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Abstract 

Welding is an important manufacturing process used in various industries, from automotive to 

aerospace. However, existing welding techniques have certain drawbacks that affect weld integrity 

and limit their use in joining some temperature-sensitive materials. A significant concern is the 

heat-affected zone (HAZ), which often becomes softer than its surrounding areas. To address this 

problem, the expansion of cold spray process—a solid-state layer-by-layer high speed particle 

deposition process—as an alternative solid-state welding technique is proposed, developed, and 

evaluated, a process referred to as cold spray welding (CSW). 

As a starting point, the origin of softening in a Tungsten inert gas (TIG)-welded AA 6061-T651 

plates is first comprehensively investigated using experimental, analytical, and thermodynamic 

modelling approaches; this is further compared with the CSWed samples to assess its (CSW) 

potential and current limitations for future optimization. The outcome of this study reveals that the 

softening effect or HAZ in the TIG-welded sample could extend up to ~40 mm from the weld 

center. The HAZ further partitions into four regions: HAZ1, HAZ2, HAZ3, and HAZ4, based on 

peak temperature, hardness, and stable precipitate phases in those regions. While the CSWed 

samples show several benefits: negligible microstructural alterations, inhibition of phase 

transformations, and suppression of deleterious HAZ, they exhibit lower tensile strength and 

impact toughness than TIG-welded counterpart due to the presence of ubiquitous microvoids 

resulting from inadequate metallurgical bonding in CSWed area. These microvoids act as initiation 

sites for microcracks. To guide future optimization efforts, a failure mechanism in the CSWed parts 

is established.  

This research underscores the importance of addressing softening effects in welded materials, 

while also charting a new path to establishing a new unexplored solid-state welding technique that 
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has the potential to minimize the drawbacks in conventional welding methods. By understanding 

and overcoming the poor particle-particle/particle-substrate metallurgical bonding, CSW is poised 

to be an alternative greener solid-state welding technique for applications in various industries. 
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Preface 

This thesis is an original work of the author, and it consists of four chapters. Two of them, Chapters 

2 and 3, have already been submitted for publication in peer-reviewed journals; they contribute to 

the field of materials science and engineering—welding technology, specifically. Due to the 

adopted manuscript-based format for this thesis, these chapters are copies of submitted 

manuscripts. Chapter 2 focuses on the re-examination of the softening phenomenon in the fusion-

based TIG welding process, and it is submitted for peer-review in a reputable materials science 

journal as;  

Muhammad Zia ud din Urf Umer and Ahmed A. Tiamiyu, “X-ray microscopic and 

thermodynamic model assessments of softening in TIG welded AA 6061-T651,” (Under 

review, first revision submitted). 

Chapter 3 mainly evaluates the cold spray process for solid-state welding, followed by a 

comparison with the conventional Tungsten inert gas (TIG) welding process and it is submitted for 

peer-review in a reputable materials science journal as;  

Muhammad Zia ud din Urf Umer and Ahmed A. Tiamiyu “Evaluation of cold spray process 

for solid state welding,” (Under review). 

It should be noted that there are some duplications of figures between the two manuscripts; 

specifically, they are Fig. 2.1 (a, b, c) and Fig. 3.1 (b, d, e); Fig. 2.3 (a, c) and Fig. 3.8; and Fig. 

2.10 (b, d) and Fig. 3.11 (a, c).  

 

 



v 

 

Acknowledgements 

I would like to express my utmost gratitude to my supervisor, Dr. Ahmed A. Tiamiyu, for providing 

me with insightful and encouraging guidance throughout this journey. I am truly grateful for the 

opportunity he granted me to delve into the fascinating field of metallurgy, welding, and cold spray. 

His kindness as a human being and his commitment to fostering a learning environment 

characterized by friendliness and respect have been truly inspiring.  

I also extend my thanks to Dr. Gbenga Asala from Red River College, Manitoba, for his support 

in conducting the cold spray welding experiment and for his guidance throughout the process. I 

am also grateful for the assistance provided by the Maker Multiplex lab at the University of 

Calgary in machining the samples used in this thesis. Additionally, I am thankful to Dr. Benedikt 

Hallgrímsson and Mr. Wei Liu from the Hallgrimsson lab at the University of Calgary for their 

continuous support in the use of X-ray microscopy machine. I also acknowledge the financial 

support from the Ron Corle Graduate Scholarship in Pipeline Engineering.  

I am grateful to all my teachers who have imparted valuable life lessons to me. Many thanks go to 

all members of the Material Performance and Processing (MaPP) lab, my classmates, seniors, and 

friends for their support throughout my journey.  

I am deeply grateful to my parents, Muhammad Iqbal, and Saira Iqbal, for their kindness, love, 

and teachings that have shaped me into a better individual. I would also like to acknowledge my 

siblings: Afshan Iqbal, Sadaf Iqbal, Imama Iqbal, Zainulabdeen, Muhammed Moin ud din, and 

Rabia Iqbal. They deserve more praise than words can express. Their continuous support and love 

have been the driving force behind my progress.  



vi 

 

Finally, I want to express my thanks to my beloved country, Pakistan, for providing me with all 

the resources and education necessary to become an educated individual and enter this program. It 

has facilitated my pursuit of knowledge and exploration of science. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

Dedication 

"In the Name of Allah, the most Gracious, the most Merciful" 

 

Most surely in the creation of the heavens and the earth and the alternation of the night and the 

day, and the ships that run in the sea with that which profits men, and the water that Allah sends 

down from the cloud, then gives life with it to the earth after its death and spreads in it all (kinds 

of) animals, and the changing of the winds and the clouds made subservient between the heaven 

and the earth, there are signs for a people who understand. 

(2:164) 

 

And Allah has brought you forth from the wombs of your mothers − you did not know anything 

−and He gave you hearing and sight and hearts that you may give thanks. 

(16:78) 

(The Holy Quran) 

 

  

https://www.al-islam.org/knowing-god-ibrahim-amini/search-god#quran_ref_93821
https://www.al-islam.org/knowing-god-ibrahim-amini/search-god#quran_ref_93811


viii 

 

Table of Contents 

 
Abstract….. ............................................................................................................................. ii 
Preface…… ............................................................................................................................ iv 

Acknowledgements ................................................................................................................. v 

Dedication…. ........................................................................................................................ vii 
Table of Contents .................................................................................................................. viii 
List of Tables ........................................................................................................................... x 

List of Figures ........................................................................................................................ xi 
Chapter: 1 Introduction and Motivation ................................................................................ 1 

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

1.1.1 Traditional welding techniques and their limitations ............................................... 1 

1.1.1.1 Fusion Welding……………………………………………………………………..1 

1.1.1.2 Solid-state Welding…………………………………………………………………3 

1.2 Cold Spray Process ................................................................................................... 4 

1.3 Motivation ................................................................................................................. 9 

1.4 Objectives ............................................................................................................... 10 

1.5 Thesis Organization ................................................................................................ 10 

Chapter: 2 X-ray microscopic and thermodynamic model assessments of softening in TIG 
welded AA 6061-T651 ....................................................................................... 12 

Abstract……………………………………………………………………………………..12 

2.1 Introduction ............................................................................................................. 13 

2.2 Experimental procedure .......................................................................................... 15 

2.2.1 Materials and welding process ............................................................................... 15 

2.2.2 Microstructural and mechanical characterization ................................................... 17 

2.2.3 Thermodynamic modeling ..................................................................................... 18 

2.2.4 X-ray microscopy assessment ................................................................................ 18 

2.3 Result and discussion .............................................................................................. 19 

2.3.1 Microstructural evolution in TIG-welded samples ................................................. 19 

2.3.2 Evolution and evaluation of softening in TIG-welded sample ............................... 24 

2.3.2.1 Hardness results and the evolution of softening…………………………………..24 

2.3.2.2 Temperature variation and thermodynamic prediction of precipitate nucleation, 
growth, and volume fraction……………………………………………………....26 

2.3.3 Tensile and impact behavior of the as-received and TIG-welded samples ............ 32 



ix 

 

2.3.4 Fractographic analyses ........................................................................................... 36 

2.4 Conclusion .............................................................................................................. 39 

Chapter: 3 Evaluation of cold spray for solid-state welding ............................................... 42 

Abstract….. ........................................................................................................................... 42 

3.1 Introduction ............................................................................................................. 43 

3.1 Experimental procedure .......................................................................................... 45 

3.1.1 Materials and welding process ............................................................................... 45 

3.1.2 Microstructural and mechanical characterization ................................................... 47 

3.1.3 Thermodynamic modelling .................................................................................... 48 

3.1.4 X-ray microscopic analysis .................................................................................... 49 

3.2 Result and Discussion ............................................................................................. 49 

3.2.1 Microstructure of starting materials ....................................................................... 49 

3.2.2 Bonding and microstructural assessment of cold spray welded samples ............... 51 

3.2.2.1 Scanning electron microscopic and energy dispersive x-ray spectroscopic analyses: 
Particle plasticity and formation of deleterious microvoids……………………….52 

3.2.2.2 X-Ray microscopic analysis: Evaluation of void distribution and tamping effect in 
the weld area………………………………………………………………………57 

3.2.3 Comparison of solid-state CSWed and liquid-state TIG-welded parts. .................. 58 

3.2.3.1 Microstructural assessment of TIG-welded samples………………………………58 

3.2.3.2 Mechanical properties of CSWed and TIG welded samples……………………….61 

3.2.3.3 Fractographic Analyses and mechanism of fracture of tensile-tested CSWed 
sample……………………………………………………………………………..65 

3.2.3.4 Advantages of CSW over TIG welding, and future direction for CSW 
optimization…………………………………………………………………….....70 

3.3 Summary and Conclusion ....................................................................................... 73 

Chapter: 4 Conclusion ......................................................................................................... 76 

4.1 Summary ................................................................................................................. 76 

4.2 Future works ........................................................................................................... 77 

Appendix… ......................................................................................................................... 102 

 

  



x 

 

List of Tables 

Table 2.1: Chemical composition of aluminum alloy 6061-T651 and TIG welding filler wire Al-
4043............................................................................................................................................... 16 
 

Table 2.2: TIG welding parameters. .............................................................................................. 17 
 

Table 2.3: Hardness range, average temperature, and cooling rate for each partitioned HAZs. .. 25 
 

Table 2.4: Symbols, definitions, and values of the terms used for analytical modeling [87,88]. . 27 
 

Table 3.1: Chemical composition of AA-6061-T651 plates, CSW AM 6061 powder and TIG 
welding filler wire Al-4043. .......................................................................................................... 46 
 

Table 3.2: CSW and TIG welding parameters. ............................................................................. 47 
 

 

 

 

 

 

 

 

 

 

 

 

 

  



xi 

 

List of Figures 

 
Figure 1.1: Schematics of (a) TIG welding process (reproduce from [6]), (b) common welding 
defects and different zones in welded components ( reproduce from [7]) ...................................... 2 
 

Figure 1.2: Schematic of (a) friction stir welding process (reproduce from [14])  and  (b) different 
zones: stir zone (SZ), thermo-mechanical affected zone (TMAZ), heat affected zone (HAZ) and 
un-affected zone in the welded component (redrawn from [15]). .................................................. 3 
 

Figure 1.3: Schematic diagram of (a) high-pressure cold spray (HPCS) system, and (b) low-
pressure cold spray (LPCS) system, adapted from [25]. ................................................................ 5 
 

Figure 1.4: Deformation of particle upon impact, and the break-up of oxide films, reproduced  from 
[33]. ................................................................................................................................................. 6 
 

Figure 1.5: Schematic diagrams showing common (a) extrinsic and (b) intrinsic barriers to bonding 
during cold spray process, reproduced from [27]. .......................................................................... 7 
 

Figure 1.6: Possible sequence of the bonding mechanism in cold spray can be illustrated through 
two case samples: (a) without an oxide layer and (b) with a native oxide layer, reproduce from 
[27]. ................................................................................................................................................. 8 
 

Figure 2.1: Geometry of (a) AA-6061-T651 plate for TIG welding, (b) tensile test specimen, and 
(c) impact test specimen. ............................................................................................................... 16 
 

Figure 2.2: SEM images and EDS maps/profiles of TIG-welded AA 6061-T651: (a) overview of 
the welded sample, (b & c) weld area, fusion line and HAZ, (d-f) porosity in the weld area, and 
(g) EDS map of the weld area & HAZ. Inset in (f) is the EDS spectra of the points in the SEM 
image. ............................................................................................................................................ 19 
 

Figure 2.3: (a) low and (b,c) high resolution XRM images of a TIG-welded sample extended to 
the base area: (a) overview, (b) 3D image of base material and corresponding 2D slices in XY, XZ 
& YZ planes, and (c) 3D image of weld zone in TIG-welded sample and corresponding slices in 
XY, XZ & yz planes. ..................................................................................................................... 21 
 



xii 

 

Figure 2.4: Thermo-Calc equilibrium solidification diagrams showing the volume fraction of 
phases at different temperatures for (a) base material with composition Mg: 1%, Si: 0.70%, Fe: 
0.41%, Al: bal., and (b) filler wire with composition Si:5%, Fe:0.20%, Al: bal. ......................... 23 
 

Figure 2.5: Hardness test contour map of TIG-welded sample from weld center up to 38 mm away 
from it. The hardness value of the unaffected base material is appended for easy comparison. The 
color legend values are in HV. ...................................................................................................... 24 
 

Figure 2.6: Analytical modelling of peak temperature, Tp, at different locations of weld sample.
....................................................................................................................................................... 28 
 

Figure 2.7: Precipitation calculations using the precipitation module-TC prisma: (a) nucleation rate 
and volume fraction of phase in HAZ1, and (b) mean radius for precipitation coarsening in HAZ2, 
HAZ3, and HAZ4. ........................................................................................................................ 30 
 

Figure 2.8: A schematic diagram showing unaffected base material and partitioned HAZ and their 
associated dominant precipitate phases. ....................................................................................... 32 
 

Figure 2.9: Mechanical test results for as-received and TIG welded sample: (a) true stress-strain 
curves, (b) extracted mechanical properties, and (c) strain energy absorbed during the impact test.
....................................................................................................................................................... 33 
 

Figure 2.10: (a,b) low and (c-e) high resolution XRM images of a tensile tested TIG-welded 
specimen: 3D images of the specimen and the corresponding 2D slices in XZ and YZ planes (a) 
before and (b) after fracture; 3D images and the corresponding 2D slices in XZ and YZ planes for 
the (c) weld and HAZ1 area, (d) weld area, and (e) the fractured area. (c and d) and (e) show 
micropores and microcracks adjacent to the fractured surface (white arrows) in the weld and HAZ2 
area, respectively. .......................................................................................................................... 35 
 

Figure 2.11: SEM images and EDS maps of fractured surface for as-received AA 6061-T651: (a) 
overview of fractured surface, (b, c, d) progressive high magnification images of selected fractured 
site, and (e) EDS map of fractured surface. .................................................................................. 37 
 

Figure 2.12: SEM images and EDS maps of fractured surface for TIG-welded AA 6061-T651: (a) 
overview of fractured surface, (b, c, d) progressive high magnification images of selected fractured 
site, and (e) EDS map of fractured surface. White arrows in (c) and (d) point at dimples and slip 
lines, respectively. ......................................................................................................................... 38 
 



xiii 

 

Figure 3.1: Geometry of AA 6061-T651 plates for (a) CSW, (b) TIG welding; (c) the high-pressure 
cold spray system and plates in fixtures, ready for csw: and specimen geometry for (d) tensile and 
(e) impact tests. (b), (d), and (e) are adapted from ref. [127]. ...................................................... 46 
 

Figure 3.2: (a) EDS maps of base material; SEM BSED images of AM 6061 powder showing (b, 
c) spherical morphology, and (d, e) grains and GB phases. The inset in (e) is the EDS spectra of 
the points in the SEM image. ........................................................................................................ 50 
 

Figure 3.3: Thermo-Calc equilibrium solidification diagrams showing the volume fraction of 
phases at different temperatures for (a) base material with composition Mg: 1%, Si: 0.70%, Fe: 
0.41%, Al: bal., (b) AM 6061 powder with composition Mg: 0.86%, Si: 0.58%, Al: bal., and (c) 
filler wire with composition Si: 5%, Fe: 0.20%, Al: balance. ...................................................... 51 
 

Figure 3.4: SEM images and EDS map analysis of CSWed AA 6061-T651 plate: (a) overview 
image of the welded sample, (b, c) images showing the weld area, weld-base interface (yellow 
arrows), and base area, (d, e) high magnification images of a selected weld area in (b), and (f) EDS 
maps of the weld and base areas. All SEM images are BSED, except in (e) that is ETD. ........... 53 
 

Figure 3.5: SEM images of the cross-sectional ion-milled CSWed sample at the weld area: (a, b) 
overview, and (c) high magnification image of the marked area in (b). (c-i and c-ii) show inter-
particle bonding condition and an un-deformed void-filling microparticle, respectively. Yellow and 
red arrows in (c-1) point at metallurgical bonded and unbonded particle-particle interfaces, 
respectively. All SEM images are BSED, except the ETD in (b). ................................................ 54 
 

Figure 3.6: (a, b) low and (c, d) high resolution XRM images of CSWed sample: (a, b) overview, 
(c) 3D image of base and corresponding 2D slices on XY, YZ, and XZ planes, (d) 3D images of 
welded area and corresponding slices on XY, YZ, and XZ planes. .............................................. 56 
 

Figure 3.7: (a-d) SEM images and (e, f) EDS maps of TIG-welded AA 6061-T651 plate: (a) 
overview, (b-d) progressive high magnification images showing weld area, fusion line and HAZ, 
(e, f) EDS map of the weld area and HAZ, respectively. SEM images in (a) and (b-d) are ETD and 
BSED, respectively. ...................................................................................................................... 59 
 

Figure 3.8: Low and high resolution XRM images of the untested TIG-welded tensile test sample: 
(a) overview, (b) 3D image of welded area marked area in (a) and corresponding 2D slices in XY, 
XZ and YZ planes. Adapted from [127], for completeness. ......................................................... 60 
 

Figure 3.9: Hardness contour maps of (a) CSWed sample, (b) TIG-welded sample. The color 
legend values are in HV. ............................................................................................................... 61 



xiv 

 

Figure 3.10: Mechanical test results for as-received, TIG-welded and CSWed sample: (a) true 
stress-strain curves and (b) extracted mechanical properties from the tensile test, and (c) strain 
energy absorbed during the impact test. ....................................................................................... 63 
 

Figure 3.11: Low and high resolution XRM images of the TIG-welded tensile tested sample: (a) 
overview, (b)3D image of tensile tested weld area and corresponding 2D slices in XY, XZ and YZ 
planes, and (c) 3D images of the fractured area and corresponding 2D slices in XY, XZ and YZ 
planes. (c) is adapted from ref. [127], for completeness. .............................................................. 64 
 

Figure 3.12: SEM images of fractured surface for (a-c) as-received and (d-f) TIG welded AA 6061-
T651: (a,d) overview, and (b,c and e,f) progressive high-magnification images of selected fractured 
sites. Insets in (c and f) are marked area in white rectangles. All images are BSED except for those 
in (a, d) and inset in (c, f) that are ETD. ....................................................................................... 66 
 

Figure 3.13: SEM BSED images of fractured surface of tensile tested CSWed AA 6061-T651 
sample for sides (a-c) a and (d-f) b: (a,d) overview and (b,c and e,f) progressive high magnification 
images of selected locations; the insets in (c and f) are marked areas in red dashed-rectangles; 
yellow arrows point at splats and initially bonded area; red arrows show lack of bonding in (b and 
e) and crack paths connecting microvoids in (f); white arrows show crack propagation from 
microvoids in (c); and white circles show the location of crack-initiating microvoids in (c). ..... 67 
 

Figure 3.14: ETD- SEM image and EDS maps of fractured surface of tensile tested cswed AA 
6061-T651 sample. White arrows point at fractured surface with splash/initially bonded interface 
which corresponds to region of low oxygen signals in the oxygen map. ..................................... 68 
 

Figure 3.15: A schematic diagram for (a) failure mechanism in CSWed parts: (i) nucleation of 
microcracks from microvoid nodes, (ii) connection of microcracks to form a web-like crack 
propagating network, (iii) advancing microcracks towards bonded interparticle splat region; (b) 
fracture propagation location in weld area and the possible effect of particle impact angle, (c) oxide 
layer between particle and base material in contact, and (d) oxide layer between particles in 
contact. .......................................................................................................................................... 69 
 

Figure 3.16: SEM BSED images and EDS map analysis of the fractured surface of impact tested 
TIG welded AA 6061-T651 sample showing deleterious phases in the weld area: (a) overview, (b, 
c) progressive high magnification images of selected fractured site within the weld area, and (d) 
EDS maps of the fractured surface. .............................................................................................. 72 
 



1 

 

Chapter: 1 Introduction and Motivation 

To avoid duplication, this chapter only covers relevant literature that is not addressed in the 

introduction section of Chapters 2 and 3. In addition, Chapter 1 includes the motivation behind 

this study, the overall and specific objectives of the work, thesis organization, and statement of 

contribution. 

1.1 Background 

In applications, where the joining of intricate parts is a major aspect of component design, e.g., oil 

and gas pipelines, and chemical processing plants under extreme conditions, safe and reliable joints 

are of utmost importance [1,2]. Welding—a fabrication process involving the fusion of two or 

more materials at their contacting surfaces—is considered the most dependable joining process for 

metals using heat, pressure, and chemical reactions, depending on the choice of the welding 

method [3]. The strength of welded components depends on strong metallurgical bonding between 

parts, which can be achieved through two main mechanisms: liquid (fusion welding) or diffusion 

(solid-state welding) [4]. While traditional fusion- and diffusion-based welding processes are 

widely adopted by industries, they do come with certain limitations that can sometimes restrict 

their use in some applications. In what follows, the traditional welding techniques and their 

limitations are outlined. 

1.1.1 Traditional welding techniques and their limitations 

1.1.1.1 Fusion Welding 

The joining of components by fusion welding primarily involves melting the contact surfaces of 

the components using a suitable heat source [5]. Various fusion-based welding processes are 
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adopted by industries, such as Tungsten inert gas (TIG) welding, shielded metal arc welding, and 

gas metal arc welding. In TIG welding, as shown in Fig. 1.1a, a shielding gas is used to protect the  

 
Figure 1.1: Schematics of (a) TIG welding process (reproduce from [6]), (b) common welding 
defects and different zones in welded components ( reproduce from [7]) 

weld pool from atmospheric gases, a non-consumable tungsten electrode and a filler wire are used 

to fill the weld gap. However, if the shielding gas does not adequately cover the welding pool, it 

can lead to the formation of porosity due to interactions with atmospheric gases [8]. Some reported 

fusion welding defects are solidification cracking, shrinkage porosity, and grain coarsening [5,9], 

while others are shown in Fig. 1.1b. Moreover, a portion of the heat applied during fusion is 

dissipated into the surrounding base metal, resulting in the alteration of the microstructure and 

mechanical properties of the regions adjacent to the fusion boundary (this region is known as the 

Heat-Affected Zone—HAZ), and sometimes even the weld zone itself, as shown in Fig. 1.1b. The 

microstructural changes in the HAZ can lead to the deterioration of mechanical properties, either 

in the form of softening or hardening, depending on the dominant strengthening mechanism of the 

joined metal system [10,11]. Some highlighted limitations of fusion welding processes are listed 

below [4,5,12]; 

• Significant alteration of parent material properties; softening or embrittlement of base 

material due to high heat input. 
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• Distortion, residual stresses, and hot cracking, induced by the melting and solidification 

process. 

• Difficulty in joining dissimilar materials. 

• Use of combustible or fuel gases that produces harmful fumes. 

Despite these limitations, fusion-based welding techniques offer advantages in terms of ease and 

speed of joint development compared to diffusion-based welding processes [5]. However, 

diffusion-based approaches become preferable when fusion-based processes are not feasible due 

to metallurgical incompatibility and significant differences in material physical properties [13]. 

1.1.1.2 Solid-state Welding 

Solid-state welding processes primarily involve joining by the application of pressure and heat, 

using various mechanisms such as mechanical interlocking, extensive interfacial plastic 

deformation, diffusion, etc. [5]. Examples of solid-state welding processes include friction stir 

welding (FSW), ultrasonic welding, forge welding, etc. In FSW process (Fig. 1.2a), for example,  

 
Figure 1.2: Schematic of (a) friction stir welding process (reproduce from [14])  and  (b) different 
zones: stir zone (SZ), Thermo-mechanical affected zone (TMAZ), Heat affected zone (HAZ) and 
un-affected zone in the welded component (redrawn from [15]). 
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a non-consumable rotating tool with a specially designed pin and shoulder are inserted into the 

abutting edges of metal sheets or plates to be joined and traversed along the joint line [16].   

During FSW, the non-consumable rotating tool generates frictional heat, leading to intense plastic 

deformation at elevated temperatures, and eventual development of a weld zone [17]. This results 

in the joining of materials, but it also causes microstructurally-different zones in the welded 

component as seen in Fig. 1.2b, similar to the observations in fusion welding processes (Fig. 1.1b). 

Some other notable limitations of solid-state welding processes are listed below [5,18]; 

• Applicable to only simple weld geometry. 

• Requires expensive equipment and tooling. 

• Slow, tedious, and time-consuming 

• Requires a very high-quality surface finish. 

There is a significant industrial need to develop a new welding process that addresses the 

limitations of both traditional welding methods. This thesis evaluates a cold spray process that has 

the potential to meet this need, and in what follows, the cold spray process is briefly reviewed. 

1.2 Cold Spray Process 

Cold spray (CS) process is a solid-state deposition process where micro-sized particles are 

accelerated to supersonic speed to adhere to the substrate [19]. Unlike other thermal spray 

processes, CS does not require high thermal input to melt the powder particles; this helps minimize 

or eliminate deleterious effects such as oxidation, distortion, residual stresses and phase 

transformation [20,21]. So far, CS has found application in in-situ crack repairs, tribological 

coatings, antibacterial coatings, and restoration/remanufacturing of engineering components 
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[22,23]. With the rapid progress of additive manufacturing (AM) technology, CS has also been 

extended to AM processes [24]. Unlike many fusion-based AM technologies that involve melting 

and may compromise the final product's properties due to high heat input, CS technology offers a 

potential solution to these challenges [25].  

1.2.1 Cold Spray Set up and Types 

In the CS process, high-velocity stream of microparticles is accelerated through a deLaval or 

converging/diverging nozzle by a compressed driving gas that is maintained at a temperature lower 

than the melting point of the sprayed particles (Fig. 1.3) [24,26].  

 
 

Figure 1.3: Schematic diagram of (a) high-pressure cold spray (HPCS) system, and (b) low-
pressure cold spray (LPCS) system, adapted from [25]. 

The CS process can be categorized into two classes based on the driving gas pressure: High-

pressure cold spray (HPCS) and low-pressure cold spray (LPCS) systems. In the HPCS system 

(Fig. 1.3a), the compressed gas is pressurized to levels greater than 1 MPa. On the other hand, the 
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LPCS system (Fig. 1.3b) is typically pressurized at levels lower than 1 MPa [27]. HPCS launches 

particles at velocities ranging from 800 to 1400 m/s, offering high impact and deposition 

capabilities, while LPCS is limited to particle velocities of 300 to 600 m/s and is suitable for 

depositing lighter materials [28].  

1.2.2 Mechanisms of Bonding, Types of Bonding, and barriers to bonding 

The quality of the CS deposit relies on the nature of bonding between particles and the particle-

substrate [29]. The high-velocity impact of microparticles leads to large interfacial deformation 

and localized heat at impact sites [30]. Successful bonding requires a certain amount of impact 

kinetic energy, which sets on at or above a threshold velocity called the critical velocity (vcr). If 

the impact velocity falls below vcr, the particles will rebound without bonding. The properties of 

both the feedstock materials (e.g., oxidation, density, shape, size, and material) and the substrate 

(e.g., roughness, temperature, hardness, and material) can influence the onset of bonding [31]. 

Various processing parameters such as driving gas temperature and pressure, nozzle geometries, 

and powder feeding rate can be tuned to increase the particle impact velocity, and in turn, improve 

the bonding conditions at the particle-substrate and particle-particle interfaces [32].  

 

Figure 1.4: Deformation of particle upon impact, and the break-up of oxide films, reproduced  from 
[33]. 
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There are two types of bonding in CS: mechanical interlocking (physical) and metallurgical 

(chemical) bonding [31]. Mechanical interlocking occurs when particles anchor or embed into the 

substrate or previously-deposited particles without atomic interactions, while metallurgical 

bonding involves the establishment of metallic bonding due to chemical interaction at clean metal-

to-metal contacts [27]. There are a few proposed mechanisms of metallurgical bonding in the 

literature [34,35]. The most referenced is the oxide break-up mechanism schematized in Fig. 1.4: 

as the particle impresses into the substrate, native surface oxides break up to initiate intimate metal- 

 
Figure 1.5: Schematic diagrams showing common (a) extrinsic and (b) intrinsic barriers to 
bonding during cold spray process, reproduced from [27]. 

metal contact between oxide islands, followed by their (oxides) expulsion out of the contacting 

interface in the form of jetting [36]. In addition to the oxide break up, oxide layer delamination 

has recently been reported as a dominant energy dissipation mechanism that occurs during this 

process [35]. Other non-oxide-related mechanisms have since been proposed, some of which 

include adiabatic shear instability, jetting—outward ejection of material from the particle–

substrate interface [27], interfacial melting [37–39], and interface solid-state amorphization 

[40,41].  
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Regardless of the mechanism, a crucial requirement for bonding is that a clean metal-to-metal 

contact must be established [42]. As such, there are barriers to achieving these clean contacts, and 

the impact velocity/kinetic energy of the particles must be high enough to overcome these barriers. 

Adaan‑Nyiak and Tiamiyu [27] classified the hindrance to metal-to-metal contact as extrinsic or 

intrinsic barriers. Extrinsic barriers, as illustrated in Fig. 1.5a, are external barriers such as surface 

oxides on contacting surfaces. These oxide layer act as geometrical constraints to extensive particle 

plasticity [23], increasing the energy required to initiate metal-to-metal contact, which in turn 

raises the vcr [22]. On the other hand, Fig. 1.5b shows the intrinsic barriers, such as micropores, 

oxide dispersoids, and micron-sized second-phase particles. For instance, Davison et al. [43] 

observed that the presence of pores in microparticles requires additional energy for pore closure 

during particle impact process; this therefore, delays the onset of bonding. Both extrinsic and 

intrinsic barriers will impede the bonding process in CS, as the process-induced energy will first 

be used to overcome these barriers before metal-to-metal contact can be initiated.  

 
Figure 1.6: Possible sequence of the bonding mechanism in cold spray can be illustrated through 
two case samples: (a) without an oxide layer and (b) with a native oxide layer, reproduce from 
[27].  

Fig. 1.6 provides an overview of the bonding mechanisms that can set on during CS process, 

whether or not the contacting surfaces are ladened with native surface oxides. In the oxide-free 

surface case (Fig. 1.6a), the process-induced kinetic energy is solely consumed by the jetting 

process of the particle and substrate. However, in the second case where surface oxides are present 
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(Fig. 1.6b), the particle kinetic energy is used to break-up the oxide layer, initiate ASI/jetting, 

extrude bare metal, and delaminate oxides to achieve metal-to-metal contact that leads to bonding. 

This additional energy requirement to remove surface barriers delay the onset of bonding, i.e., 

raises the vcr needed for bonding to occur. As a result, metal-to-metal contact and bonding occur at 

a much lower impact velocity in an oxide-free surface case (Fig. 1.6a) than when surface oxides 

are present (Fig. 1.6b). 

1.3 Motivation 

Welding is a flexible manufacturing process commonly used to fabricate engineering components, 

particularly in cases where large structures or complex assemblies are challenging to manufacture 

using other methods. However, existing welding processes come with certain limitations 

(highlighted above) that can restrict their applications. Fusion welding, for instance, involves high 

heat input, leading to issues such as oxidation, porosity, distortion, and heat-affected zones, which 

can compromise the integrity and service life of welded components. On the other hand, solid-

state welding processes require expensive equipment and are often limited to simple geometry. 

There is therefore an on-going search for a welding process that can effectively join complex 

geometry materials without introducing unwanted defects or requiring extensive post-processing. 

The cold spray process, known for depositing materials at very low temperatures, offers a 

promising solution to reducing or eradicating post-weld thermal defects. By operating at low 

temperatures, we postulate that the cold spray process can minimize and eliminate many of these 

deleterious defects typically induced by the traditional high-temperature welding process. As the 

use of CS continues to expand in various industries, this thesis tends to explore its potential for 

solid-state welding, a process hereafter called cold spray welding (CSW). This research aims to 
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harness the advantages of the CS process to overcome the limitations of traditional welding 

techniques, contribute to advancements in welding technology, and offers an innovative approach 

to meeting the demands of modern engineering fabrication needs. 

1.4 Objectives 

The overall goal of the study is to design and develop the proposed CSW process using AA 6061-

T6 as the base metal. The specific objectives are to: 

• Re-examine the origin of softening in an existing liquid-state welding technique (TIG-

welding). The manuscript in Chapter 2 solely addresses this objective. 

• Design and develop the proposed CSW process, and compare the mechanical performance 

of CSWed parts with those of traditional TIG-welded parts, to provide direction for future 

CSW optimization. The manuscript in Chapter 3 solely addresses this objective. 

1.5 Thesis Organization 

Chapter 1 presents the relevant literature that supports and contextualizes the subsequent chapters, 

followed by the motivation and objectives of the study. Chapter 2 document findings from a 

comprehensive re-examination of softening phenomenon in TIG-welded AA 6061-T651 using 

experimental techniques, analytical modeling, and thermodynamic simulation. The findings in this 

chapter suggest the need for continuous exploration of new welding techniques that minimize 

nanostructural changes in the surrounding weld area, particularly in precipitation-hardened alloys. 

Chapter 3 focuses on evaluating the potential of the CS process for solid-state welding. 

Additionally, a comparison is made between the results of the cold spray-welded samples and TIG-

welded samples to assess the current limitations and potential for future optimization. The study 
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highlights some benefits of cold spray-welded samples, including minimal microstructural 

alterations, prevention of phase transformation, and suppression of Heat-Affected Zone (HAZ) 

effects, which is a significant drawback of the existing welding techniques. Finally, Chapter 4 

provides a comprehensive conclusion of the research conducted in this thesis. It also outlines future 

research directions that can potentially optimize and expand CSW for feasible industrial 

applications. 
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Chapter: 2  X-ray microscopic and thermodynamic model assessments of 

softening in TIG welded AA 6061-T651 

Abstract 

Fusion welding is extensively used for joining structural assemblies, especially those with complex 

geometries. However, it often results in heat-affected zones (HAZ) that are, in most cases, softer 

than other regions around and beyond the weld area. Coupling both experiment and 

thermodynamic modelling—electron microscopy, x-ray microscopy (XRM), and CALculation of 

PHAse Diagrams (CALPHAD)—we re-examine the origin of softening in tungsten inert gas 

(TIG)-welded heat-treatable AA 6061-T651 for more comprehensive understanding of its 

(softening) evolution. This study reveals material softening up to at least 38 mm away from the 

weld center, and partitioned heat-affected zones—HAZ1, HAZ2, HAZ3, and HAZ4—based on 

peak temperature, associated hardness, and precipitate phases in these zones. Analytical modeling 

and thermodynamic simulation predict solid solution and further precipitation of coherent GP 

zones in HAZ1, while coarsening of pre-existing precipitate occur in HAZ2 (non-coherent/stable 

β-Mg2Si), HAZ3 (both semi-coherent/metastable β' and coherent/metastable β'') and HAZ4 

(coherent/metastable β'') phase. These welding-induced transformations—origin of softening—

results in non-homogenous hardness in the zones compared to the unaffected base-material (120 

HV): HAZ1 to HAZ4 are 66-72, 54-64, 64-94, and 95-106 HV, respectively. Under tensile load, 

TIG-welded sample fractures at the softest region—HAZ2. Additionally, XRM analysis confirms 

the presence of porosity in the welded area, and their mobility during plastic deformation, so that 

the severity of softening has a significant influence on localized fracture than the presence of 

porosity in the weld area. This work shows that new welding technologies that minimize 
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nanostructural changes in base materials, especially precipitation-hardened alloys, should be 

sought. 

2.1 Introduction 

The design of large components with complex geometries face significant challenges due to the 

associated high costs of fabrication and logistic difficulties [44]. As a result, the process of 

assembling and joining parts is often viewed as a more efficient option. To select the appropriate 

joining process, it is important to consider application service conditions [45]. In applications 

where safety regulations are more stringent, e.g., chemical plants and pipelines, welding is 

considered a reliable material joining process [46], and weld strength depends on “strong” 

metallurgical bonding achieved either by fusion or diffusion process [44]. Fusion welding 

processes, like tungsten inert gas (TIG) welding and shielded metal arc welding, are widely 

accepted in industries due to their high production rate and ability to join complex geometries [5]. 

However, high temperature involvement in fusion welding processes accelerates oxidation, 

thermal defects, porosity, distortion, induced high stress, and heat affected zone (HAZ)—typically 

a "weaker” region between the weld and the rest of the adjoining base material [47–50]. HAZs are 

mainly the concentration point of failure that usually require post-processing treatment of the 

welded parts. Continuous efforts are necessary to enhance existing welding technologies or devise 

novel processes that fulfill production quality demands without the need for supplementary post-

processing or investment [2]. 

Among many structural alloys, aluminum alloys are highly sorted by industries due to their 

lightweight properties (i.e., high strength-to-weight ratio) and excellent corrosion resistance [51–

53]. As a result, they find extensive applications in many industrial sectors—automotive and 
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aerospace—that sort energy-efficiency and poisonous gas emission reduction [13,14]. Aluminum 

alloys are usually joined by fusion welding processes, and extensive softening in the HAZ, 

especially in the heat-treatable alloy series, has been reported. Previous studies have been 

conducted to understand this softening behavior. Vargas et al. [56] studied the thermal 

transitioning in welded aluminum alloy 6061-T6 (AA 6061-T6): they showed that the increase in 

welding heat input leads to the transformation of coherent precipitate to semi-coherent metastable 

phase in HAZ, and in turn, a proportional decrease in hardness and strength of the alloy.  Lu et al. 

[57] investigated the behavior of TIG welded spray formed 7055 aluminum alloy and further 

partitioned HAZ area into solid solution (HAZ1) and over-aged (HAZ2 and HAZ3) zones, caused 

by the dissolution of coherent precipitates and coarsening of the non-coherent precipitates, 

respectively. There have since been different HAZ partitioning reported in the literature: HAZ1-

HAZ2 [58–60], HAZ1-HAZ3 [61,62]. While other welding defects such as cracks and distortion 

can be improved by modifying the welding process, such HAZ “softening” is an inevitable 

consequence due to the high heat input during the fusion welding process [63]. As such, 

researchers are exploring various techniques for joining heat-treatable Al-alloys and other HAZ-

prone alloys with minimal softening gradient [62]. Recent work by Cheng et al. [64] reported 

minimized softening of HAZ in welded heat-treatable Al-alloy by in-situ cooling and post-weld 

rolling.  

The literature so far shows variability in HAZ partitioning, and the non-comprehensive 

information on the details of HAZ, their temperature ranges, and the corresponding precipitates 

responsible for softening. We theorize that a comprehensive understanding of the origin of 

softening in HAZ can be a starting point for designing welding processing pathways that 

effectively minimize softening gradient and improve weld quality. It is therefore our aim to 
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specifically re-examine the origin of softening in welded heat-treatable AA 6061-T651; besides 

grain size, strengthening in this alloy primarily depends on the morphology and coherency of 

constituent precipitates with the matrix, and their interaction with line defects (dislocations) [51], 

and they are affected by the thermal cycle around the weld area. We couple both experimental and 

thermodynamic modelling approaches to understand the softening behavior of the welded 

aluminum alloy components: scanning electron microscopy (SEM), electron dispersive 

spectroscopy EDS and x-ray microscopy (XRM) analyses were conducted to assess micro-defect 

in greater details; CALculation of PHAse Diagrams (CALPHAD)—Thermo-Calc—was used for 

the thermodynamic and kinetic prediction of precipitates that drives softening; and mechanical 

tests (hardness, tensile, and impact) were conducted to assess the effect of associated softening 

behavior on the integrity of welded samples. 

2.2 Experimental procedure 

2.2.1 Materials and welding process 

The TIG welding of AA 6061-T651 plate was investigated in this study. The T651 temper implies 

that the as-received alloy was solution heat-treated, followed by artificial ageing, and finally stress 

relief by stretching up to 1.5-3 % [65]. The as-received plate was machined to a dimension: 200 x 

55 x 6 mm (length x width x thickness) for each side of the weld coupon, as shown in Fig. 2.1a. A 

filler wire ER-4043 with a diameter of 1.6 mm was used for the welding process. The chemical 

composition of both the plate and filler wire is provided in Table 2.1. Prior to welding, a single V-

groove with a bevel angle of 35° (included angle: 70°) was machined at the edge of each plate, as 

shown in Fig. 2.1a. The AA 6061-T651 plate designated for welding underwent preparatory steps 

which involved brushing with a stainless-steel bristled brush, followed by a thorough wipe-down 
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using an acetone-soaked cloth. The welding process was manually carried out using argon 

shielding gas, with a 2 % thoriated non-consumable tungsten electrode. The welding parameters 

employed are listed in Table 2.2 

  
Figure 2.1: Geometry of (a) AA-6061-T651 plate for TIG welding, (b) tensile test specimen, and 
(c) impact test specimen. 
 

Table 2.1: Chemical composition of Aluminum alloy 6061-T651 and TIG welding filler wire Al-
4043. 

Element Si Mg Fe Cu Mn Cr Zn Ti Be Al 
AA-6061-T651 0.7 1.0 0.41 0.27 0.12 0.18 0.01 0.02 - Bal. 

AA-4043 5.00 - 0.20 0.03 - 0.09 0.01 - 0.00003 Bal. 
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Table 2.2: TIG Welding Parameters. 

Parameters Polarity Current (A) Voltage (V) Travel speed 
(mm.s-1) 

Argon flow 
(cfh) 

Value AC 220 15 2.54 18 

2.2.2 Microstructural and mechanical characterization 

The samples for microstructural analyses were prepared following standard metallography steps 

described in ASTM E3-11 (2017) [66]. This was followed by 2 hours of vibratory polishing using 

a BUEHLER VibroMet2 machine, with 0.025 μm colloidal silica as a polishing solution and a 

vibration amplitude of 20 percent. Samples for SEM and optical microscopy analyses were etched 

with Keller’s reagent for 1 minute. The grain size of the as-received AA 6061-T651 plate is 52 μm 

±10, it was measured using an optical microscope (LEICA DM6000M), and determined according 

to the ASTM E112-13 standard [67]. SEM and energy dispersive spectroscopy (EDS) were 

conducted using a Bruker Nano GmbH Berlin, Germany instrument coupled with an XFlash 5030 

EDS detector. The SEM was operated at 15 keV. It should be noted that EDS analysis was 

conducted on an unetched mirror-polished samples.  

Micro-hardness test was performed according to ASTM E92-17 using a Buehler, Wilson® Tukon™ 

1202 automated Vickers hardness tester. The set load was 300 gf, and the residence time was 10 

seconds. The horizontal and vertical spacing between indents is 1 mm. For the welded sample, a 

hardness test was conducted up to 38 mm from the weld center. Tensile tests were carried out on 

both the as-received and TIG-welded samples (schematized in Fig. 2.1b) using Tinius Olsen model 

H25KS universal testing machine: the test procedure and sample dimensions were in accordance 

with ASTM E8/E8M-21 [68]. The tensile test was conducted at a crosshead speed and 

corresponding strain rate of 1.25 mm.min-1 and 0.05 min-1 (8.3 × 10-4 s-1), respectively. Using an 

Amsler Otto Wolpert-Werke GMBH D-6700 impact tester with a capacity of 4J in Charpy mode, 



18 

 

impact test was conducted at a velocity of 3 m.s-1 following ASTM E23-18 [69]; sample dimension 

is shown in Fig. 2.1c. The average values of three tensile and impact test measurements are 

reported in this manuscript. All mechanical tests were conducted at room temperature.  

2.2.3 Thermodynamic modeling  

CALPHAD is a computational method used to develop thermodynamic and property databases, 

which enable the calculation of phase equilibria and other thermodynamic properties of binary and 

ternary systems to higher-order systems [70]. In this study, Thermo-Calc 2023a was used to 

perform CALPHAD calculations. The phase diagram module, along with the TCAL8: Al-alloys 

V8.2 database, was employed to calculate the amount and composition of phases/precipitates. To 

model precipitation kinetics (precipitate simulations) at the HAZ and weld zone, the non-

isothermal simulation was carried out using the precipitation module—TC-PRISMA with 

Aluminum based alloys database package coupled with thermodynamic database TCAL8: Al-

alloys V8.2 and kinetic database MOBAL7: Al-alloys mobility v7.0. 

2.2.4 X-ray microscopy assessment 

X-ray microscopy (XRM) analysis using Xradia Versa XRM-520 machine was conducted to 

investigate the porosity, crack, and softening behavior of the base material, TIG-welded samples, 

before and after testing. The XRM scan was performed using the following parameters: source 

voltage of 160 kV, current of 62 μA, and power of 10 W. To ensure complete coverage of the entire 

weld and heat-affected zone (HAZ) regions of the tensile specimen, the XRM scan was conducted 

with a pixel size of 25.24 𝜇m. Additionally, high-resolution images were obtained with a pixel size 

of 3.07 𝜇m. 
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2.3 Result and discussion 

2.3.1 Microstructural evolution in TIG-welded samples 

The overview of the TIG-welded sample in Fig. 2.2a shows the weld area and its neighboring 

adjoining region. The welding process induces high heat input that causes microstructural changes 

in and surrounding weld area [71]. High magnification images in Fig. 2.2 (b, c) show distinct 

microstructural features: dendritic structure in the weld area, fusion line, and native second-phase 

particles in HAZ. Usually, aluminum alloys show dendritic structure due to the fast cooling and 

large solidification temperature ranges, where primary phases are solidified first, in a dendritic or  

 
 

Figure 2.2: SEM images and EDS maps/profiles of TIG-welded AA 6061-T651: (a) overview of 
the welded sample, (b & c) weld area, fusion line and HAZ, (d-f) porosity in the weld area, and (g) 
EDS map of the Weld area & HAZ. Inset in (f) is the EDS spectra of the points in the SEM image. 
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tree-like structure, while the remaining liquid in the material backfills the spaces between dendrites 

[52,72].  

Meanwhile, the fusion line points to where the weld area is fused to the parent material. Fig. 2.2(d-

f) shows the coevolution of intermetallic phases mainly at the grain boundaries or interdendritic 

regions and the presence of pores in the weld area. To delineate dark pore regions in Fig. 2.2 e, f 

from other microstructural features observed in the weld area, EDS point analyses were conducted. 

The EDS spectra for α-Al matrix and pores in the inset of Fig. 2.2f shows a similar dominant Al 

peak; this validates the presence of pores since there is an extension of the α-Al matrix (grey) to 

the indexed dark pore region. Such micropores are not observed outside the weld area; this can 

also be discerned in the comparative 3D XRM images of the base “as-received” material and TIG-

welded sample shown in Fig. 2.3. The 3D high-resolution image of the base material shows a near-

homogenized and porosity-free volume in Fig. 2.3b, while the weld area in the TIG sample shows 

a significant amount of pores in Fig. 2.3c. The 2D slices of XRM images for the base Fig. 2.3b(i-

iii) and weld area Fig. 2.3c(i-iii) at different selected locations further confirms that pores are 

ubiquitously distributed throughout the entire volume of the weld area. 

The high-temperature involvement of the fusion welding process accelerates the tendency for 

aluminum alloys to trap air and undissolved gases—usually hydrogen—in a molten weld pool; this 

can lead to micropores formation [8]. The solubility of hydrogen in molten aluminum is 

approximately 20 times higher than in solid aluminum, and as a result, when aluminum alloys are 

welded, the weld pool absorbs and dissolves hydrogen from the surrounding arc atmosphere, 

depending on its partial pressure. Nevertheless, upon solidification, the quantity of hydrogen in 

the weld pool exceeds the solubility limit, resulting in the formation of porosities [73]. 
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Figure 2.3: (a) Low and (b,c) high resolution XRM images of a TIG-welded sample extended to 
the base area: (a) overview, (b) 3D image of base material and corresponding 2D slices in XY, XZ 
& YZ planes, and (c) 3D image of weld zone in TIG-welded sample and corresponding slices in 
XY, XZ & YZ planes. 
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The occurrence of weld porosity is heavily influenced by the kinetics of solidification. Previous 

studies have shown that when the solidification front is dendritic, bubbles get entrapped in the 

inter-dendritic region [74]. During the solidification of the welding pool, dendritic structures are 

dominant and as a result, gas porosity is a common defect in the welded area. 

Moreso, light metals like aluminum alloys are more prone to absorb gases, and as a result, higher 

hydrogen solubility accelerates the formation of porosity that are deleterious [75]. An alternate 

mechanism of pore formation is via the evaporation of magnesium during the fusion welding of 

5000 series Al alloys, as reported in Refs. [76,77]; this is hardly the case in the current study, since 

the filler wire mainly constitutes Al and Si. The effect of heat input on the structural changes 

depends on the composition of the alloy, the cooling rate, and the heat transmitted to fuse the metal 

[71]. Many defects formed during melting, remelting, and solidification process. Undoubtedly, 

any defect present or created during the welding stage could be carried on to the final 

microstructure and in turn affects its performance [75].  

Meanwhile, intermetallic phases 1 and 2 within the weld area in Fig. 2.2f (and inset) are rich in Al 

and Si as the main constituent elements. The EDS maps of the weld area in Fig 2.2 g also revealed 

the presence of Al-Si second phase in α-Al matrix and mainly along the grain boundaries. These 

Al-Si rich regions are the Al-Si eutectic phase in α-Al matrix of a 4000 series aluminum alloy [36]. 

Although an ER-4043 filler wire mainly constitutes Al and Si (Table 2.1), few Al-Fe-Si and Al-

Mg-Si phases can also be discerned within the weld area. Mg and Fe in the weld area could 

originate from the trace elements of the filler wire or the nearest HAZ area of the AA 6061-T651 

plate that constitute mainly Al-Fe-Si and Al-Mg-Si intermetallic phases in Fig. 2.2g. The 

thermodynamic phase modelling—Thermo-Calc equilibrium solidification diagrams in Fig. 2.4—
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for both the base and weld area supports the observed intermetallic phases in the EDS results in 

Fig. 2.3g. Below the melting point, Thermo-Calc simulation confirms that the stable Al-Fe-Si 

intermetallic phase in the weld area and surrounding HAZ is a stoichiometric Al9Fe2Si2 phase. The 

Al9Fe2Si2 is a transformation of Al8Fe2Si that forms at an  earlier stage through a peritectic 

reaction, as reported in Ref. [78] and also shown in Fig. 2.4a. The Themo-Calc simulation also 

predicts the stable precipitate phase—Mg2Si-C1 precipitate—in the base AA 6061-T651 that 

eventually drives softening in HAZ, as it will be discussed later in the subsequent section.   

 
Figure 2.4: Thermo-Calc equilibrium solidification diagrams showing the volume fraction of 
phases at different temperatures for (a) base material with composition Mg: 1%, Si: 0.70%, Fe: 
0.41%, Al: bal., and (b) filler wire with composition Si:5%, Fe:0.20%, Al: bal. 
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2.3.2 Evolution and evaluation of softening in TIG-welded sample 

2.3.2.1 Hardness results and the evolution of softening 

The hardness—a measure of material’s resistance to surface plastic deformation [79]—results of 

the TIG-welded AA 6061-T651 sample from the mid-weld region to about 38 mm away is 

presented in Fig. 2.5. The result shows severe hardness non-uniformity that can be distinctly 

partitioned into weld zone and HAZ. The variability of hardness within the HAZ further partitions 

into four zones—HAZ1, HAZ2, HAZ3, and HAZ4, as summarized in Table 2.3. The hardness in 

the partitioned zones is noticeably lower than the unaffected base material (120 ± 4 HV), 

suggesting a case of material softening sets on. 

 
 Figure 2.5: Hardness test contour map of TIG-welded sample from weld center up to 38 mm away 
from it. The hardness value of the unaffected base material is appended for easy comparison. The 
color legend values are in HV. 

We, therefore, estimate the degree of softening—the hardness difference between the base metal 

and other observed zones [60]—as 51 HV, 61 HV, 41 HV, 19.5 HV, for HAZ1, HAZ2, HAZ3, and 

HAZ4, respectively. Away from the weld zone, the initial slight rise (HAZ 1), drop (HAZ 2), and 
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rise again (HAZ 3) in hardness as shown in Fig. 2.5 has been observed by other researchers 

[51,57,59,62,80]. Although lower hardness in the HAZ is not surprising, recording a lower 

hardness even up to 38 mm away from the weld center is, more so that there is no discernable 

microstructural difference between the HAZ and the unaffected base metal, at least, at the scale of 

the SEM and the XRM (only the presence of pores in the weld area). We, therefore, repeated the 

hardness test on a new sample from the same welded coupon (results not shown here); the same 

behavior—lower hardness up to 38 mm away from the weld center—is observed. 

 Table 2.3: Hardness range, average temperature, and cooling rate for each partitioned HAZs.  

Zones Hardness (HV) Average Temperature 
°C 

Cooling rate, 
oCs-1 

HAZ1 66-72 525 10.33 
HAZ2 54-64 306 1.20 
HAZ3 64-94 155 0.16 

HAZ4 95-106 79 0.01 

It should be noted that AA 6061 is a precipitation-hardened alloy where Al supersaturates with 

magnesium (Mg) and silicon (Si) elements to form an α-Al matrix. During cooling from 

temperature above the solvus line where homogeneous solid solution forms, these alloying 

elements combined to form a 𝛽-Mg2Si precipitate in the α-Al matrix [59]. Besides grain size, 

strengthening in AA 6061 is primarily dependent on the morphology and coherency of this 

precipitate [51]. Generally, the precipitation sequence in Al–Mg–Si alloys is shown in Eq. (2.1) 

[81,82]. 

(SSSS)→ Cluster/ GP zones→ metastable (𝛽")→	metastable (𝛽')→ stable (𝛽)                     … (2.1) 

where SSSS is super saturated solid solution that contains more solute than it would normally be 

able to dissolve, resulting in a metastable state and can undergo further precipitation or phase 
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separation upon further thermal treatment [83]. When aging at a lower temperature range much 

below the solvus, the formation of solute clusters and/or Guinier-Preston zones (GP zone) first set 

on. At an extended time, the GP zone gradually transforms to coherent metastable precipitates (𝛽"), 

semi-coherent metastable precipitate (𝛽′), and an incoherent stable (𝛽), in that order as expressed 

in Eq. (2.1). While the sequence of precipitates is accompanied by a change in morphology, 

strengthening contribution also decreases as the precipitate loses coherency with the matrix. These 

observations beg the question of “to what extent”, in terms of distance, should this effect be felt 

from the weld area? In what follows, we evaluate the softening behavior by examining 

nanostructrural changes—precipitate nucleation, volume fraction and growth—that possibly set 

on due to heat input and temperature variation from the weld zone.  

2.3.2.2 Temperature variation and thermodynamic prediction of precipitate nucleation, growth, 

and volume fraction. 

Heat-treatable aluminum alloys at their peak-aged state, -T651, are characterized by a significant 

amount of fine precipitates that are coherent with the α-Al matrix; they offer maximum 

strengthening because of the significant resistance to slip as dislocations cut through the coherent 

precipitates [83,84]. During the TIG welding process, high heat input ( ) 1,169 J/mm, calculated 

by Eq. (2.2) [71,85], raises the temperature of the sample at and around the weld, and as a result, 

materials is subject to welding-induced ageing.  

𝑄 = 𝜂 !"
#

                                                                                                                                   … (2.2) 

where,  is welding efficiency 0.90 [71],  is voltage,  is current and  is welding/ travel 

speed. The heat input and in turn, temperature rise, could impact base materials in two ways: (i) 

solutionize the alloy system, and (ii) coarsen existing coherent precipitates in peak-aged aluminum 

Q

h v A W
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alloys—leading to loss of coherency and potential softening near the weld zone. It is therefore 

important to determine the actual thermal cycle characteristics, including peak temperature, and 

cooling rate of the welded joint; this will allow effective correlation of microstructure to material 

properties and performance [86]. We used the improved Rosenthal model Eq. (2.3) to calculate the 

peak temperature, 𝑇$, up to 100 mm from the location of the welded center [57]; parameters are 

defined in Table 2.4. 

𝑇$ = 0.242 (𝑄 𝛿⁄ ) 𝜌⁄ 𝐶$𝑦˳                                                                                                    … (2.3) 

Table 2.4: Symbols, definitions, and values of the terms used for analytical modeling [87,88]. 
Zones Symbol Definition, Unit Value 

 
 
 
 
 
 
 
 
 
 

  Peak temperature - 
∆𝑡 Cooling time, s - 
𝑇% Cooling rate, °C. s-1 - 
𝑇& Ambient temperature, °C 23 
𝑄 Heat input, J. m-1 1169291 
𝛿 Plate thickness, m 0.006 
𝑘 Thermal conductivity, W. m-1- °C-1 167 
𝜌 Density, kgm-3 2700 
𝐶$ Specific heat capacity, J.kg-1 °C-1 460 
𝑦˳ Distance from the point, mm - 

𝑯𝑨𝒁𝟏 
𝑇' Starting temperature of HAZ1, °C 590 
𝑇( End temperature of HAZ1, °C 400 

𝑯𝑨𝒁𝟐 𝑇' Starting temperature of HAZ2, °C 306 
𝑇( End temperature of HAZ2, °C 200 

𝑯𝑨𝒁𝟑 𝑇' Starting temperature of HAZ3, °C 160 
𝑇( End temperature of HAZ3, °C 120 

𝑯𝑨𝒁𝟒 𝑇' Starting temperature of HAZ4, °C 79 
𝑇( End temperature of HAZ4, °C 60 

Fig. 2.6 is the calculated Tp plot at various locations away from the weld zone. It is evident that 

the region immediately adjacent to the weld area experiences the highest peak temperature, which 

gradually decreases with increasing distance from the weld center. By considering the observed 

softening in Fig. 2.5, the calculated Tp for each HAZ is determined, and the average temperature 

pT
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is provided in Table 2.3. Welding thermal cycle consists of rapid heating to a peak temperature, 

followed by cooling to ambient temperature [86]. The cooling rate at the weld area, as well as 

HAZ, greatly results in nanostructural changes, and it is calculated using the Rosenthal analytical 

solution using Eq. (2.4) [86]: 

 
Figure 2.6: Analytical modelling of peak temperature, Tp, at different locations of weld sample. 

 

𝑇')(% = *!)*"
+,#$%&#'

                     … (2.4) 

𝑇'	and 𝑇( are defined in Table 2.4, while 𝛥𝑡-.,/-0 is the actual cooling time calculated by: 

𝛥𝑡-.,/-0 = 𝛥𝑡,12.3)$0-,4 + 𝐹. D𝛥𝑡,125)$0-,4 − 𝛥𝑡,12.3)$0-,4E              … (2.5) 
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𝛥𝑡-.,/-0 contemplate the cooling time for thick plate Eqs. 2.6, 2.7 (for 3-D heat flow) and thin 

plate Eqs. 2.8, 2.9 (for 2-D heat flow) following the assumption that the actual thermal situation 

lies between the two limiting solutions for thick and thin plates; weighing factor, F, taken as 0.6 

[86]. 

𝛥𝑡')( =
6

(738'
                                                                                                                          … (2.6) 

'
8!
= F '

(*"):˳)
− '

(*!)*˳)
G                                                                                                             … (2.7) 

𝛥𝑡')( =
(6)"

=73>.?"8"
                                                                                                                   … (2.8) 

'
8"
= F '

(*")*˳)"
− '

(*!)*˳)"
G                                                                                                          … (2.9) 

The cooling rate generated from Eqs. 2.4–2.9 are presented in Table 2.3, and they were also used 

in the Thermo-Calc software to execute the Precipitation Module-TC PRISMA. The average grain 

size of 52 𝜇𝑚 for AA 6061-T651 was used in this module. Because the temperature rise in HAZ1 

was up to the solutionization temperature for the investigated alloy—525 oC in Table 2.3—

simulation was conducted without pre-existing precipitates, whereas the initial radius of pre-

existing 𝛽"-Mg2Si precipitates were set to 2 nm with needle-like morphology as reported in AA 

6061-T651 [89–91], for HAZ2, HAZ3 and HAZ4. 

In HAZ1, cooling rate (10.2 °Cs-1) is significantly lower than those obtained in typical water 

quenching of a solution heat treatment process (400 °Cs-1 [92,93]). Hence, a “pure” supersaturated 

solid solution α-Al matrix is not expected upon the completion of cooling. This is validated by the 

thermodynamic simulation of nucleation rate for HAZ1 in Fig. 2.7a: 4.27 x 10-29 volume fraction 

of precipitates start to nucleate after 11 s of cooling at a nucleation rate of 1.51 m-3s-1. The 
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nucleation rate, accompanied by the increase in volume fraction of precipitates, increases over 

time until it starts to saturate at ~28 s. These precipitates are attributed to GP zones (typically with 

radius between 0.5 and 1.5 nm [94]) that contribute to the early stage of hardening; this in-turn, 

contributes to the slightly higher hardness value recorded in HAZ1.  

 
Figure 2.7: Precipitation calculations using the Precipitation module-TC Prisma: (a) nucleation 
rate and volume fraction of phase in HAZ1, and (b) mean radius for precipitation coarsening in 
HAZ2, HAZ3, and HAZ4. 

Fig. 2.7b shows the growth kinetics of pre-existing precipitates in HAZ2, HAZ3, and HAZ4: it 

shows that the coarsening of pre-existing 𝛽"-Mg2Si precipitates are more extensive in HAZ2, 

followed by those in HAZ3 and HAZ4 that show no significant coarsening. In the case of HAZ2, 

the non-isothermal simulation starts at 306 °C (Table 2.3), and the final precipitate reaches a radius 

size of 9.5 nm; this is significantly coarser than the reported size of 𝛽′-Mg2Si phase (5 nm in radius 

[84,91]). This agrees with prior works that the precipitate growth rate depends on temperature and 

time. With increasing temperature and time, precipitate density decreases while its size increases; 

this coarsening weakens the alloy's strengthening effect, resulting in a continuous decrease in 
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microhardness [95]. According to the Orowan mechanism, when precipitates grow to a significant 

size, dislocations are unable to cut through the particles. Instead, dislocations bow or bulge around 

the precipitate until loops with opposite dislocation segments form, intersect and annihilate, as in 

the case of Frank-Read source for dislocation generation [83]. This annihilation allows the 

dislocation to continue its motion through the crystal lattice [83]. This is the origin of extensive 

softening in HAZ2—the resistance to slip is low, as dislocations would loop around incoherent 

precipitates rather than cut through them. We therefore conclude that in HAZ2, the heat input 

during TIG welding results in the transformation of pre-existing coherent β"-Mg2Si to coarser 

stable β phase that is incoherent with the α-Al matrix. Due to the lower temperature rise in HAZ3 

compared to HAZ2, coarsening of pre-existing precipitates are less, as shown in Fig. 2.7b; hence 

significant transformation and departure from pre-existing coherent β"-Mg2Si is not expected in 

comparison with HAZ2. Although we present no TEM results in this work, Cai et al. [96] found 

the evolution of β" in AA 6061 aged at 170 oC (SSSS→ Cluster/ GP zones→ metastable 𝛽"); this 

aging temperature is close to that obtained in HAZ3 (155 oC), and as such we predict that at least 

a metastable 𝛽"→	metastable 𝛽' transformation sets on since 𝛽" is a starting phase. We therefore 

rather suggest the coexistence of 𝛽′ and 𝛽′′-phase within the α-Al matrix in HAZ3, as also reported 

in Ref. [88]. These phases—𝛽′ and 𝛽′′—are responsible for the higher hardness in HAZ3 (64-94), 

compared to that recorded in HAZ2 (54-64). Finally, although the hardness value of HAZ4 is lower 

than the unaffected base material in Fig. 2.5, the growth rate of precipitate in HAZ4 is significantly 

lower compared to other zones. Hence, precipitates in HAZ4 are untransformed, but rather a 

slightly coarser variant of the coherent pre-existing 𝛽"-Mg2Si precipitate. 

 As already well established in heat-treatable alloys, coherent precipitates in peak aged state 

contribute highly to strengthening. However, when the coherent precipitate coarsens—over-aged 
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condition, they become semi-coherent metastable or non-coherent stable phases that in turn 

deteriorate strength of the heat-treatable Al-alloys [89,97]. Where the welded material is already 

in a peak aged condition, coarsening of the precipitates due to heat input can occur in regions away 

 
Figure 2.8: A schematic diagram showing unaffected base material and partitioned HAZ and 
their associated dominant precipitate phases. 
 
from the weld zone, thereby leading to the softening [82]. A schematic diagram that summarizes 

the observation in this work is shown in Fig. 2.8: while HAZ1 solutionize and precipitates GP 

zones, HAZ2 experiences significant coarsening of pre-existing 𝛽"-Mg2Si precipitate, the degree 

of which decreases in HAZ3 and HAZ4. Since heat input and temperature rise drives intrinsic 

nanostructural changes that lead to softening, we note that the variability in the number of 

partitioned HAZ (four in our case) compared to others in the literature (HAZ 1-2 [58–60], HAZ 1-

3 [61,62]) This variability can be due to several factors, including the base material (an heat-

treatable alloy would be more prone to variable HAZ zones than a non- heat-treatable alloy), plate 

thickness, welding process, power input, welding speed, and even the expertise of the welder 

[62,98,99]. 

2.3.3 Tensile and impact behavior of the as-received and TIG-welded samples 

In the previous section, microstructural changes and in turn, the development of softening induced 

by the welding thermal cycle are established. To evaluate the behavior of the welded sample under 
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uniaxial load and impact (in comparison with the as-received sample), tensile and impact testing 

was conducted. A typical true stress-true strain curve in Fig. 2.9a shows that both the as-received 

and the TIG welded sample exhibited continuous yielding. 

 
Figure 2.9: Mechanical test results for as-received and TIG welded sample: (a) True stress-strain 
curves, (b) extracted mechanical properties, and (c) strain energy absorbed during the impact test. 
 

The mechanical properties are summarized in Fig. 2.9b and it shows: the yield strength and yield 

strain for AA 6061-T651 (298 ± 1.5 MPa and 7.02 ± 0.02 %) reduces by 59 % and 38.5 %, 

respectively, in comparison with its TIG-welded counterpart (122.6 ± 1.7 MPa and 4.3 ± 0.18 %). 

Similarly, the tensile strength and tensile strain for AA 6061-T651 (363 ± 1 MPa and 17.83 ± 

0.235%) reduces by 50 % and 29 %, respectively, in comparison with its TIG-welded counterpart 
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(181 ± 1.2 MPa and a strain of 12.09 ± 0.26 %). The joint efficiency of the TIG welded sample, 

determined by the ratio of the tensile strength of the TIG welded joint to the tensile strength of the 

base material [59], is ~0.5. A similar effect in heat-treatable aluminum alloys welded by 

conventional welding processes—TIG and Metal Inert Gas welding—resulted in a joint efficiency 

below 50 % [100]. The Charpy Impact test results in Fig. 2.9c also show the degradation of 

mechanical performance of TIG-welded AA 6061-T651: the absorbed energies of the as-received 

and welded alloy are 1.28 ± 0.24 J and 0.82 ± 0.22 J, respectively. This indicates that the TIG 

welded sample exhibits approximately 36 % less impact toughness than the as-received alloy. 

These findings raise considerable safety concerns [64], which can limit the widespread application 

of heat-treatable aluminum alloys (e.g., AA 6061-T651) in welded structural applications.  

In what follows, the results of XRM analysis of a welded sample measured fairly at the same 

orientation before and after the tensile fracture are shown in Fig. 2.10. A 3D image and slices of 

the welded sample before fracture re-affirms the presence of pores in the welded area in Fig. 2.10a. 

It also appears that there are more pores at the top surface (darker spots on 1580 µm-slice in Fig. 

2.10a-i and 1460 µm-slice in Fig. 2.10a-ii) along the y-direction which corresponds to the later 

stage of welding pass. The XRM images of the fractured sample in Fig. 2.10b shows that pores 

flow along the tensile direction, and failure occurs at ~10 mm away from the weld center; this 

failure position coincides with the established softened HAZ2 region in Fig. 2.5. A high-resolution 

3D images of the weld and HAZ (Fig. 2.10c and d), and fracture (Fig. 2.10e) areas clearly show 

that the eventual TIG-welded sample’s failure region is the pore-free softened HAZ2. The 2D 

slices of the weld and HAZ areas in Fig. 2.10c(i-iii) and d(i-iii), and fractured area with micro-

cracks in Fig. 2.10e(i-iii) at different selected locations further confirm that there are no pores after 

the weld-HAZ interface and that fracture location is mainly due to the severe softening in the HAZ. 
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Although many authors have reported failure at the HAZ [59,97,99,101], XRM results suggest that 

the presence of pores in the weld may be beneficial in delaying the onset of plasticity and in turn, 

 
Figure 2.10: (a,b) Low and (c-e) high resolution XRM images of a tensile tested TIG-welded 
specimen: 3D images of the specimen and the corresponding 2D slices in XZ and YZ planes (a) 
before and (b) after fracture; 3D images and the corresponding 2D slices in XZ and YZ planes for 
the (c) weld and HAZ1 area, (d) weld area, and (e) the fractured area. (c and d) and (e) show 
micropores and microcracks adjacent to the fractured surface (white arrows) in the weld and HAZ2 
area, respectively. 
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necking at the weld zone, especially for ductile aluminum alloy. This can be substantiated by 

comparing Fig. 2.10d (post-tensile testing) with Fig. 2.3c (pre-tensile testing), where reduction in 

pores size during plastic deformation is noticeable. We theorize that upon the application of load 

during tensile testing, the pores may require some energetic budget for closure; hence reducing the 

stress available to deform the weld zone, compared to other neighboring HAZs that are without 

pores. This also show that pores must exceed a percentage threshold for failure and fracture to 

occur in the weld area rather than HAZ2; this is corroborated by previous findings that porosity 

will drive mechanical performance if the percentage of pores exceeds a certain threshold [102–

104]. Clearly, the pores in the weld zone in the current study do not result in a significant loss of 

strength in comparison with HAZ2. It can be concluded that in the welded AA 6061-T651, 

softening caused by precipitation transformation in HAZ2 is more significant to localize failure 

and fracture than the presence of porosity in the weld area. We, therefore, proceed to conduct 

fractographic analyses of the tensile tested as-received and TIG-welded specimens to discern the 

role of softening in fracture mode. 

2.3.4 Fractographic analyses 

Detailed fractographic analyses of tensile tested as-received and TIG-welded samples were 

conducted using SEM-EDS technique, and the results are presented in Fig. 2.11 and 2.12, 

respectively. Fig. 2.11a and 2.12a provide an overview of the fractured surface for as-received and 

TIG-welded samples, respectively. Compared with the as-received sample (width—20 % and 

thickness—26 %), the welded sample (width—20 % and thickness—38.5 %) experiences a more 

significant reduction in thickness under the applied load. The extensive thickness reduction in TIG-

welded sample is due to HAZ2 softening that is established in section 2.3.2.1.  
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Figure 2.11: SEM images and EDS maps of fractured surface for as-received AA 6061-T651: (a) 
overview of fractured surface, (b, c, d) progressive high magnification images of selected fractured 
site, and (e)EDS map of fractured surface. 
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Figure 2.12: SEM images and EDS maps of fractured surface for TIG-welded AA 6061-T651: (a) 
overview of fractured surface, (b, c, d) progressive high magnification images of selected fractured 
site, and (e)EDS map of fractured surface. White arrows in (c) and (d) point at dimples and slip 
lines, respectively. 
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Figures 2.11b-d and 12b-d are progressive higher magnification micrographs of fractured surface 

in as-received and TIG welded samples, respectively, and they clearly show dimple rupture 

fracture mode which are characteristic of the ductile fracture [99]. Dimples form due to the 

coalescence of microvoids that nucleate at localized strain discontinuities like intermetallic, 

inclusions, dislocation pile-ups, and grain boundaries [105,106]. The strain discontinuities in this 

study are intermetallic (Al-Fe-Si and Al-Mg-Si phases), which are observed in Fig. 2.11e and 

2.12e. 

The equiaxed morphology of the dimples in both samples confirms the tensile load type—equiaxed 

dimples typically form under tensile load, in the condition of uniform plastic strain along tensile 

stress direction [106]. Even though fracture mode is somewhat similar in both materials, the as-

received samples exhibit finer and deeper equiaxed dimples with fine ridges. On the other hand, 

the welded sample displays coarse and shallow dimples with a significant amount of slip lines 

arrowed in Fig. 2.12 c,d than in the as-received sample (Fig. 2.11 c, d). In a simplified manner, the 

size of these dimples can be used as a measure of ductility [107]: fine dimples are typically 

observed in high-strength materials, while low-strength materials exhibit coarse dimples [108]. 

Therefore, the high heat input of the welding process promotes the development of coarser dimples 

and extensive slip lines in HAZ2 of the TIG-welded sample, resulting in low yield strength. 

2.4 Conclusion 

In this work, we re-examined the origin of softening in TIG-welded heat-treatable AA 6061-T651 

through a combination of experimental techniques, analytical modelling, and thermodynamic 

simulation, for a more comprehensive understanding of its (softening) evolution and impact on 

mechanical performance. Based on the results, the following conclusions can be drawn: 
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i. The weld contains a significant amount of pores, while material softening occurs in 

HAZ up to at least 38 mm away from the weld center. 

ii. Based on peak temperature, associated hardness, and precipitate phases in these zones, 

HAZ partitions into four—HAZ1, HAZ2, HAZ3, and HAZ4. 

iii. Average temperature and hardness compared to the unaffected base-material (120 HV) 

in these zones vary largely: HAZ1 (525 °C and 66-72 HV), HAZ2 (306 °C and 54-64 

HV), HAZ3 (155 °C and 64-94 HV), and HAZ4 (79 °C and 95-106 HV). 

iv. While the temperature rise induces solid solution and further precipitation of coherent 

GP zones in HAZ1, coarsening of the pre-existing precipitate occurs in HAZ2 (non-

coherent/stable β-Mg2Si), HAZ3 (both semi-coherent/metastable β' and 

coherent/metastable β'') and HAZ4 (coherent/metastable β'') phase.  

v. The mechanical tensile test shows that the TIG-welded sample fractures at the softest 

region—HAZ2, which is about 10 mm away from the weld center. The softening in 

TIG-welded sample (122.6 ± 1.7 MPa) in turn results in lower yield strength compared 

to the as-received sample (298 ± 1.5 MPa). Similarly, the impact toughness of TIG-

welded alloy is 36 % lower than its as-received counterpart due to the welding-induced 

softening.  

vi. XRM analysis confirms the presence of porosity in the welded area, and their mobility 

during plastic deformation so that the severity of softening has a significant influence 

on localized fracture than the presence of porosity in the weld area.  

vii. Fractographic analyses revealed that high heat input in the conventional welding 

process and the induced softening of HAZ2 promotes the formation of coarser equiaxed 



41 

 

dimples and extensive slip lines that are signature of lower yield strength of the TIG-

welded sample, compared to the as-received sample that constitutes finer dimples. 

This work shows that conventional fusion welding process like TIG welding induces high heat 

input that causes both micro- (formation of micro-pores in the weld region) and nano- (dissolution, 

evolution, and over-aging of precipitates) structural changes in and around the weld area. This 

impact the mechanical performance of the welded components, and as such, new welding 

technologies that minimize these structural changes in base materials, especially precipitation-

hardened alloys, should be sought. 
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Chapter: 3 Evaluation of cold spray for solid-state welding 

Abstract 

Welding is an important manufacturing process for joining complex parts. Despite their 

widespread use, there exist some drawbacks in the existing liquid-state (e.g., formation of 

undesirable heat-affected zones around weld area) and solid-state (e.g., high equipment and tooling 

costs, low production rates, and difficulty in joining intricate geometries) methods. These 

limitations continually spur the search for new joining processes to improve existing welding 

methods or develop new ones that circumvent these limitations. To provide a “greener” and low-

cost alternative to the traditional welding processes that often produce “soft” heat affected zones 

(HAZs), we develop and evaluate the expansion of cold spray process—a solid-state high-velocity 

particle deposition process—to solid-state welding, a process we term “cold spray welding”. Using 

well-defined processing parameters, we CSWed AA 6061-T651 plate and compared the results 

with Tungsten inert gas (TIG) welded counterpart. Although TIG-welded samples exhibit high 

tensile strength and impact toughness than CSWed samples (at least based on the CS processing 

parameters used in this study), our findings show that CSW indeed circumvents major drawbacks 

in traditional welding processes, including negligible microstructural alterations and the inhibition 

of deleterious phase transformation and suppression of deleterious HAZ. The examination of 

CSWed parts reveals lower tensile strength and impact toughness is connected to ubiquitous 

microvoids that are formed due to lack of metallurgical bonding; these microvoids act as 

microcracks initiation sites. We proceed to establish a failure mechanism in the CSWed part to 

provide direction for future optimization. 

  



43 

 

3.1 Introduction 

Cold spray (CS) process is a solid-state layer-by-layer deposition process in which microparticles 

are accelerated to supersonic speed by pressurized gas; at a velocity above a critical threshold, the 

particles adhere to oppositely positioned substrate or previously deposited particles to form a coat 

or part [21,22,27,109–111]. Unlike other variants of thermal spray technology that rely on 

combustion and electric energies [112], the adhesion strength of launched particles in CS primarily 

relies on their (particles) kinetic energy. Similarly, while particles are melted in a thermal spray 

process, feedstock materials in CS remain at a much lower temperature than the melting 

temperature [113]; hence, the energy required in CS technology is significantly lower than the 

energy required in other thermal spray process [26]. Also, many defects associated with high-

temperature thermal spraying, such as oxidation, structural and compositional changes, and tensile 

residual stresses can be circumvented by the CS process [21,23,112]. These advantages and the 

simplicity/propensity to extend of CS technology to uncharted applications in many fields have 

attracted the interests of scientists/researchers, and industrialists [21]. Traditionally, CS is used for 

in situ repair of cracks, tribological and antibacterial coatings, restoration/remanufacturing of 

unserviceable engineering/aeronautical components or corroded parts that are in service, and it can 

be used in a wide range of coating-substrate combinations [22,114–117]. This makes damaged 

parts reusable and in turn, saves the cost of buying new products [118].  

The rapid development of modern manufacturing technology has recently expanded the 

application of CS from mainly a “coating technology” to an additive manufacturing (AM) 

technology [21]. While many commercial fusion-based AM technologies involve melting and final 

product degradation caused by high-temperature inputs [119], CS technology becomes a promising 

candidate in addressing these degradations [8,119]. Another common high-temperature 
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manufacturing process is welding—a material joining process where two or more materials are 

joined at their contacting surfaces using heat and/or pressure [3]. The strength of the welded joint 

is primarily determined by the extent of metallurgical bonding between the parts, which can be 

achieved through either fusion or diffusion process [44]. In fusion processes, metallurgical bonding 

is achieved via a liquid mechanism; the high heat involvement aids melting and fusion of the 

welded zone to the adjacent solid base region [120]. Like in the high-temperature thermal spray 

process, fusion welding accelerates oxidation, thermal defects, and distortion of welded parts 

[3,63]. Moreso, the thermal cycle from the weld center and away from it also induce 

microstructural changes, and in turn, the development of heat affected zone (HAZ) that 

significantly deteriorates the mechanical properties of the welded parts [3,56,86,99,121]. As such, 

post-processing heat treatments are often necessary to alleviate the deleterious effects of welding 

[51]. Meanwhile, solid-state welding processes such as friction stir welding form metallurgical 

bonding through the diffusion of interfacial atoms on the surfaces of contacting bodies, thereby 

avoiding the defects associated with material melting in a fusion-based process [122,123]. These 

processes can be limited by factors such as high equipment and tooling costs, low production rates, 

and limitations in joining intricate geometries [18]. Therefore, a significant industrial need is to 

develop a new welding process that is cost-effective and capable of joining complex geometry 

materials without undesired defects or the need for post-processing heat treatment.  

CS technology may offer distinct advantages over conventional welding processes because of its 

(CS technology) ability to (i) deposit thick coating, (ii) develop components of complex 

geometry/3D shapes in a single step without high-temperature effects like oxidation, (iii) suppress 

unfavorable structural changes and HAZ formation, (iv) reduce production cost due to process 

flexibility and the absence of combustible/fume gases that also makes it a greener process, and (v) 
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retain properties of feedstock material after deposition [23,25,111]. Although there are very few 

reports on metal joining by CS technology [124–126], they are either of a double V bevel-shaped 

geometry that could be impractical for thin components and where there is no access for deposition 

from both sides of the welded components [124], or do not provide detailed report on important 

processing parameters such as bevel geometry [125,126]. This lack of details make repeatability 

difficult, and by extension, it frustrates the expansion of CS technology to welding application. As 

an important next step, we examine the solid-state welding process by CS technology and hereafter 

reserve the term—Cold Spray Welding (CSW)—for such a process. It is our goal to further explore 

the CSW as a potential replacement for the fusion-based welding process. As a starting point, we 

carefully design the welding geometry and process parameters, and conduct CSW of AA 6061-

T651 plate followed by advanced materials characterization of welded samples. Finally, we made 

a comparative study of CSWed, and the Tungsten inert gas (TIG) welded samples to evaluate the 

potential and the current limitations of CSW, with the goal of future extensive optimization. 

3.1 Experimental procedure 

3.1.1 Materials and welding process 

This study examines CSWed and TIG-welded AA 6061-T651 plates. The T651 temper condition 

refers to the history of the AA 6061 plate: it was solution heat-treated followed by artificial aging, 

and finally stress relief by stretching to 1.5 to 3 % [65]. The as-received plates were machined to 

the dimension of 200 x 55 x 6 mm (length x width x thickness) for each side of the samples, as 

shown in Fig. 3.1a and b. 6061 aluminum alloy powder purchased from VALIMET, Inc (AM 6061) 

was used for CSW, while a filler wire ER-4043 with a diameter of 1.6 mm was used for the TIG 
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welding process. The chemical composition of the as-received plate, powder, and filler wire is 

provided in Table 3.1.  

Table 3.1: Chemical composition of AA-6061-T651 plates, CSW AM 6061 powder and TIG welding 
filler wire Al-4043. 

 Element Si Mg Fe Cu Mn Cr Zn Ti Be Al 
AA 6061-T651 plate 0.70 1.00 0.41 0.27 0.12 0.18 0.01 0.02 - Bal. 

AM 6061 powder 0.58 0.86 0.09 0.28 0.01 0.09 0.01 0.01 - Bal. 
ER-4043  5.00 - 0.20 0.03 - 0.09 0.01 - 0.00003 Bal. 

 

 
Figure 3.1: Geometry of AA 6061-T651 plates for (a) CSW, (b) TIG welding; (c) the high-pressure 
cold spray system and plates in fixtures, ready for CSW: and specimen geometry for (d) tensile and 
(e) impact tests. (b), (d), and (e) are adapted from Ref. [127]. 

Before welding, a single V-groove with a bevel of 55° (included angle: 110°) was machined on 

each plate for CSW. The bevel angle choice was determined from the work of Loke et al. [128]: 

they reported that the most cost-effective CS deposition of AA 6061 material occurs at spray angles 

larger than 50°. For TIG welding, a 35° groove (included angle: 70°) was machined on each plate. 

The geometry of plates for CSW and TIG welding are presented in Figs. 3.1a and b, respectively. 
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The root gap between CSW plates was set at 50 µm, and there was no root face. The root gap and 

root face for TIG welding plates were 3 mm and 1.5 mm, respectively. 

The CSW was performed using a high-pressure CS system, manufactured by Impact Innovative, 

model ISS 5/11, the robot arm-nozzle-sample fixture setup is presented in Fig. 3.1c. The CSW 

parameters were selected based parameters in Ref. [129], where AA 6061 powders were 

successfully deposited on an AA 6061 substrate using helium as the carrier gas. In our case, we 

opted for higher gas pressure and temperature to achieve similar particle velocity in that work 

[129]. TIG welding was carried out manually using argon shielding gas and a 2 % thoriated non-

consumable electrode. CSW and TIG welding parameters are presented in Table 3.2. 

Table 3.2: CSW and TIG welding parameters. 

CSW  
Process gas Gas temperature Gas pressure Stand-off distance 

N2 450 °C 30 bars 25 mm 

TIG  Current Voltage Travel speed Argon flow 
220 A 15 V 152.4 mm. m-1 18 cfh 

3.1.2 Microstructural and mechanical characterization 

The samples for microstructural analysis were prepared following the standard metallographic 

procedures in ASTM E3-11 (2017) [66]. This was followed by 2 hours of polishing using a Buehler 

VibroMetTM 2 Vibratory Polisher at a vibration amplitude of 20 %; 0.025 µm colloidal silica was 

used as the polishing solution. Samples were etched with Keller's reagent for 1 minute. The grain 

size of the as-received AA 6061-T651 plate was determined from optical images (using Lecia 

DM6000M microscope), and calculations followed the ASTM E112-13 standard [67]. Cross-

sectional milling of the cold spray weldment was done using Leica TIC 3X Ion Beam Milling 

System with standard stage, argon as the working gas, an accelerating voltage of 8 kV, gun current 

of 3 mA, and a processing time of 4 hours. Both scanning electron microscopic (SEM) and energy 
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dispersive x-ray spectroscopic (EDS) examinations on un-etched samples were conducted using a 

Bruker Nano GmbH in Berlin, Germany, equipped with an Xflash 5030 detector. The SEM was 

operated at 15 keV, and two detectors were used—backscattered electron detector (BSED) and 

Everhart-Thornley Detector (ETD).  

The microhardness test was conducted using a Buehler Wilson® TukonTM 1202 digital Vickers 

hardness tester, following the guidelines of ASTM E92-17 [130]. The applied load was set to 300 

gf, and the holding time was 10 seconds. The spacing between indents both horizontally and 

vertically was 1 mm. Tensile tests were performed on the as-received, CSWed, and TIG-welded 

samples using a Tinius Olsen universal testing machine (H25KS model). The test procedure and 

sample dimensions (Fig. 3.1d) were according to the specifications of ASTM E8/E8M-21 [68]. 

The tensile test was conducted with a crosshead speed of 1.25 mm.min-1 and a corresponding strain 

rate of 0.05 min-1 (8.3 x 10-4 s-1). Impact testing was conducted on the as-received, CSWed, and 

TIG-welded samples using an Amsler Otto Wolpert-Werke GMBH D-6700 impact tester with a 

capacity of 4 J. The test was performed in a Charpy mode following the guidelines of ASTM E23-

18 [69]. The impact test sample dimensions are illustrated in Fig. 3.1e, and the test was performed 

at a velocity of 3 m.s-1. This study reports the average values obtained from three tensile and impact 

test measurements. All mechanical tests were performed at room temperature. 

3.1.3 Thermodynamic modelling 

The CALPHAD approach using the Thermo-Calc 2023a software is used for thermodynamic 

modelling. In this study, the phase diagram module, along with the TCAL8: Al-alloys V8.2 

database, was used to calculate the volume fraction of present phases in as-received plate, powder 

for CS, and filler wire for TIG welding. 
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3.1.4 X-ray microscopic analysis 

X-ray microscopic (XRM) analysis was conducted using the Xradia Versa XRM-520 machine to 

examine voids and porosity in CSWed and TIG welded samples, respectively. The XRM scans 

were performed with the following parameters: a source voltage of 160 kV, a current of 62 µA, 

and a power of 10 W. To ensure maximum area coverage, the scans were carried out with a pixel 

size of 25.24 µm. For detailed investigations, high-resolution (HR) images were obtained with a 

pixel size of 3.08 µm. 

3.2 Result and Discussion  

3.2.1 Microstructure of starting materials 

The SEM images and EDS maps of the starting materials—AA 6061-T651 plates and powders—

are presented in Fig. 3.2. The SEM-EDS maps in Fig. 3.2a show the base material constitutes Al-

Fe-Si- and Al-Mg-Si- rich intermetallic phases. Although the optical images are not shown here 

for brevity, the grain size of the as-received AA 6061-T651 plate is 53 ± 4 µm. The as-received 

microparticles for CSW are fairly spherical with an average size of 24 ± 9 µm, as shown in Figs. 

3.2b and c; notably, Fig. 3.2c shows the cellular structures on the particle surface that are inherited 

from the rapid nucleation and solidification process during particle production by gas atomization. 

The cross-sectional images of the particles show no evidence of voids/pores or grain interior 

second phase (Figs. 3.2d and e). The EDS spectra for matrix and phase in Fig. 3.2e and inset further 

confirm the presence of Al, Mg, and Si as the main constituents of the powder material, along with 

other trace elements in the GB phase region. The thermodynamic phase equilibrium diagrams in 

Fig. 3.3 confirm the presence of stable Mg2Si-C1 precipitates in plate and particles (Figs. 3.3a and  
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Figure 3.2: (a) EDS maps of base material; SEM BSED Images of AM 6061 powder showing (b, 
c) spherical morphology, and (d, e) grains and GB phases. The inset in (e) is the EDS spectra of 
the points in the SEM image. 

b); this is a well-established precipitate in 𝛼- Al matrix of AA 6061, and the extent of strength 

contribution depends on their morphology and coherency with the matrix [59,131]. Similarly, the 
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stable Al9Fe2Si2 intermetallic phase in the plates, as confirmed by the EDS maps, and filler wire 

(Figs. 3.3a and c) align with the phase reported in Ref. [78]. 

 
Figure 3.3: Thermo-Calc equilibrium solidification diagrams showing the volume fraction of 
phases at different temperatures for (a) base material with composition Mg: 1%, Si: 0.70%, Fe: 
0.41%, Al: bal., (b) AM 6061 powder with composition Mg: 0.86%, Si: 0.58%, Al: bal., and (c) 
filler wire with composition Si: 5%, Fe: 0.20%, Al: Balance. 

3.2.2 Bonding and microstructural assessment of cold spray welded samples 

In CS, the bonding between particle-particle or particle-substrate is achieved by either mechanical 

interlocking (physical trapping of particles without interfacial chemical bond) and/or metallurgical 

bonding (new formation of interfacial chemical bonds) [25]. Generally, successful particle bonding 

which occurs at and above sufficiently high impact velocity threshold, commonly referred to as 

critical velocity, vcr, requires localized plastic deformation and adiabatic shear instabilities [32]. 

On the processing side, particle impact velocity can be influenced by many factors, including; gas 

pressure and temperature, nozzle geometries, powder feeding rate [32], and atomic mass of driving 

gas [26]. However, powder and substrate characteristics such as crystal structure, yield strength, 

density, melting point, oxygen content, and surface oxides can affect vcr, and in turn, the onset of 
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bonding [22,26,35]. In what follows, we evaluate bonding and microstructural changes that set on 

during CSW.  

3.2.2.1 Scanning electron microscopic and energy dispersive x-ray spectroscopic analyses: 

Particle plasticity and formation of deleterious microvoids. 

To assess the inter-particle and particle-substrate bonding, the overview of the CSWed sample 

showing the weld area and adjacent AA 6061-T651 base is presented in Fig. 3.4a. While the base 

shows a low grey scale of darker contrast, the CSWed region shows a high grey scale of brighter 

contrast, the boundaries of which denote clear base-weld interfaces. High magnification BSED 

images of the base-weld area in Fig. 3.4b-d shows dark lines or areas that are signature of a lack 

of metallurgical bonding at the base-weld boundaries (indicated by yellow arrows in Fig. 3.4c), 

and particle-particle boundaries (indicated by red arrows in Fig. 3.4c). Other variants of particle-

particle boundaries shows no evidence of bonding; these are “triple junctions”—lack of bonding 

at the point where three particles, 1, 2, 3, ought to meet (right side of Figs. 3.4d and e) and 

“quadruple point”—lack of bonding at the point where four particles, 1, 2, 3, 4, ought to meet 

(inset in Fig. 3.4b and the left side of Figs. 4d and e). It is the triple junctions and quadrable points 

that result in voids formation in the CSWed, since there is a near-absence of voids in the pre-

deposited particle interior (Figs. 3.2d and e).  

The EDS maps of the base-weld areas in Fig. 3.4f show the presence of Al-Mg-Si and Al-Fi-Si 

phases in the base area and near homogenous phase of the weld area, which are unchanged in 

comparison with the starting microstructure before CSW (Fig. 3.2). This underscores the 

advantage of CSW over fusion-based welding where there is a mismatch between the 

microstructure of the weld area and the softened heat affected zone [57,98,132]. However, Al-O-

rich regions are found mainly along the base-weld and inter-particle boundaries; these are native 
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oxide layers on the particles. In CS, this oxide layer on particles is considered as geometrical 

constraint to metallurgical bonding [23]. 

 
Figure 3.4: SEM images and EDS map analysis of CSWed AA 6061-T651 plate: (a) overview image 
of the welded sample, (b, c) images showing the weld area, weld-base interface (yellow arrows), 
and base area, (d, e) high magnification images of a selected weld area in (b), and (f) EDS maps 
of the weld and base areas. All SEM images are BSED, except in (e) that is ETD. 

Previous work has shown that surface oxide delamination during the high-velocity microparticle 

impact process expends ~30% of the actual extra energy required for bonding so that the presence 

of surface oxides on particle slows the onset of jetting and metallurgical bonding [35]. The 

presence of an oxide layer increases the energy budget required to initiate clean metal-metal 

contact, therefore increasing vcr [22,26]. Because of the variability of particle sizes, we posit that 

the kinetic energy of larger particles is sufficient to surpass their vcr, i.e., the particles possess 

sufficient energy to break, delaminate, and expel surface oxides, and to induce jetting and bonding. 

Meanwhile, the kinetic energy of smaller particles may be insufficient to overcome such bonding 
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Figure 3.5: SEM images of the cross-sectional ion-milled CSWed sample at the weld area: (a, b) 
overview, and (c) high magnification image of the marked area in (b). (c-I and c-ii) show inter-
particle bonding condition and an un-deformed void-filling microparticle, respectively. Yellow and 
red arrows in (c-1) point at metallurgical bonded and unbonded particle-particle interfaces, 
respectively. All SEM Images are BSED, except the ETD in (b). 
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barriers; they rather impinged and adhered with poor metallurgical bonding, as also reported in 

Ref. [133]. We, therefore, conclude that particle surface oxide can potentially constrain particle 

plastic flow to fill voids (Figs. 3.4d and e), inhibit metallurgical bonding, and in turn, increase vcr. 

Additionally, the SEM images of ion milled cross-section of the CSWed sample just at the weld 

area are presented in Fig. 3.5. Fig. 3.5(a, b) provides an overview, and it reveals the presence of a 

lateral crack (white arrows) that originates from a void and propagates up to a substantially long 

distance. This shows that the presence of voids can be a crack initiation site in CSWed parts. A 

progressive high-magnification BSED image of the cross-sectioned area presented in Fig. 3.5c 

reveals the presence of voids, bonding, and lack of bonding between particles. Fig. 3.5c-i shows 

metallurgical bonding exists at severely deformed particle-particle interfaces (indicated by yellow 

arrows at particles 1-2, 2-3, 3-4, and 4-5 interfaces), while unbonded regions that leads to the 

formation of voids occur at less plastically-deformed interparticle interfaces (indicated by red 

arrows at particles 4-5, 5-6, and 6-1 interfaces). Notably, Fig. 3.5c-ii shows a finer microparticle 

(~10 µm) that is largely undeformed but trapped within a large void created by larger particles. 

While this is undesirable, this void-filling by smaller particles can improve the stacking density of 

the metallic powders within the weld area as is the case in liquid-state additive manufacturing 

process [134-36]; this can potentially improve the mechanical performance of the CSWed parts, 

but it remains open for further investigation. 

 



56 

 

 
Figure 3.6: (a, b) Low and (c, d) high resolution XRM images of CSWed sample: (a, b) overview, 
(c) 3D image of base and corresponding 2D slices on XY, YZ, and XZ planes, (d) 3D Images of 
welded area and corresponding slices on XY, YZ, and XZ planes. 
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3.2.2.2 X-Ray microscopic analysis: Evaluation of void distribution and tamping effect in the 

weld area. 

As earlier established, CS is a layer-by-layer deposition process [27], and there are steps to coat 

formation: (i) substrate cratering and first layer build-up, (ii) deformation and realignment of 

impinging particles, (iii) formation of metallic bond and reduction of voids, and (iv) further coating 

densification and compaction [137,138]. Like the factors that affect vcr highlighted earlier, several 

factors also influence the requirements to achieve these steps, such as density, yield strength 

[26,34], and the presence of an oxide layer [31]. These factors can either accelerate or impede the 

deformation of particles, which in turn affects the extent of flattening and the filling of voids by 

deformed particle lips. In the current study, XRM is used to assess the presence and extent of voids 

in the CSWed area in comparison with the base materials, as shown in Fig. 3.6. The 3D HR-XRM 

image of the base area shows nearly homogenized void-free volume (Fig. 3.6c), while that of the 

weld area shows a rough surface that is signature of lack of particle adhesion and is throughout the 

volume (Fig. 3.6d). The 2D slices of the 3D HR-XRM images for the base in Fig. 3.6c (i-iii) at 

different locations further confirms the homogenized and pores-free volume, while ubiquitous the 

presence of dark low-density spots—voids—can be decerned throughout the weld area in Fig. 3.6d 

(i- iii). Furthermore, an observation can be made from the weld cross section in Fig. 3.6d (iii): 

away from the bottom weld near the root gap towards the surface, an increase in voids (dark low-

density spots) can be discerned. The less compact of the top layer of CS deposit compared to the 

bottom layer has been reported by Silva et al. [139]: the previously deposited layer is further 

impacted by incoming particles, resulting in the densification of the previously deposited material 

[21]. This behavior is called the tamping effect [140], and it occurs in the CS weld area. 
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3.2.3 Comparison of solid-state CSWed and liquid-state TIG-welded parts. 

The choice to compare solid-state CSW with the liquid-state TIG welding process is driven by the 

limitations of existing liquid-state welding techniques that accelerate oxidation, induce thermal 

defects, distort welded parts, and result in inhomogeneous microstructural changes, i.e., formation 

of soft HAZ. Despite these limitations, liquid-state fusion welding remains an indispensable 

joining method [57], and in fact, industries find the method to be more versatile with high 

productivity [63].  

3.2.3.1 Microstructural assessment of TIG-welded samples 

In what follows, we assess the microstructural changes in TIG-welded sample in comparison with 

those of CSWed parts. The overview of the TIG-welded sample in Fig. 3.7a shows the weld and 

the adjacent HAZ that is the weakest area where failure would typically occur under external 

loading conditions [86,99,97]. High magnification images in Figs. 3.7(b-d) show various 

microstructural features: dendritic structure at the weld area, the fusion line, and the second phase 

particle identified by EDS analysis as Al-Si, Al-Mg-Si, and Al-Fe-Si in Fig. 3.7e and f. In our 

previous work [127] and other works [88,86], we showed that the HAZ experienced high-

temperature rise and phase transformation as the sample cools away from the weld area. This 

partitions the HAZ area into subzones as the existing coherent/metastable β'' precipitates in the 

HAZ area respond to different peak temperatures: HAZ 1 transform into coherent GP zones, HAZ2 

into non-coherent/stable β-Mg2Si), HAZ3 into both semi-coherent/metastable β' and 

coherent/metastable β'', and HAZ4 into coherent/metastable β'' phase [127].  
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Figure 3.7: (a-d) SEM images and (e, f) EDS maps of TIG-welded AA 6061-T651 plate: (a) 
overview, (b-d) progressive high magnification images showing weld area, fusion line and HAZ, 
(e, f) EDS map of the weld area and HAZ, respectively. SEM images in (a) and (b-d) are ETD and 
BSED, respectively. 

One promising solution to limiting such deleterious phase transformation and enhancing weld 

quality is the suppression of excessive heat input [13]. Low heat input joining methods have been 

suggested as potential candidates [141], and CSW would be a suitable option for joining such 

temperature-sensitive materials. Additionally, the XRM was used to analyze the TIG-welded 

tensile sample, and the results are presented in Fig. 3.8, in comparison with the CSWed joint in 

Figs. 3.6b, d. The overview of the sample in Fig. 3.8a shows the TIG-welded area has a darker 

contrast compared to the adjacent base. While the HR-XRM images of CSWed joint in Figs. 3.6d 
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show evidence of voids due to poor particle metallurgical bonding, those of the TIG weld area 

reveal the presence of porosity, as shown in Fig. 3.8b. The 2D image slices in Fig. 3.8c (i-iii) at 

different locations of the weld area further confirmed the homogenous distribution of the pores 

throughout the weld. The occurrence of porosity can be attributed to the elevated temperature 

involved in the welding process [8], resulting in the evaporation of elements with lower vapor 

pressure [76,62].  This behavior pores formation in TIG—highlight the advantage of the CSW 

process if the lack of metallurgical bonding that forms voids is suppressed: it (CSW) does not 

involve high temperature and melting, effectively suppressing the chances of pore formation.  

 
Figure 3.8: Low and high resolution XRM images of the untested TIG-welded tensile test sample: 
(a) overview, (b) 3D image of welded area marked area in (a) and corresponding 2D slices in XY, 
XZ and YZ planes. Adapted from [127], for completeness. 

Therefore, improving interparticle and particle-substrate bonding will ultimately enhance the 

quality of the CSWed parts. Whichever joining method is used, the final microstructure after 

welding will impact mechanical performance, and in what follows, we evaluate and compare the 

mechanical performance of as-received, CSWed, and TIG-welded AA 6061-T651. 
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3.2.3.2 Mechanical properties of CSWed and TIG welded samples 

To evaluate the mechanical behavior of as-received, CSWed, and TIG-welded parts, different tests 

(hardness, tensile and impact) were carried out and compared. The hardness result of the CSWed 

sample from weld center to both sides of the weld-base interface is presented in Fig. 3.9a: the weld 

area (70 - 104 HV) exhibits lower hardness than the surrounding base (113 - 122 HV) with fairly 

uniform hardness. These hardness values are close to what is reported for AA 6061 CS deposit 

(105 HV) and rolled AA 6061-T6 (107 HV)  [142]. Comparatively, the hardness result of TIG- 

welded AA 6061-T651 sample in Fig. 3.9b indicates a very low hardness range (50 -70 HV) in the 

weld area, which extends towards the HAZs; the hardness range is lower than the base and the CS  

  
Figure 3.9: Hardness contour maps of (a) CSWed sample, (b) TIG-welded sample. The color 
legend values are in HV. 
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weld area. There is a non-uniformity of hardness in the HAZ area that also extend beyond what is 

seen in Fig. 3.9b, in fact, up to ~40 mm away from the weld center, thus partitioning the HAZ into 

subzones as highlighted in our previous work [127], and other fusion-welded components in Refs. 

[88,143,48]. The high heat input associated with the fusion welding process is responsible for the 

microstructural alteration, which directly affects the mechanical properties of the material 

[86].Specifically, age-hardenable alloys are more prone to these microstructural alterations during 

the fusion welding process [57,10]: existing coherent precipitates in base materials can coarsen 

and/or dissolve [62]. As a result, fusion-welded components often experience significant softening 

in the HAZ area. In contrast, the hardness result of the CSWed sample (Fig. 3.9a) does not show 

such softening phenomenon. Just after the weld-base interface, the material maintains the hardness 

of the as-received material (120 ± 4 HV). Alongside other advantages, the lower temperature 

requirement for CSW can minimize or eliminate the presence of the HAZ [144]. To analyze the 

behavior of CSWed parts under uniaxial load and impact, tensile and impact tests were conducted 

and compared with the as-received and TIG-welded samples. 

Fig. 3.10a shows typical true stress-strain curves: it generally shows that the as-received and TIG-

welded samples failed after a significant amount of plasticity, while the CSWed sample failed at 

very low stress and strain. The summarized results of the tensile tests are presented in Fig. 3.10b: 

the as-received sample exhibits higher yield strength of 298 ± 1.5 MPa and yield strain of 7.02 ± 

0.02 % than those of TIG-welded (122.6 ± 1.7 MPa and 4.3 ± 0.18 %) and CSWed samples (24.17 

± 1.47 MPa and 0.41 ± 0.01 %), respectively. Similarly, the as-received sample exhibits a higher 

tensile strength of 363 ±1 MPa and tensile strain of 17.83 ± 0.23 % than those of TIG-welded (182 

± 1.2 MPa and 12.09 ± 0.26 %) and CSWed samples (30 ± 2.9 MPa and 0.82 ± 0.24 %), 

respectively. Furthermore, the Charpy impact test results in Fig. 3.10c show that the as-received 
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Figure 3.10: Mechanical test results for as-received, TIG-welded and CSWed sample: (a) true 
stress-strain curves and (b) extracted mechanical properties from the tensile test, and (c) strain 
energy absorbed during the impact test. 

sample failed after absorbing 1.28 ±0.24 J of energy. The TIG-welded sample absorbed 0.82 ± 0.22 

J, while the CSWed sample failed after absorbing 0.35 ± 0.02 J of energy. The results indicate that 

the impact toughness of TIG-welded and CSWed samples are 36 % and 73 % lower than the as-

received sample.  Consequently, the TIG-welded samples show better tensile and impact properties 

compared to the CSWed sample. 

While the CSWed sample eventually fractured in the weld area but near the groove face (Fig. 3.6b), 

the XRM images of the TIG-welded tensile sample revealed failure within the HAZ area at ~10 

mm away from the weld center, as shown in Fig. 3.11a; this underscores the role of the HAZ on 

the mechanical performance of TIG-welded samples. HR-XRM images taken from the weld area 
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show the signature of pore closure (Fig. 3.11b) compared to the pre-tested sample (Fig. 3.8b); as a 

note, the same TIG-welded sample was analyzed in Figs. 3.8 and 11. This observation (pore 

closure) is further supported by 2D slices in Fig. 3.11b (i-iii) taken at different locations compared 

to Fig. 3.8b (i-iii).  

 
Figure 3.11: Low and high resolution XRM images of the TIG-welded tensile tested sample: (a) 
overview, (b)3D image of tensile tested weld area and corresponding 2D slices in XY, XZ and YZ 
planes, and (c) 3D images of the fractured area and corresponding 2D slices in XY, XZ and YZ 
planes. (c) is adapted from Ref. [127], for completeness. 
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We report in our previous work that during tensile testing, the presence of pores may require some 

energy for closure, consequently reducing the available stress to deform the weld zone compared 

to other neighboring HAZs [127]. This subsequently “transfers” the failure region to a pore-free 

softer zone—HAZ, as shown in HR-XRM 3D images in Fig. 3.11c, and corresponding 2D slices 

in Fig. 3.11c (i-iii).  

To summarize, while the low strength and ductility in CSWed samples raise concerns and 

limitations for potential future expansion of the CS process to welding of engineering components 

and assemblies where these properties are desirable, it also provides an interesting area for future 

exploration. For instance, the ductility deficiency in the CSWed sample could be attributed to the 

severe cold working that occurs during the CS process and can be addressed by a post-CSW heat 

treatment that improves metallurgical bonding, as recently reported for a CS deposit [129]. Other 

recent works also show that higher mechanical properties can be obtained in CS 6061 deposit than 

the rolled plate AA 6061-T6 [129,142]. Unlike conventional CS deposits where particles are 

mostly normal to the substrate, we posit that the variable particle impact angle from the weld center 

to the groove face in a CSW case may result in low bond quality near the grove face so that it 

becomes the likeliest region of failure. This requires further investigation to explore and enhance 

the feasibility of CSW for industrial application, but as a starting point, we assess the fractured 

tensile samples in what follows. 

3.2.3.3 Fractographic Analyses and mechanism of fracture of tensile-tested CSWed sample 

Comparative fractographic analyses of the tensile-tested as-received, CSWed and TIG-welded 

samples were conducted to obtain a comprehensive understanding of their deformation and 

fracture behavior. First, we provide the fractographic images and a brief fracture mode overview 
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of the tensile-tested as-received and TIG-welded samples in Fig. 3.12. As seen in Figs. 3.12a and 

d, there is a significant thickness reduction in TIG-welded sample due to the localized softening 

in the HAZ where failure and fracture occur. Furthermore, both as-received (Figs. 3.12a-c) and 

TIG-welded (Figs. 3.12d-f) fractured samples show the equiaxed dimple signatures that are 

features of the ductile fracture [145]; albeit, the dimples in TIG-welded sample are coarser. It is 

established that finer dimple size correlates with higher mechanical strength [146] which explains 

the higher strength recorded for the as-received sample than that of the TIG-welded in Fig. 3.10a. 

These dimples evolve when microvoids (site inset in c) that nucleate at localized strain 

discontinuities coalescence [105,106]. More details about the fracture behavior of as-received and 

TIG-welded samples can be found in Ref. [127]. 

 
Figure 3.12: SEM images of fractured surface for (a-c) as-received and (d-f) TIG welded AA 6061-
T651: (a,d) overview, and (b,c and e,f) progressive high-magnification images of selected fractured 
sites. Insets in (c and f) are marked area in white rectangles. All images are BSED except for those 
in (a, d) and inset in (c, f) that are ETD. 
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Figure 3.13: SEM BSED images of fractured surface of tensile tested CSWed AA 6061-T651 
sample for sides (a-c) A and (d-f) B: (a,d) overview and (b,c and e,f) progressive high 
magnification images of selected locations; the insets in (c and f) are marked areas in red dashed-
rectangles; yellow arrows point at splats and initially bonded area; red arrows show lack of 
bonding in (b and e) and crack paths connecting microvoids in (f); white arrows show crack 
propagation from microvoids in (c); and white circles show the location of crack-initiating 
microvoids in (c). 
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In contrast, Figs. 3.13a-c and d-f provide a surface overview of both sides, A and B, of the fractured 

tensile-tested CSWed sample, respectively. The fractographs show evidence of deposited 

microparticles on both sides: some particles bonded with each other to form agglomerates, and a 

lack of bonding with other neighboring bonded particles (red arrows). The higher magnification 

images of the fractured surfaces in Figs. 3.13c and f show quite a few voids. 

Around the voids, the insets in Figs. 3.13c and f reveal unbonded particle sides with the signature 

of cellular structure surface similar to that of the undeformed starting particles in Fig. 3.2c. The 

inset also shows splat regions where particles initially bonded, as confirmed by low oxygen signal 

arrowed in Fig. 3.14, but subsequently fractured under the tensile load.  

 
Figure 3.14: ETD- SEM image and EDS maps of fractured surface of tensile tested CSWed AA 
6061-T651 sample. White arrows point at fractured surface with splash/initially bonded interface 
which corresponds to region of low oxygen signals in the oxygen map. 
 
Notably, no dimple-like features are observed on the fractured surfaces, which are characteristic 

of ductile fracture [99]. Instead, the fracture predominantly propagates from a source—

microvoids, and along the particle-particle interfaces, leading to brittle-like fracture behavior and 

rapid crack propagation. Cataloguing these observations and those of Fig. 3.5, the crack 

propagation mechanism can therefore be described in Fig. 3.15a as follows: (i) nucleation of 

microcracks from microvoid nodes, (ii) connection of microcracks to form a web-like crack 
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propagating network, (iii) advancing microcracks towards bonded interparticle splat region. These 

fractographic features—multiple microvoids and web-like crack propagating network—

contributes to the low strength, ductility, and fracture strain recorded for CSWed sample in Fig. 

3.10 and Section 3.3.3.2. Even though crack-initiating microvoids are ubiquitous throughout the 

weld area, the eventual fracture seems to occur in a poorly-bonded region—near the grove face, 

where oblique microparticle impact likely occur, as schematized in the upper part of Fig. 3.15b. 

 
Figure 3.15: A schematic diagram for (a) failure mechanism in CSWed parts: (i) nucleation of 
microcracks from microvoid nodes, (ii) connection of microcracks to form a web-like crack 
propagating network, (iii) advancing microcracks towards bonded interparticle splat region; (b) 
fracture propagation location in weld area and the possible effect of particle impact angle, (c) 
oxide layer between particle and base material in contact, and (d) oxide layer between particles 
in contact. 

To summarize, the observation of deposited particles on both sides of fractured CSWed sample in 

Fig. 3.13 shows that interparticle fracture and failure occur in the weld area, and close to the groove 

face (Fig. 3.6b), as schematized in Fig. 3.15b. The fractured area and path also suggest that the 
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particle-base (substrate) interface achieved a better metallurgical bonding than those at the particle-

particle interface. This is interesting and it leads to an important conclusion necessary to help 

optimize the CSW process: the vcr for particle-substrate (𝑣.@
$)A) is lower than for particle-particle 

(𝑣.@
$)$). The rationale for partitioning vcr is further explained by the energetic budget for 

delaminating and expelling native surface oxide from the particle-substrate/particle-particle 

interface, as schematized in Fig. 3.15c and d. Fig. 3.15c shows a typical spherical particle ladened 

with a surface oxide layer and launched towards a fairly-clean substrate surface that is prepared 

just before CSW; this represents the case of particle-base material contact and ~30 % of the energy 

budget for particle plasticity is consumed to delaminate and expel oxide from the surface of the 

particle alone [35]. On the other hand, Fig. 3.15d represents a particle-particle contact, where each 

particle possesses its surface oxide layer before contact; this implies that the energetic budget to 

extrude surface oxides should be, to a first-order approximation, twice the particle-substrate case 

so that 𝑣.@
$)$ > 𝑣.@

$)A. The bonding in CS deposits is influenced by the extent of plastic deformation 

of the particles and the presence of oxide scale at the particle interface [29,147]. It is well-

established that an oxide-free interface is crucial to achieving clean metal-to-metal contact for 

successful particle-substrate and interparticle metallic bonding [42]. This conclusion (partitioning 

of vcr) is corroborated by previous work by Wu et al. [137] who reported different vcr for the first 

layer build-up (substrate-particle) and the particle-particle bonding case in the CS of Al–Si 

powders on a mild steel substrate, with the later requiring a higher vcr [137]. Hence, to optimize a 

CSW process, the targeted particle velocity should be high enough, above 𝑣.@
$)$. 

3.2.3.4 Advantages of CSW over TIG welding, and future direction for CSW optimization. 

So far, we have demonstrated that the application of the cold spray process can be expanded 

beyond its conventional use as a coating and in-situ repair technology. Although, the TIG-welded 
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sample (Fig. 3.7) possesses better fusion of weld to base and in turn, improved tensile strength and 

impact toughness (Fig. 3.10) than the CSWed sample (Fig. 3.4a-c), if optimized, CSW will offer 

the following advantages: 

• Retention of feedstock properties before and after CS, and negligible micro- and nano- 

structural alterations. This is due to the short contact time between the particles and pre-

heated gas, and the rapid cooling of the gas as it expands through the diverging section of 

the nozzle [22,148]. 

• Lower total energy consumption for solid-state welding process, since particle bonding 

primarily relies on kinetic energy rather than thermal energy.  

• Unlike the conventional welding process that emits fumes which are responsible for both 

acute chronic and health issues, CSW uses no combustible or fuel gases, making it a green 

technology suitable for combating environmental issues like global warming, acidification, 

and eutrophication. 

Inhibition of deleterious phase transformation to enhance weld quality due to the 

suppression of excessive heat input: In addition to HAZ, the typical weld area in TIG 

welded sample (see impact tested TIG sample in Fig. 3.16) shows the presence of 

deleterious porosities and dendritic microstructure (mostly Al-Si eutectic phase, with other 

Al-Fe-Si and Al-Mg-Si rich phases), which is a result of the fast cooling from the molten 

metal [52]. Such complex phase transformation/formation is not found in the CSWed 

sample. This also favors CSW as an advantageous solid-state welding process for 

suppressing deleterious HAZs, especially in precipitation-hardened or temperature-

sensitive alloys. 



72 

 

 
Figure 3.16: SEM BSED images and EDS map analysis of the fractured surface of impact 
tested TIG welded AA 6061-T651 sample showing deleterious phases in the weld area: (a) 
overview, (b, c) progressive high magnification images of selected fractured site within the 
weld area, and (d) EDS maps of the fractured surface. 

Although post-weld heat treatment can be introduced as an additional step to improving the CSW 

process, pursuing a one-step solid-state welding process (i.e., without post-weld heat treatment) is 

more desirable which is an important future direction for this solid-state welding technology. From 

our current result, it is possible that further accessing higher particle velocity (but below 1.6 vcr 

where hydrodynamic particle penetration sets on [133]) can improve bonding and weld quality. 

From the processing parameters provided in Section 3.2.1, we determine the particle velocity for 

CSW to be 843 m/s, using the following equations [137,149]: 
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where vp is the particle velocity; 𝑀 is the Mach number Ae is the nozzle exit area; A* is the nozzle 

throat area and "3
"∗

 is 5.6; 𝛾 is the ratio of specific heat, typically 1.4 for diatomic gases [137]; 𝑀J" 

is molecular weight of nitrogen gas; R is the gas constant (8.314 J.mol-1.K-1), T is the gas 
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temperature, D is the particle diameter, x is the axial position, 𝜌p is the particle density, 𝑃& is the 

nitrogen supply pressure. This velocity is just close to the vcr of AA 6061 [150], and further increase 

to ~1.3 vcr where maximum metallurgical bonding is expected [133], would greatly improve the 

weld quality. 

3.3 Summary and Conclusion 

This study investigates the potential expansion of CS process as an alternative to existing welding 

methods. Using AA 6061-T651 plate as the welded component material and characterization 

techniques, including scanning electron microscopy, energy dispersive x-ray spectroscopy, and x-

ray microscopy, we evaluate CSWed samples and compared them with TIG welded samples. Based 

on the results, the following conclusions can be drawn: 

i. Unlike TIG welding, CSW impedes the coevolution of deleterious phases: CSWed 

sample maintains a homogenous phase in the weld area and also preserves the starting 

material microstructure in both the particle feedstock (weld area) and the adjacent base.  

ii. SEM and XRM analyses reveal the formation of voids in CSWed area and porosities 

within the TIG-welded area. Lack of metallurgical bonding at the particle-particle 

interface results in the formation of microvoids at “triple or quadruple junctions” in 

CSWed samples. 

iii. The CSWed sample’s weld area (70-104 HV) and surrounding base (113-122 HV) show 

higher hardness than those in the TIG welded sample that exhibits very low hardness 

(50-70 HV) that extended non-uniformly towards the base. In the CSWed sample, no 

HAZ is observed in the adjacent base, which presents a significant advantage over 

fusion welding process. 
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iv. Both TIG welded and CSWed sample exhibit lower mechanical properties compared to 

the as-received sample: The yield strength and impact toughness in TIG welded sample 

is 59 % and 36 % lower than the as-received, respectively, while those of the CSWed 

samples are also lower than the as-received by 94 % (yield strength) and 73 % (impact 

toughness), respectively. 

v. The TIG welded sample fails within the HAZ (~10 mm away from the weld center) 

and fracture analysis show dimples that are characteristic of ductile fracture mode. On 

the other hand, CSWed samples fail within the weld area along the particle-particle 

interface, in a manner characteristic of a brittle-like fracture. 

vi. Microvoids are identified as the source of crack initiation sites in CSWed samples, and 

a crack propagation mechanism is proposed as follows: (i) nucleation of microcracks 

from microvoid nodes, (ii) connection of microcracks to form a web-like crack 

propagating network, (iii) Propagation of advancing microcracks towards bonded 

interparticle splat region. 

vii. The fracture path in CSWed sample shows that the particle-substrate achieves better 

metallurgical bonding than the particle-particle case. This suggests that the vcr required 

to achieve particle-particle bonding (𝑣.@
$)$) is higher than that for particle-substrate 

bonding (𝑣.@
$)A); as such particle impact velocity must be sufficiently high to achieve 

maximum metallurgical bonding in a particle-particle bonding case. 

This study shows that CSW has the capability to address some long-standing challenges in 

conventional welding techniques. Most importantly, it (the study) identifies the necessary CSW 

challenges that must be addressed to push the expansion of CS process to solid-state welding. 

Besides increasing particle impact velocities well above vcr or adding additional steps like post-
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weld heat treatment, this study also gives researchers in the cold spray community what area needs 

further investigation that can be embarked upon to push the application of CSW to fruition.  
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Chapter: 4 Conclusion 

4.1 Summary 

This thesis develops and evaluates cold spray (CS) process as a new alternative welding technique, 

to circumvent the drawbacks in existing solid-state and liquid-state welding methods; a process 

called cold spray welding (CSW). Using AA 6061-T651 aluminum alloy as the model 

precipitation-hardened alloy and different characterization techniques—scanning electron 

microscopy, energy dispersive x-ray spectroscopy, and x-ray microscopy—the origin of softening 

and mechanical performance of a Tungsten inert gas (TIG) welded plates are comprehensively 

investigated and compared with CSWed samples. 

The results confirm microstructural changes (phase transformation) and localized softening (or 

HAZ) as the major drawback in TIG-welded AA 6061-T651 samples due to high heat input 

involved in the welding process; this softening extends up to ~40 mm from the weld center. In 

contrast, such HAZ is not observed in CSWed samples, rather the weld and neighboring base areas 

have the same properties before and after CSW. This characteristic presents a significant advantage 

of proposed CSW over existing welding processes because CSW can: 

• retain properties of feedstock material after deposition 

• suppress unfavorable structural changes and HAZ formation,  

• reduce production cost due to process flexibility and the absence of combustible/fume 

gases that also makes the CSW process greener. 
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Although both CSWed and TIG-welded samples exhibit lower mechanical properties compared to 

the as-received material, the lowest tensile strength and impact toughness are recorded in the 

CSWed samples than in TIG-welded samples.  

On the tensile failure mode, the TIG welded samples failed at the softest HAZ region which is ~10 

mm away from the porosity-ladened weld center. This indicates that the severity of phase 

transformation in the HAZ has a more significant impact on the mechanical performance of TIG-

welded samples than the presence of pores in the weld area. On the other hand, CSWed samples 

constitute microvoids that are homogeneously distributed in the weld area, and their (microvoids) 

formation is attributed to inadequate metallurgical bonding formed at triple and quadruple particle 

junctions. Consequently, tensile-tested CSWed samples rather failed within the weld area, with the 

microvoids acting as crack-initiating sites; this results in lower mechanical performance than TIG-

welded samples. The fracture propagation within the CSWed area indicates better bonding between 

particle-substrate than particle-particle interfaces, suggesting lower vcr to achieve maximum 

metallurgical bonding in the former than the latter. 

Overall, the findings in this thesis suggest that CSW offers advantages over traditional welding, 

but the issue of poor metallurgical bonding in CSWed samples will continue to hinder its projected 

expansion for industrial applications. Further investigation is needed to optimize CSW for practical 

use, hence, the recommended next steps are highlighted in the “Future works” section. 

4.2 Future works 

The findings from this work show that CSW presents some advantages over traditional welding 

processes. However, its current limitations can impede its widespread use as a viable solid-state 
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welding process. To enhance the feasibility of CSW for industrial applications, the following 

research areas are suggested for future exploration: 

• Optimization of base material:  Investigate the effect of welding geometries of base plates 

and surface roughness of bevel face on bonding and deposition efficiency of CSW. 

• Optimization of feedstock (powder): The morphology and surface condition of feedstock 

powder play a major role in the quality of bonds in CS process. The following parameters 

can be tuned to optimize the mechanical properties of CSWed parts [27]; 

o Particle size: It is well known that the smaller the particle size the higher the vcr. 

This is because smaller particles have a higher surface area-to-volume ratio, 

resulting in lower kinetic energy, faster heat conduction from the bonding interface, 

and higher amount of oxides that impede bonding. 

o Particle distribution: Mixed particle distribution is known to be advantageous for 

optimizing deposit density. The finer particles can fill the voids/gaps those formed 

between the coarser particles [134]. 

o Particle geometry: Particle geometry is challenging to control, yet it affects the 

flowability, cold sprayability and in turn, the deposition efficiency and coating 

porosity. Generally, irregular shaped particles are more difficult to feed due to their 

tendency to pack more closely together compared to spherical particles [22]. 

o Native surface oxide layer: The presence of native oxide layer acts as geometrical 

constraints to extensive particle plasticity, increasing the energy needed to initiate 

metal-to-metal contact. As a result, the vcr increases with the presence of native 

oxides. Particles with little to no native oxide layer are therefore advantageous for 

achieving quality bonding. 
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• Optimization of process parameters: Several process parameters play a significant role 

in the onset of bonding and bond quality, and they can be optimized as well to improve the 

quality of weld in CSW process. 

o Propulsive gas: Compressed gas in the CS process performs two key roles, to 

transport the powder particles, and propelling the gas powder mixture. Careful 

selection of gas type (air, helium, and nitrogen), temperature and pressure can 

enhance bonding quality. 

o Powder feeding rate: The feed rate—powder amount metered into the spray nozzle 

per time—directly impacts the nature of gas-particle stream from the nozzle, which 

affects particle velocity. Higher feed rates can decrease the particle velocity due to 

intense gas-particle interaction. A careful selection of powder feed rate will 

therefore improve the quality of CS deposits, and in turn, the mechanical properties 

of CSWed parts. 

o Nozzle parameters: Key nozzle parameters, include nozzle transverse speed 

(higher speeds are recommended to avoid high residual stress at the interface of 

deposit and substrate), stand-off distance (deposition efficiency, DE, increases with 

stand-off distance up to a critical value), and spray angle (optimum at 90° for higher 

DE, deviation leads to lowers DE), play an important role in deposition efficiency. 

• Weld optimization by post weld heat treatment: Investigate the effect of post-weld heat 

treatment on metallurgical bonding and mechanical performance of CSWed parts. 

By optimizing the aforementioned parameters, it is possible to minimize void formation and in 

turn, enhance the mechanical properties of CSWed parts. 
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Fig. 1.1: Schematics of (a) TIG welding process), (b) common welding defects and different zones 
in welded components. 

Fig. 1.1a reproduced from R. Kumar, N. Ramesh Mevada, S. Rathore, N. Agarwal, V. Rajput, and 

A. S. Barad, “Experimental Investigation and Optimization of TIG Welding Parameters on 

Aluminum 6061 Alloy Using Firefly Algorithm,” IOP Conf. Ser. Mater. Sci. Eng., vol. 225, p. 

012153, 2017, doi: 10.1088/1757-899x/225/1/012153. The publisher has a Creative Commons 

policy, and users can use the content with attribution. 

 

Fig1.1b reproduced from T. Tadavi, B. Jogi, S. Dhende, S. Banait, and P. Wagh, “Microscopic 

Analysis of Heat Affected Zone (HAZ) of Submerged Arc Welding (saw) Joint for 1018 Mild 

Steel Sheet,” vol. 137, pp. 194–199, 2017, doi: 10.2991/iccasp-16.2017.32. The publisher has a 

Creative Commons policy, and users can use the content for non-commercial purpose with 

attribution. 
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Fig. 1.2a: Schematic of friction stir welding process. 

 

Fig 1.2a reproduced from R. S. Mishra and Z. Y. Ma, “Friction stir welding and processing,” Mater. 

Sci. Eng. R Reports, vol. 50, no. 1–2, pp. 1–78, 2005, doi: 10.1016/j.mser.2005.07.001. 
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Fig.4.1: Schematic diagram of (a) high-pressure cold spray (HPCS) system, and (b) low-pressure 
cold spray (LPCS) system. 

Fig. 1.3a and b adapted from S. Yin et al., “Cold spray additive manufacturing and repair: 

Fundamentals and applications,” Addit. Manuf., vol. 21, no. August 2017, pp. 628–650, 2018, doi: 

10.1016/j.addma.2018.04.017. 

Copywrite permission 
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Fig. 1.4: Deformation of cold sprayed particle upon impact, and the break-up of oxide films. 

Fig. 1.4 reproduced from W. Y. Li and W. Gao, “Some aspects on 3D numerical modeling of high 

velocity impact of particles in cold spraying by explicit finite element analysis,” Appl. Surf. Sci., 

vol. 255, no. 18, pp. 7878–7892, 2009, doi: 10.1016/j.apsusc.2009.04.135. 

Copywrite permission 
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Fig. 1.5: Schematic diagrams show common (a) extrinsic and (b) intrinsic barriers to bonding 
during cold spray process. 

 

Fig. 1.5 a and b reproduced from M. A. Adaan-Nyiak and A. A. Tiamiyu, “Recent advances on 

bonding mechanism in cold spray process: A review of single-particle impact methods,” J. Mater. 

Res., vol. 38, no. 1, pp. 69–95, 2023, doi: 10.1557/s43578-022-00764-2. The publisher has a 

Creative Commons policy, and users can use the content with attribution. 
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Fig. 1.6: Possible sequence of the bonding mechanism in cold spray can be illustrated through 
two case samples: (a) without an oxide layer and (b) with a native oxide layer. 
 

Fig. 1.6 reproduced from M. A. Adaan-Nyiak and A. A. Tiamiyu, “Recent advances on bonding 

mechanism in cold spray process: A review of single-particle impact methods,” J. Mater. Res., vol. 

38, no. 1, pp. 69–95, 2023, doi: 10.1557/s43578-022-00764-2. The publisher has a Creative 

Commons policy, and users can use the content with attribution. 

 

 

 

 


