and applications in 

understanding weld formation process in alloy Ti-6-4. Int J Adv Manuf Technol 

2018;95:3549–62. https://doi.org/10.1007/s00170-017-1467-7. 

[12] Pei X, Dong P. A selectively-coupled shear localization model for friction stir welding 

process window estimation. Int J Mach Tools Manuf 2017;123:89–104. 

https://doi.org/10.1016/j.ijmachtools.2017.08.003. 

[13] Sarma VS, Wang J, Jian WW, Kauffmann A, Conrad H, Freudenberger J, et al. Role of 

stacking fault energy in strengthening due to cryo-deformation of FCC metals. Mater Sci 

Eng A 2010;527:7624–30. https://doi.org/10.1016/j.msea.2010.08.015. 

[14] Molnár D, Sun X, Lu S, Li W, Engberg G, Vitos L. Effect of temperature on the stacking 

fault energy and deformation behaviour in 316L austenitic stainless steel. Mater Sci Eng A 

2019;759:490–7. https://doi.org/10.1016/j.msea.2019.05.079. 

[15] Lu J, Hultman L, Holmström E, Antonsson KH, Grehk M, Li W, et al. Stacking fault 

energies in austenitic stainless steels. Acta Mater 2016;111:39–46. 

https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/10.1016/j.ijpvp.2023.105048
https://doi.org/10.1016/j.matdes.2023.112356
https://doi.org/10.1016/J.JMST.2022.08.017
https://doi.org/10.1016/0010-938X(96)00158-8
https://doi.org/10.1016/j.matdes.2011.07.040
https://doi.org/10.1016/j.jmatprotec.2022.117721
https://doi.org/10.1016/j.matchar.2022.112470


 168 

https://doi.org/10.1016/j.actamat.2016.03.042. 

[16] Mishra RS, Ma ZY. Friction stir welding and processing. Mater Sci Eng R Reports 

2005;50:1–78. https://doi.org/10.1016/j.mser.2005.07.001. 

[17] Huda Z, Zaharinie T. Kinetics of grain growth in 2024-T3: An aerospace aluminum alloy. 

J Alloys Compd 2009;478:128–32. https://doi.org/10.1016/j.jallcom.2008.11.071. 

[18] Wu Q, Li J, Long L, Liu L. Simulating the effect of temperature gradient on grain growth 

of 6061-T6 aluminum alloy via Monte Carlo Potts algorithm. C - Comput Model Eng Sci 

2021;129:99–116. https://doi.org/10.32604/cmes.2021.015669. 

 

https://doi.org/10.1016/j.actamat.2016.03.042
https://doi.org/10.1016/j.mser.2005.07.001


 169 

Chapter 7 Conclusions  

7.1 Key Research Findings 

 In this dissertation, robust, and repeatable solid-state advanced joining and additive 

manufacturing methods have been investigated by solving fundamental material incompatibility 

issues between dissimilar materials. These methods are highly translational for industrial and 

structural joint development and solid-state dissimilar material large-area additive manufacturing 

at a higher deposition rate compared to conventional and fusion-based manufacturing. These 

objectives were achieved by following four major steps and key contributions and conclusions in 

each of the major areas are as follows: 

1) Direct method for direct joining polymer composite to metal and underlying bonding 

mechanisms. 

a) A reliable joining between aluminum alloy 6061 (AA6061) and glass fiber reinforced 

polypropylene composite (GFRP-PP), which was traditionally not accomplished 

without special surface or material modifications, was successfully achieved through a 

simple functional group seeding technique using a Nylon or polyamide-6 (PA6) thin 

film. The Nylon thin film enabled the joining and provided a joint stronger than the 

base material compared to a no-joining scenario. It is further intended to enable the use 

of polypropylene-type non-polar polymer composites directly in conjunction with 

metallic materials.  
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b) Local temperature and local pressure are the most important factors governing the 

metal-to-polymer direct joining. They are responsible for locally melting the polymer 

to chemically interact with the metal surface directly, governing the bonding, and 

determining the overall joint load capacity.  

c) The application of Nylon provided the necessary interfacial bridging between the non-

joinable aluminum alloy 6061 and the glass fiber-reinforced polypropylene composite 

sheets. The interfacial bonding mechanisms observed were attributed to: 

i. Direct bonding between the aluminum sheet and Nylon (resulting from Nylon 

film) through previously proven carbon-oxygen-aluminum (C-O-Al) type 

chemical bonding and, 

ii. The formation of a strong multi-material composite network of Nylon, glass 

fibers, and polypropylene matrix, leading to a strong aluminum alloy 6061 and 

glass fiber reinforced polypropylene joint. 

d) Metal-to-polymer direct joining has proven to be applicable directly in conjunction 

with metallic materials, enabling applications of metal-polymer hybrid joints for 

structural and non-structural applications for achieving lightweighting goals.  

2) Direct method for direct joining between dissimilar metals and underlying bonding 

mechanisms.  

a) The nanoscale shear localization-induced alloy amorphization (NSLIAA), previously 

discovered, was successfully reproduced for direct spot-joining of thin aluminum alloy 

(AA6061-T6) to thin stainless steel (SS316) substrates without noticeable intermetallic 

compounds (IMCs). This further proved the robustness of the NSLIAA process for 

potentially a broad application in the direct joining of incompatible metals.  



 171 

b) A continuous amorphous dominant reaction zone was observed at the bimetallic joining 

interface, consisting of an Mg and O-rich layer adjacent to the steel faying surface in 

combination with an Al-Fe-Si amorphous phase. The continuous reaction zone was 

attributed to the high shear strain rate combined with the cooling rate effect observed 

for the spot joining configuration and high shear strain rate dominant material pre-

melting at the joining interface.  

c) The resulting bimetallic spot joints showed no degradation in joint strengths, nor any 

change in failure mode after being subjected to a full automotive-grade corrosion test 

cycle. The continuous and homogeneous amorphous reaction zone was found to restrict 

the electrolytic ion penetration at the joining interface and was found to have a barrier 

effect under the automotive corrosion cycling conditions.  

d) The good corrosion resistance thus observed in the Al/Steel joints investigated was 

attributed to the amorphous phase at the joining interface. The results suggested that 

the NSLIAA process has a strong potential for enabling direct joining between 

incompatible metals to achieve structural lightweighting for applications in severe and 

harsh environmental conditions.  

3) Characterize bond quality and joint properties. 

a) Metal-to-polypropylene composite and aluminum-to-steel directly bonded interface 

was assessed using lap shear tensile testing, and the joint failure loads were recorded 

as 11.52 kN and 1.80 kN, respectively.  

b) A simple load/area (P/A) based nominal stress as bonding strength, often used in the 

literature, was found to be ineffective as it accounts for only the membrane stress and 
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does not account for the bending stress associated with the inherent local bending 

moment induced by eccentricity present in the joints.  

c) To address the bending stress present in the joints, a preliminary case study was 

performed using a mechanics-based mesh-insensitive structural stress method. A 

widely adopted “membrane and bending stress interaction diagram” provided by 

ASME BP&V code Section VIII Division 2, which is based on a plastic limit solution, 

was further used to validate the results.  

d) The joint strengths calculated by the structural stress methods fell well within the 

bounds provided by the interaction diagram, further justifying the guidelines for CAE 

designers to use the structural stress-based methods for joint strength calculations and 

adoption in industrial applications for directly bonded joints.  

4) Novel solid-state dissimilar metal additive manufacturing. 

a) An extrusion-based solid-state SoftTouch/Additive Friction Extrusion Deposition 

(AFED) process that can build dense metal of complex structural forms in an open-air 

environment using off-the-shelf metal rods as feedstock was conceptualized, 

developed, and demonstrated to deposit aluminum alloy and stainless steel both under 

similar material and dissimilar material combinatorial systems additively. Such an 

additive manufacturing system avoids pricy powder materials and is fully capable of 

utilizing various types of off-the-shelf feedstock designs without any special material 

treatment, showing strong potential for future sustainability through solid-state additive 

manufacturing.   

b) The bulk 6061 aluminum alloy was first deposited on the 6061 aluminum alloy 

substrate to investigate the feasibility of the AFED process and systems. The ultimate 
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tensile strength (UTS) and ductility of AFED layers were comparable to the wrought 

6061 aluminum alloy after the same T6 heat treatment. Utilizing the knowledge gained 

for depositing 6061 aluminum alloy on 6061 aluminum alloy substrates, a design of 

experiment (DOE) was carried out to deposit stainless steel on mild steel substrate for 

corrosion and wear-resistant cladding operation intended for applications in light water 

reactor (LWR) in-situ repair and aluminum alloy on stainless steel substrate for 

structural lightweighting purposes.  

c) The process parameters developed for dissimilar material deposition provided an in-

depth understanding of AFED process initiation and the importance of pre-heating time 

for dissimilar material systems, especially for ferrous-based materials. The feedstock 

metal was softened by severe plastic deformation-induced grain refinement at elevated 

temperatures prior to deposition, enabling low compression pressure in the previously 

deposited layer during the additive manufacturing process and eliminating substrate 

instability concerns. 

d) Microstructure analysis revealed that stainless steel and aluminum alloy underwent a 

significant amount of grain refinement, and the grain size was reduced by more than an 

order of magnitude below the bulk melting temperatures of the materials. Bond-line 

analysis revealed that the deposited layer of feedstock materials (aluminum alloy and 

stainless steel) makes intimate void-free bonding and doesn’t show any signs of 

microscopic or solidification-induced defects at the microscopic scale. The similar 

material deposition of 6061 aluminum alloy showed strong inter-layer adhesion 

without any signs of delamination. The stainless-steel deposition layer bonded with the 

mild steel substrate by inter-penetration of the respective material matrix. The bond 
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line analysis of aluminum deposition on stainless steel revealed nanoscale shear 

localization induced amorphization and thick reaction zone between Fe and Al matrix 

different than typical intermetallic compounds (IMCs) of Al and Fe materials.  

e) Mechanical testing to analyze the bonding strength revealed that a similar material 

deposition of 6061 aluminum alloy had a strongly bonded inter-layer bonding strength, 

and the Z-direction (build direction) tensile strength was equivalent to the longitudinal 

(X) or lateral (Y) direction tensile strength. The dissimilar material stainless steel 

316/carbon steel 1018 (SS316/AISI1018) interface does not crack or open under a 

severe three-point bending test, indicating an intimately bonded interface. Micro-

tensile testing of the aluminum alloy 6061/stainless steel 304 (AA6061/SS304) 

material system revealed well-formed ductile failure features in the aluminum matrix, 

indicating stronger and more robust interfacial bonding compared to the bulk of 6061 

aluminum alloy deposited layers.  

f) Dissimilar material deposition through AFED thus can be optimized by improved 

design and process parameter control for structural applications such as corrosion and 

wear-resistant cladding, to avoid stress corrosion cracking during crack repairs in 

pressure vessels, light water reactors, underwater marine pipe applications, and 

structural lightweighting.  

7.2 Contributions to Existing Body of Knowledge and Broad Impacts 

1) Proposed a new carbon-oxygen-metal (C-O-M) type covalent bond formation mechanism 

between non-polar polypropylene composite and metals through an intermediary 

functional layer. It is intended to serve as a guiding principle for achieving metal-to-
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polymer direct bonding by leveraging in-situ functionalities in incompatible material 

systems for various structural and non-structural applications.  

2) It was discovered that if the amorphous phase is present at the Al/Steel joining interface, 

then the electrolytic ions from the corrosive media cannot penetrate the amorphous phase 

as they occur through the grain boundaries in crystalline intermetallic compounds. It is 

further intended to develop corrosion-resistant multi-material systems and novel corrosion-

resistant coating processes, material morphologies, and material systems.    

3) Developed novel SoftTouch AMTM process concepts and laboratory implementation for 

consistent solid-state deposition of aluminum to aluminum, aluminum to stainless steel, 

carbon steel to carbon steel, and stainless steel to carbon steel, which potentially offers 

rapid large-area deposition of similar and dissimilar material systems. 

4) Introduced a novel modular multi-material insert die design and rotational stability 

requirements in the additive friction extrusion deposition (AFED) AM or SoftTouch AMTM 

system for achieving consistent solid-state deposition of aluminum and steel materials.  

5) Conceptualized, developed, and validated effective nozzle cooling strategies, including an 

efficient underwater submerged continuous carbon steel deposition platform using the 

University of Michigan’s in-house resources. It is intended to further develop, mature, and 

optimize a controlled and steady-state stainless steel deposition framework underwater 

with enhanced heat dissipation capabilities.  

7.3 Future Work 

1) Process parameter optimization platform for dissimilar material direct joining 

Based on the fundamental joining mechanisms established in this dissertation research 

work, a correlation among the material melting temperature, surface conditions of the 
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joining surfaces, material chemistry and process parameters to achieve a strong joint was 

observed. Hence a robust process optimization platform for dissimilar material direct 

joining needs to be developed utilizing these variables of consideration. Such a platform 

can benefit more from specific industrial material, joint property, and service condition 

requirements for tailored structural applications.  

2) Joint mechanical property and fatigue life evaluation of directly bonded joints 

With the advent of electrical vehicles, there is a significant demand for dissimilar material 

direct joining for structural lightweighting. To effectively transfer the properties to CAE 

designers for better design, optimization, and implementation of the structural components 

for intended applications, a mechanics-based joint property evaluation must first be 

developed. Once that’s established, a robust fatigue life evaluation process can further 

provide more realistic measures to develop the joints for various service conditions and 

final structural applications.  

3) Optimized nozzle material and cooling system for AFED system 

Additive friction extrusion deposition (AFED) is a novel solid-state additive manufacturing 

method that requires a robust system design for the 3D printing nozzle, tooling material 

corresponding to the feedstock material, and cooling systems for effective implementation. 

A multi-physics-based system modeling approach can further reduce the design time and 

provide a strong material and part design and selection matrix for various types of 

feedstock materials and deposition requirements.  

4) Steady-state AFED process development for ferrous materials 

Ferrous materials are of the utmost importance for nuclear power generation equipment 

repair, corrosion and wear resistance cladding, and other structural applications. A due 
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effort should be invested in developing steady-state process parameters for AFED of iron-

based metallic alloys based on the process initiation established in the current research 

work.  

5) Characterize residual stress state in dissimilar AFED process 

Although AFED imparts a significantly small amount of compressive force on the 

substrate, it certainly frictional heats the substrate and previously deposited layers. Since 

this heating leads to temperatures slightly below the melting points of the substrate and 

deposited materials, particularly when dealing with dissimilar metal deposition, both the 

residual stress development process and the final residual stress state can be rather 

complex. Their effects on both additive manufacturability and final product performance 

must be addressed, particularly for safety-critical applications.  
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