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Abstract 

Cold spray (CS) is an increasingly popular solid-state additive material deposition technique, which has 

gained special attention as a potentially feasible tool for repairing high-value structural components, as 

protective coatings, and more recently for additive manufacturing (AM) applications. Although CS of 

titanium alloy Ti-6Al-4V (Ti64) alloy received significant attention by researchers globally, there are 

very limited or no data available in the open literature on the understanding of residual stresses, static 

mechanical strength, fatigue and fracture properties of CS Ti64. However, structural integrity is 

imperative to safely operate CS repaired/manufactured load-bearing structural components. 

This study aims to provide a better understanding of the structural integrity performance of CS 

deposited Ti64 alloy for repair and/or AM applications. The primary objectives are: (1) to understand 

the residual stress development mechanisms using experimental measurements and analytical 

modelling; (2) a parametric study on the interfacial coating-substrate adhesion strength using an 

adhesive-free test method to overcome the limitation of existing test methods; (3) to study the effect of 

different post-deposition thermal treatments (PdTTs) such as solution treatment and ageing (STA), hot 

isostatic pressing (HIP), and HIP+STA on the microstructure and mechanical properties of fully CS 

Ti64 and CS Ti64 repairs (deposit-substrate assembly); and (4) to characterise Ti64 alloy deposits 

produced by laser-assisted cold spray (LACS). 

Firstly, the through-thickness distribution of residual stresses was measured experimentally using the 

neutron diffraction (ENGIN-X, ISIS, and KOWARI, ANSTO) and the contour method. Residual 

stresses were found to be quenching dominant, high tensile residual stresses were found near the free 

surface of CS deposits (reaching 175±88 MPa from the contour measurements) and towards the bottom 

of the substrate, and compressive near the interface region. Residual stresses were found to be lower 

for one or more of the following cases: fewer deposited layers, lower layer thickness (i.e. at higher 

scanning speed), higher substrate thickness, and using the cross-hatch toolpath pattern. A good 

agreement has been achieved among the experimentally measured stress distributions and predictions 

by the proposed analytical model. No significant variation in the process-induced residual stresses was 

observed as a result of the machining process; the STA treatment resulted in the full relaxation of 

residual stresses. 

Secondly, an adhesive-free Collar-Pin Pull-off (CPP) test method was developed for evaluating 

interfacial adhesion strength. A parametric study was performed to see the influence of coating 

thickness, scanning speed, toolpath pattern, track spacing, and substrate surface preparation on the 

adhesion strength. The proposed CPP test method was found to be capable of measuring adhesion 

strength beyond the upper limit (70-90 MPa) of conventional adhesive based methods such as ASTM 

C633. A higher value of adhesion strength was measured for specimens with ground substrates, and 

when deposited using cross-hatch toolpath pattern. However, numerical modelling showed non-uniform 

stress distribution at the test area (Pin-Coating interface), which may lead to premature failure resulting 
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in underestimation of the true adhesion strength, particularly for thinner coatings. The STA treatment 

significantly improved the adhesion strength from 122 MPa to >766 MPa.  

Thirdly, the effect of three different PdTTs (STA, HIP, and HIP+STA) was investigated in terms of 

microstructure, porosity, hardness, tensile properties, fracture toughness, high cycle fatigue, and fatigue 

crack growth rate. PdTTs significantly improved ultimate tensile strength from ~290 MPa to ~890 MPa, 

and elastic modulus from 81 GPa to 110 GPa for fully CS Ti64. However, it was not achievable to 

reduce process-induced defects/porosities close-to-zero (minimum ~1.8 % after HIP), and hence no 

significant improvement in elongation was observed. Therefore, fracture toughness and fatigue 

performance of CS Ti64 was found to be much lower when compared to mill-annealed Ti64. 

Finally, characterisation of LACS Ti64 deposits was carried out in terms of deposition efficiency (DE), 

surface profilometry, microstructure, hardness and residual stresses. DE of LACS process was found to 

be ~35% lower than the standard CS process. Laser-assisted regions of the CS deposits were found to 

be more compact, with porosity reaching ~0.37% for LACS single-layer coatings. Residual stresses in 

the LACS coatings were found to be tensile, maximum stresses (124-191 MPa) were measured for the 

specimen deposited with 3 mm track spacing and minimum values were recorded (31-40 MPa) for the 

specimen with lowest (1 mm) track spacing.
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E Elastic modulus or Young’s modulus 
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H Distance from the bottom surface of the substrate 
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He Helium 
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𝐾 Stress intensity factor 
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Rq Root-mean-square roughness 
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𝑆 Loading span 
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Ti64 Ti-6Al-4V 
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𝛿  Crack tip opening displacement (CTOD) 

𝛿𝑄  Provisional value of CTOD or 𝛿 

∆ℎ  CS layer thickness 

∆𝜎𝑛(𝑦)  Stress increment in the substrate due to deposition of the nth  CS layer  

∆𝜎𝑇𝑆(𝑛𝐿)
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∆𝜎𝑇(𝐿𝑚)(𝐿𝑛)
(𝑦)  Total (T) stress increment in 𝑚𝑡ℎ layer (𝐿𝑚) due to deposition of the 𝑛𝑡ℎ CS layer 

(Ln) 

ν Poisson's ratio 

ɛ𝑖𝑖  Lattice strain 

𝜂𝑝𝑙  1.9 (if the load line displacement is used for 𝐴𝑝𝑙) 

𝜎𝑖𝑖  Residual stress 

𝜎𝐿  Longitudinal residual stress component 
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𝜎𝑁  Normal residual stress component 

𝜎𝑇  Transverse residual stress component 

𝜎𝑌
𝑓
  Material yield stresses at the fatigue precrack 

𝜎𝑌
𝑇  Material yield stresses at test temperatures 

𝜎𝑌  𝜎𝑌𝑆 𝜎𝑇𝑆⁄   
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2D Two Dimensional 

3D Three Dimensional 

AD As-deposited 

AM  Additive Manufacturing 

ANSTO Australian Nuclear Science and Technology Organisation 

ASTM American Society for Testing and Materials 

BSE Back Scattered Electron 

BSI British Standards Institution 

CAD Computer Aided Design 

CGDS Cold Gas Dynamic Spray 

CGT Cold Gas Technology system (convergent-divergent barrel, supersonic nozzle) 

CI Carr's Index or Carr's Compressibility Index 

CMM Coordinate Measuring Machine 

CMOD Crack Mouth Opening Displacement 

CP Commercially Pure 

CPP Collar-Pin Pull-off  

CS Cold Spray 

CTOD Crack Tip Opening Displacement 

DE Deposition Efficiency 

DED Directed Energy Deposition 

DIC Digital Image Correlation 

DOD Domestic Object Damage 

FCGR Fatigue Crack Growth Rate 

FE Finite Element 

FEA Finite Element Analysis 

FIB-DIC Focused Ion Beam–Digital Image Correlation 

FOD Foreign Object Damage 

HAZ Heat Affected Zone 

HCF High Cycle Fatigue 

HCP Hexagonal Close Packed 
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HIP Hot Isostatic Pressing 

HR Hausner ratio 

HSPT Hydrogen Sintering and Phase Transformation 

HV or HV Vickers Pyramid Number 

HVOF High Velocity Oxygen Fuel 

ICHD Incremental Centre-Hole Drilling  

KM Kinetic Metallization or Kinetic Metallization system (convergent barrel, sonic nozzle) 

LACS Laser Assisted Cold Spray 

LASAT Laser Shock Adhesion Test 

MPA Metal Powder Application 

ND Neutron Diffraction 

PdTT Post-deposition Thermal Treatment 

PID Proportional Integral Derivative 

SEM Scanning Electron Microscopy 

SENB Single Edge Notch Bend 

SENB3 Single Edge Notch Bend Three-point-bend 

SENB4 Single Edge Notch Bend Four-point-bend 

SLM Selective Laser Melting 

SPD Supersonic Particle Deposition 

STA Solution Treatment and Ageing 

STFC Science and Technology Facilities Council 

TCT Tubular Coating Tensile 

TOF Time of Flight 

UTS Ultimate Tensile Strength 

WEDM Wire Electro Discharge Machining 

XRD X-Ray Diffraction 

YS Yield Strength 



Contents 

PhD Thesis – Dibakor Boruah  xv Coventry University (2020) 

Contents 

Abstract ....................................................................................................................................................... iii 

Disclaimer .................................................................................................................................................... v 

Acknowledgements ..................................................................................................................................... vi 

Preface ...................................................................................................................................................... viii 

Nomenclature ............................................................................................................................................. xi 

List of Figures .......................................................................................................................................... xix 

List of Tables ......................................................................................................................................... xxiv 

 Introduction ........................................................................................................................... 1-1 

1.1 Overview .......................................................................................................................... 1-1 

1.1.1 Background and motivation .................................................................................... 1-1 

1.1.2 Cold spray for repair applications ........................................................................... 1-2 

1.1.3 Cold spray for additive manufacturing ................................................................... 1-3 

1.2 Aim and objectives .......................................................................................................... 1-3 

1.3 Thesis structure ................................................................................................................ 1-4 

 Literature Review.................................................................................................................. 2-5 

2.1 Introduction ...................................................................................................................... 2-5 

2.2 The cold spray (CS) process ............................................................................................ 2-5 

2.2.1 Definition ................................................................................................................ 2-5 

2.2.2 Advantages of the CS process ................................................................................. 2-6 

2.2.3 Applications of the CS process ............................................................................... 2-7 

2.3 Previous research works on the cold spraying of Ti-6Al-4V ........................................... 2-7 

2.3.1 Overview ................................................................................................................. 2-7 

2.3.2 Residual stresses ..................................................................................................... 2-8 

2.3.3 Mechanical properties ........................................................................................... 2-10 

2.3.3.1 Hardness ........................................................................................... 2-10 

2.3.3.2 Interfacial adhesion strength ............................................................. 2-10 

2.3.3.3 Tensile properties ............................................................................. 2-13 

2.3.3.4 Flexural strength ............................................................................... 2-15 

2.3.3.5 Fatigue performance ......................................................................... 2-17 

2.4 Summary of the literature review ................................................................................... 2-17 

 Research Methodology .......................................................................................................... 3-1 

3.1 Overview .......................................................................................................................... 3-1 

3.2 Substrate material and feedstock powders ....................................................................... 3-1 

3.3 Powder selection .............................................................................................................. 3-2 

3.4 Cold spray system and process conditions ....................................................................... 3-6 

3.5 Post-deposition thermal treatments (PdTTs) .................................................................... 3-7 

3.5.1 Solution treatment and ageing (STA) ..................................................................... 3-7 

3.5.2 Hot isostatic pressing (HIP) .................................................................................... 3-7 



Contents 

PhD Thesis – Dibakor Boruah xvi Coventry University (2020) 

3.5.3 HIP followed by STA (HIP+STA) .......................................................................... 3-7 

3.6 Characterisation of CS deposited material ....................................................................... 3-8 

3.6.1 Deposition efficiency (DE) ..................................................................................... 3-8 

3.6.2 Surface profilometry ............................................................................................... 3-8 

3.6.3 Microstructural investigation .................................................................................. 3-8 

3.6.4 Residual stress evaluation ....................................................................................... 3-9 

3.6.5 Evaluation of mechanical properties ....................................................................... 3-9 

3.6.5.1 Hardness ............................................................................................. 3-9 

3.6.5.2 Interfacial adhesion strength ............................................................. 3-10 

3.6.5.3 Tensile properties .............................................................................. 3-10 

3.6.5.4 High cycle fatigue (HCF).................................................................. 3-10 

3.6.5.5 Fracture toughness ............................................................................ 3-10 

3.6.5.6 Fatigue crack growth rate (FCGR) test ............................................. 3-11 

3.7 Laser-assisted cold spray (LACS) system and process conditions ................................ 3-11 

3.8 Characterisation of LACS deposits ................................................................................ 3-12 

3.9 Summary ........................................................................................................................ 3-12 

 Evaluation of Residual Stresses ............................................................................................ 4-1 

4.1 Introduction ...................................................................................................................... 4-1 

4.2 Specimen preparation and characterisation ...................................................................... 4-2 

4.3 Experimental evaluation of Residual Stresses .................................................................. 4-2 

4.3.1 Neutron diffraction at ENGIN-X, ISIS ................................................................... 4-2 

4.3.2 Contour method ....................................................................................................... 4-6 

4.3.3 Neutron diffraction at KOWARI, ANSTO ............................................................. 4-7 

4.4 Analytical prediction: mechanisms and formulations ...................................................... 4-9 

4.4.1 Overview ................................................................................................................. 4-9 

4.4.2 Residual stress build-up mechanisms ...................................................................... 4-9 

4.4.3 Conceptual models ................................................................................................ 4-11 

4.4.4 Assumptions .......................................................................................................... 4-13 

4.4.5 Formulations ......................................................................................................... 4-14 

4.4.5.1 Peening dominant CS process ........................................................... 4-14 

4.4.5.2 Thermal mismatch dominant CS process .......................................... 4-15 

4.4.5.3 High thermal gradient and quenching dominant CS process ............ 4-17 

4.5 Results and discussion.................................................................................................... 4-18 

4.5.1 Neutron diffraction at ENGIN-X, ISIS ................................................................. 4-18 

4.5.2 A parametric study by the Contour method .......................................................... 4-19 

4.5.3 Effect of machining, and post-deposition STA on residual stresses, measured by 

neutron diffraction at KOWARI, ANSTO ..................................................................... 4-22 

4.5.4 Predictions by the proposed analytical model ....................................................... 4-23 

4.5.4.1 Parametric study of geometrical variables ........................................ 4-23 

4.5.4.2 Validation and verification of the proposed model ........................... 4-25 



Contents 

PhD Thesis – Dibakor Boruah xvii Coventry University (2020) 

4.6 Conclusions .................................................................................................................... 4-28 

 Interfacial Adhesion Strength .............................................................................................. 5-1 

5.1 Introduction ...................................................................................................................... 5-1 

5.2 Existing adhesion test methods and their limitations ....................................................... 5-2 

5.3 The proposed modified Collar-Pin Pull-off (CPP) test .................................................... 5-3 

5.4 Evaluation of interfacial adhesion strength ...................................................................... 5-4 

5.4.1 Parametric study on the adhesion strength .............................................................. 5-4 

5.4.2 Coating-substrate cross-sectional analysis .............................................................. 5-5 

5.4.3 Finite element modelling ........................................................................................ 5-7 

5.5 Results and discussion ..................................................................................................... 5-8 

5.5.1 Interfacial adhesion strength: a parametric study .................................................... 5-8 

5.5.2 Effect of post-deposition STA on the adhesion strength ....................................... 5-12 

5.5.3 Coating-substrate cross-sections ........................................................................... 5-13 

5.5.4 Finite element analysis: effect of coating thickness and Pin diameter .................. 5-14 

5.5.5 Validity of the modified Collar-Pin Pull-off (CPP) test ........................................ 5-16 

5.6 Conclusions .................................................................................................................... 5-18 

 Mechanical Properties and Microstructure ........................................................................ 6-1 

6.1 Introduction ...................................................................................................................... 6-1 

6.2 Experimental methods ..................................................................................................... 6-2 

6.2.1 Microstructure characterisation ............................................................................... 6-2 

6.2.2 Hardness .................................................................................................................. 6-2 

6.2.3 Tensile properties .................................................................................................... 6-2 

6.2.4 High cycle fatigue (HCF) ........................................................................................ 6-4 

6.2.5 Fracture toughness .................................................................................................. 6-4 

6.2.6 Fatigue crack growth rate (FCGR) .......................................................................... 6-6 

6.2.7 Summary of the test matrix for microstructural and mechanical properties ........... 6-7 

6.3 Results and discussions .................................................................................................... 6-7 

6.3.1 Microstructure and porosity .................................................................................... 6-7 

6.3.2 Hardness .................................................................................................................. 6-9 

6.3.3 Tensile properties .................................................................................................. 6-10 

6.3.4 High cycle fatigue (HCF) ...................................................................................... 6-13 

6.3.5 Fracture toughness ................................................................................................ 6-15 

6.3.6 Fatigue crack growth rate (FCGR) ........................................................................ 6-16 

6.4 Conclusions .................................................................................................................... 6-18 

 Characterisation of Laser Assisted Cold Sprayed Ti-6Al-4V ........................................... 7-1 

7.1 Introduction ...................................................................................................................... 7-1 

7.2 Experimental methods ..................................................................................................... 7-1 

7.2.1 Laser-assisted cold spray deposition trials .............................................................. 7-1 

7.2.2 Characterisation of LACS deposits ......................................................................... 7-2 

7.2.3 Residual stress measurements using incremental centre-hole drilling: ................... 7-2 



Contents 

PhD Thesis – Dibakor Boruah xviii Coventry University (2020) 

7.3 Results and Discussion ..................................................................................................... 7-3 

7.3.1 Deposition efficiency (DE) ..................................................................................... 7-3 

7.3.2 Surface profilometry ............................................................................................... 7-3 

7.3.3 Microstructure and porosity .................................................................................... 7-5 

7.3.4 Microhardness ......................................................................................................... 7-7 

7.3.5 Residual stresses ...................................................................................................... 7-8 

7.4 Conclusions .................................................................................................................... 7-10 

 Conclusions and Recommendations .................................................................................... 8-1 

8.1 Research summary ........................................................................................................... 8-1 

8.2 Key research findings ....................................................................................................... 8-2 

8.2.1 Residual stresses ...................................................................................................... 8-2 

8.2.2 Interfacial adhesion strength ................................................................................... 8-2 

8.2.3 Mechanical properties and microstructure .............................................................. 8-2 

8.2.4 Characterisation of LACS deposits ......................................................................... 8-3 

8.3 Recommendations and Future work ................................................................................. 8-4 

8.3.1 To minimise residual stresses using different scanning strategies .......................... 8-4 

8.3.2 To develop a test standard for the modified Collar-Pin Pull-off (CPP) Test .......... 8-4 

8.3.3 To improve the microstructure and mechanical performance further ..................... 8-5 

8.3.4 To develop the LACS process further for depositing Ti64 alloy ............................ 8-6 

References ............................................................................................................................................... R-1 

Appendix A : Prediction of residual stresses ........................................................................................ A-1 

 Limitations of existing analytical and numerical models .................................................... A-1 

 Mathematical derivations for peening dominant cold spray process ................................... A-2 

A2.1 Deposition of the first layer .......................................................................................... A-2 

A2.2 Deposition of the second layer ...................................................................................... A-2 

A2.3 Deposition of the nth layer ............................................................................................. A-3 

 Mathematical derivations for thermal mismatch dominant cold spray process ................... A-4 

 Additional ‘k’ values and other geometrical parameters ...................................................... A-4 

Appendix B : Interfacial Adhesion Strength ........................................................................................ B-1 

 Existing test methods for measuring coating adhesion strength .......................................... B-1 

 FEA results: axial stress along the interface ........................................................................ B-2 

Appendix C : Mechanical Properties .................................................................................................... C-1 

 Elastic modulus (E) measured by Impulse Excitation Technique (IET) .............................. C-1 

 Tensile strength for specimens with different repair ratios .................................................. C-1 

 Properties of CS Ti-6Al-4V alloy in various testing conditions .......................................... C-2 

 Types of force versus clip gauge displacement: ASTM E1820 ........................................... C-2 

Appendix D : Recommendations and Future Work ............................................................................ D-1 

 Mitigating residual stresses .................................................................................................. D-1 

 Improving microstructure and mechanical properties .......................................................... D-2 

 



List of Figures 

PhD Thesis – Dibakor Boruah xix Coventry University (2020) 

List of Figures 

Figure 2.1: Schematic of the cold spray (CS) process [40,45] ................................................................... 2-5 

Figure 2.2: Cold spraying of Ti64 alloy: (a) number of articles published versus year, (b) research areas that 

have been explored, showing very limited work on residual stresses and mechanical properties under static 

and fatigue loading. ..................................................................................................................................... 2-8 

Figure 2.3: (a) Deformed particle with data points for residual stress evaluation using FEA; (b) SEM image 

of the measurement points in the FIB-DIC micro residual stress evaluation; Micro residual stresses in the 

Ti64 single splats of (c) 700 m/s at 4.5 MPa and 700 ºC, and (d) 800 m/s at 4.5 MPa and 1000 ºC samples 

when using N2 as process gas [101]. ........................................................................................................... 2-9 

Figure 2.4: Microhardness values for CS Ti64 deposits in relation to their respective feedstock powders 

[22,24,25,62,70,73,76,94]. ........................................................................................................................ 2-10 

Figure 2.5: Effect of (a) process gas, (b) substrate surface roughness, (c) traverse scanning speed and (d) 

coating thickness on the adhesion strength; (e) ASTM C633 specimens showing adhesive failure; (f) 

modified ASTM E8 specimens showing interface failure. ........................................................................ 2-12 

Figure 2.6: (a) Schematic of the three-point bending test configuration [94], (b) stress-strain curves of Ti64 

coated samples on Ti64 substrates with four different surface conditions [91], (c) and (d) stress-strain curves 

as a function of coating thickness (0.1, 0.5, 1, and 3 mm) [94] ................................................................ 2-16 

Figure 3.1: Workflow chart of the research work carried out .................................................................... 3-2 

Figure 3.2: Particle size distribution of Ti64 powders: LPW 16-32, AP&C 16-32, and LPW 10-39 ........ 3-4 

Figure 3.3: SEM images of powder morphology (a, b, and c), microstructures (d, e, and f) showing 

Widmanstatten or martensitic microstructure with rapidly solidified α′ needles, and swipe test (g, h, and i) 

performed at 1500 mm/s scanning speed using three different powders: LPW 16-32, AP&C 16-32, and LPW 

10-39, respectively. ..................................................................................................................................... 3-4 

Figure 3.4: Average individual layer thickness using three different powders as a reflection of powder flow 

properties. .................................................................................................................................................... 3-5 

Figure 3.5: SEM microstructure showing: (a) CS deposits, substrate and the interface, the dark areas in the 

coating are process-induced defects or porosity; (b) CS deposits consisting of ‘textured’ and ‘smooth’ 

regions [48]. ................................................................................................................................................ 3-5 

Figure 3.6: Impact Innovation 5/11 high-pressure CS system at TWI Ltd, Cambridge, UK ..................... 3-6 

Figure 3.7: CS toolpath patterns: (a) horizontal raster, and (b) cross-hatch ............................................... 3-6 

Figure 3.8: (a) A schematic of the LACS process showing the position of laser processing head, pyrometer 

and CS nozzle, (b) LACS hardware configuration attached to Impact Innovations 5/11 gun. ................. 3-11 

Figure 3.9: Overview of the research carried out in this study ................................................................ 3-13 

Figure 4.1: (a) Specimen RS1 used for residual stress measurement by neutron diffraction method, (b) stress-

free (d0) specimen extracted from the centre of a CS deposited specimen using WEDM, (c) experimental 

set-up at the ENGIN-X, ISIS, showing orientation 1 in (d) and orientation 2 in (e). .................................. 4-4 

Figure 4.2: Exemplary fitted spectra for three orthogonal directions (normal, transverse, and longitudinal), 

taken from a measurement point in the CS deposits of specimen RS1. ...................................................... 4-5 

Figure 4.3: (a) specimen RS2 showing the cutting plane at the mid-length of the specimen; (b), (c), cut 

surfaces of the specimen after WEDM cutting. Stress component of interest is the LD and referred to as the 

longitudinal stress 𝜎𝐿. ................................................................................................................................. 4-6 

Figure 4.4: KOWARI strain scanner, ANSTO........................................................................................... 4-8 



List of Figures 

PhD Thesis – Dibakor Boruah  xx Coventry University (2020) 

Figure 4.5: Specimens for residual stress measurements in various manufacturing steps: (a) a grooved 

substrate (RS7), (b) cold sprayed to fill up the grooved region (RS8), (c) machined to a dog-bone shape 

(RS9), and (d) solution treated and aged (RS10). ........................................................................................ 4-8 

Figure 4.6: Conceptual model showing the mechanism of residual stress build-up during CS processes and 

stress distribution; left: after deposition of the 1st layer; right: after deposition of ‘n’ layers. Here, (a) and (b) 

representing the peening dominant CS process; (c) and (d) showing the thermal mismatch dominant CS 

process; (e) and (f) showing high thermal gradient and quenching dominant CS process. ....................... 4-12 

Figure 4.7: Build-up of residual stresses by the peening dominant CS process: residual stress distribution 

due to the stress induced by depositing (a) one layer, (b) two layers, (c) three layers, and (d) ‘n’ layers [131] 

(Type A from Table 4.3). .......................................................................................................................... 4-14 

Figure 4.8: Build-up of residual stresses by thermal mismatch dominant CS process: residual stress 

distribution due to the stress induced by depositing (a) one layer, (b) two layers, (c) three layers, and (d) ‘n’ 

layers [131] (Type B from Table 4.3). ...................................................................................................... 4-16 

Figure 4.9: Build-up of residual stresses by high thermal gradient and quenching dominant CS process that 

uses very high process gas temperature and pressure: residual stress distribution due to the stress induced by 

depositing (a) one layer, (b) two layers, (c) three layers, and (d) ‘n’ layers [48,132]. .............................. 4-17 

Figure 4.10: Residual stress distributions along the thickness direction of the three orthogonal stress 

components measured by neutron diffraction at ENGIN-X based on (a) LD and ND lattice parameters from 

Orientation-1, and TD from Orientation-2, and (b) LD lattice parameters from Orientation-1, and TD and 

ND from Orientation-2. ............................................................................................................................. 4-19 

Figure 4.11: Two-dimensional residual stress maps produced by the contour method on the X-Y plane 

(longitudinal component) for all six specimens viz. RS1: 42 layers (scanning speed 500 mm/s with horizontal 

raster toolpath pattern deposited on a 5 mm thick substrate), RS2: 14 layers (500 mm/s, horizontal raster, 5 

mm substrate), RS3: 14 layers (500 mm/s, cross-hatch toolpath, 5 mm substrate), RS4: 8 layers (300 mm/s, 

horizontal raster, 5 mm substrate), RS5: 14 layers (500 mm/s, horizontal raster, 10 mm substrate), RS6: 5 

mm substrate only specimen (for details, see Table 4.1). .......................................................................... 4-20 

Figure 4.12: Averaged stresses in the X-Y plane for comparison among specimens to study the effect of (a) 

coating thickness, (b) toolpath pattern and individual layer thickness (or scanning speed), and (c) substrate 

thickness. ................................................................................................................................................... 4-21 

Figure 4.13: Residual stress profiles in the LD and the TD for four different conditions: (a) grooved 

substrate, (b) as-deposited, (d) machined, and (d) after STA. Comparison of residual stress distribution 

among four cases (averaged stress values from biaxial stress components) is presented in (e). ............... 4-23 

Figure 4.14: Distribution of residual stresses with the variation of the number of layers in (a-c), substrate 

thickness in (d-f), and individual layer thickness in (g-i). The peening dominant process is presented in (a), 

(d) and (g); the thermal mismatch dominant process is presented in (b), (e) and (h); and the high thermal 

gradient and quenching dominant CS process is presented in (c), (f) and (i). ........................................... 4-24 

Figure 4.15: Comparison of calculated residual stress distributions with published results: (a) KM Cu/Cu 

[135], (b) KM Cu/Al [135], (c) KM Al/Cu [135], (d) CGT Al7075/Mg [136], (e) CGT Al6061/Mg [136], (f) 

KM Al6061-T6/Al6061 [134], (g) KM Ti/Cu [137], (h) CGT Al/Mg [136]. ........................................... 4-26 

Figure 4.16: Comparison of residual stress distributions (longitudinal stress component) among neutron 

diffraction, contour method, and analytical prediction (a) specimen RS1, (b) specimen RS2, (c) specimen 

RS5, and (d) specimen RS8. ...................................................................................................................... 4-28 

Figure 5.1: Adhesive-free adhesion test specimens proposed by: (a) Sharivker [125], (b) Lyashenko et al. 

[167]; (c) a hybrid design (Prototype 1) developed by TWI Ltd [179], which is a mixture of Sharivker [125], 

Lyashenko et al. [167], and ASTM C633 [124]. ......................................................................................... 5-4 



List of Figures 

PhD Thesis – Dibakor Boruah xxi Coventry University (2020) 

Figure 5.2: The proposed adhesive-free test method termed as modified Collar-Pin Pull-off (CPP) test 

(Prototype 2): (a) CAD drawing of the test specimen parts, Collar section and Pin section (dimensions in 

mm), (b) specimen preparation process, and (c) a schematic of the experimental set-up. .......................... 5-4 

Figure 5.3: 3D profilometry measured by Alicona for different substrate surface preparations: (a) grit 

blasted, (b) as-machined (faced on a lathe machine), and c) ground with 320 grit paper. .......................... 5-5 

Figure 5.4: (a) cleaned machined Ti64 parts (Collar and Pin) assembled and secured with two grub screws 

followed dry grinding the top surface until finish, and a CS deposited specimen (Ti64/Ti64), and (b) a custom 

test fixture for uniaxial pull-off loading. ..................................................................................................... 5-5 

Figure 5.5: (a) Finite element model showing the three-dimensional shape (left- quarter symmetry, right- 

axisymmetric plane). (b) mesh with a characteristic element size of 0.1×0.1 mm showing the refinement in 

the region local to the notch at the Collar-Pin-Coating triple junction. (c) Illustration of the loads and 

boundary conditions. ................................................................................................................................... 5-7 

Figure 5.6: Interfacial adhesion strength: effect of (a) coating thickness (CPP14, CPP1 to CPP8), (b) 

scanning speed (CPP10, CPP4), (c) track spacing (CPP11, CPP5), (d) toolpath pattern (CPP3, CPP9), and 

(e) substrate surface preparation (CPP4, CPP12, and CPP13); see Table 5.1 for details. ........................... 5-9 

Figure 5.7: Tested adhesion specimens showing (a) mixed-mode failure leaving a hole in the coating (0.4 

mm thick, CPP1) while coating remained attached to the centre region of the Pin, and (b) interface failure at 

the Pin-Coating interface leaving an uncoated pin area (CPP5 as an example for cases CPP2 to CPP13); (c) 

partial delamination in the interface deposited at 300 mm/s scanning speed (CPP10). .............................. 5-9 

Figure 5.8: SEM images of substrate surfaces (Pin) with different substrate surface preparations viz.: (a) 

interface failure at grit-blasted surface with no deposited particle attached to the substrate, (b) as-machined 

and (c) ground substrate with CS deposits adhered to the substrate after failure close to the interface. ... 5-11 

Figure 5.9: (a) Effect of solution treatment and ageing (STA) on interfacial adhesion strength for different 

substrate surface preparations (CPP15 to CPP17), (b) failure mechanisms showing Interface and Cohesive 

failure, (c) a close-up view of the Pin with cohesive failure, and (d,e) SEM images of the surface of the Pin 

showing no sign of metallurgical bonding between the Pin and the Collar after STA. ............................. 5-12 

Figure 5.10: (a) Macro photograph of a cross-sectioned Ti64 coated CPP test specimen in the assembled 

condition; optical micrograph (b) showing the coating structure at the Collar-Pin interfaces, and (c) Collar-

Pin-Coating junction; cross-sectional optical micrograph showing coating-substrate interface in AD 

condition (d-f) and in (g-i) after STA for different substrate surface preparations viz. grit blasted, as-

machined, and ground, respectively. ......................................................................................................... 5-13 

Figure 5.11: Axial stress contour plots under a nominal applied axial stress of 52 MPa for the models with 

a 5 mm diameter Pin for coatings thicknesses (a) 0.9 mm, (b) 4.3 mm, and (c) 6.0 mm, respectively; (d) a 15 

mm diameter Pin with coating thickness 4.3 mm; (e) comparison of normalised stress (actual stress divided 

by nominal applied stress) versus normalised distance (distance from Collar-Pin-Coating junction to Pin 

centre line divided by the Pin radius) for a-d. ........................................................................................... 5-15 

Figure 5.12: Adhesion strength vs coating thickness in terms of accurateness (closeness to true adhesion 

strength) of the measured values using the proposed test method, and showing a way of predicting true 

adhesion strength for thinner coating (Zone A) by extrapolating the linear trendline [125,167] from the region 

of true adhesion strength (Zone B). ........................................................................................................... 5-17 

Figure 6.1: Manufacturing steps of the repair tensile specimens ............................................................... 6-2 

Figure 6.2: Dimensions of dogbone shaped tensile specimens for static and fatigue testing: (a) repair ratio 

2:5, and (b) fully CS .................................................................................................................................... 6-2 

Figure 6.3: Manufacturing of the fully CS Ti64 plate to extract specimens for mechanical testing: (a) 8.5 

mm thick CS Ti64 deposited on an Al substrate, (b) a fully CS Ti64 plate after machining out the Al substrate.

 ..................................................................................................................................................................... 6-3 



List of Figures 

PhD Thesis – Dibakor Boruah xxii Coventry University (2020) 

Figure 6.4: Test set-up for elastic modulus measurement using the Impulse Excitation Technique. ......... 6-3 

Figure 6.5: Single-edge notch three-point bend (SENB3) specimen design (L= 66 mm, W = 11 mm, B = 5.5 

mm) for fracture toughness testing as per ASTM E1820 [129]. ................................................................. 6-4 

Figure 6.6: Single-edge notch four-point bend (SENB4) specimen design (L= 66 mm, W = 11 mm, B = 5.5 

mm) for fatigue crack growth rate measurement as per standard BS ISO 12108  [130]. ........................... 6-6 

Figure 6.7: SEM microstructure of CS Ti64 material in various conditions: (a,b) AD, (c,d) STA, (e,f) 

HIP, and (g,h) HIP+STA .......................................................................................................................... 6-8 

Figure 6.8: Cross-sectional area porosity of the CS Ti64 deposits in AD condition and after STA, HIP, and 

HIP+STA. .................................................................................................................................................... 6-9 

Figure 6.9: Hardness values: (a) through-thickness hardness distribution in AD condition, (b) comparison 

of average hardness values among CS Ti64 deposits in various conditions (AD and after PdTTs), feedstock 

powder, and mill annealed Ti64 substrate. .................................................................................................. 6-9 

Figure 6.10: Tensile properties in four different conditions viz. AD, STA, HIP, and HIP+STA: (a) fully CS 

specimen: stress-strain curves, (b) CS repair specimen with 2:5 repair ratio: stress-strain curves, (c) elastic 

moduli (E) from the stress-strain curve for fully CS material, (d) UTS comparison, (e) elongation (El) 

comparison. ............................................................................................................................................... 6-11 

Figure 6.11: SEM images of the fracture surface of a fully CS Ti64 tensile specimen in the AD condition: 

(a-c) in three different magnifications, (d) debonding of mechanically interlocked particles, (e) porosity at 

the fracture surface, and (f) debonding of metallurgically bonded particles with ductile tearing. ............ 6-12 

Figure 6.12: Fracture surfaces of fully CS tensile specimens in four different conditions:  (a) AD, (b) STA, 

(c) HIP, and (d) HIP+STA ........................................................................................................................ 6-13 

Figure 6.13: (a) High cycle fatigue life of fully CS and CS repair specimens with three different PdTTs: 

STA, HIP, and HIP+STA; (b) comparison of fully CS and repair specimens with mill annealed Ti64. .. 6-14 

Figure 6.14: Fracture surface of an STA treated repair specimen after HCF testing (same characteristics 

were also observed for HIP, and HIP+STA conditions), (b-e) are zoomed images in various zones marked 

in (a). ......................................................................................................................................................... 6-14 

Figure 6.15: Load (P) versus crack mouth opening displacement (CMOD) relation obtained from testing 

SENB3 specimens. .................................................................................................................................... 6-15 

Figure 6.16: Fracture toughness properties values (KQ, J, and CTOD) of fully CS Ti64 material after three 

different PdTTs and comparison with mill annealed Ti64. ....................................................................... 6-15 

Figure 6.17: FCGR vs. stress intensity factor range obtained for fully CS Ti64 material after three different 

PdTTs (STA, HIP, and HIP+STA) and comparison with mill annealed Ti64. ......................................... 6-17 

Figure 7.1: Schematic of the ICHD technique [187] .................................................................................. 7-3 

Figure 7.2: Single-track LACS Ti64 profiles for three substrate preheating temperatures i.e. 400, 600, and 

800 ºC, respectively: (a) surface profile maps, (b) surface profile trace across the width of single-tracks, (c) 

track height from the 2 mm from its centre (A: laser preheated substrate side, and B: substrates with no laser 

pre-heating). ................................................................................................................................................ 7-4 

Figure 7.3: Surface roughness profile maps of single-layer LACS Ti64 specimens deposited with a track 

spacing of (a) 1 mm, (b) 2 mm, and (c) 3 mm; (d) comparison of surface roughness (Ra, Rq, Rz) values 

among coatings deposited by three different track spacings. ................................................................ 7-5 

Figure 7.4: SEM microstructure of single-track LACS deposit-substrate cross-sections with laser substrate 

preheating to (a) 400ºC, (b) 600, and (c) 800 ºC ......................................................................................... 7-6 

Figure 7.5: Cross-sectional etched optical micrographs of single-layer LACS specimens deposited using 

three different track spacing, (a-b): 1 mm, (c-d): 2 mm, and (e-f): 3 mm ................................................... 7-6 



List of Figures 

PhD Thesis – Dibakor Boruah xxiii Coventry University (2020) 

Figure 7.6: Cross-sectional area porosity in LACS Ti64 deposits (for three different track spacings) as 

compared to CS Ti64 deposits. ................................................................................................................... 7-7 

Figure 7.7: Hardness of LACS deposits in comparison to standard CS, feedstock powder, and mill annealed 

Ti64. ............................................................................................................................................................ 7-7 

Figure 7.8: Trough-thickness hardness profile of single-layer LACS Ti64 deposit-substrate assemblies, 

deposited at three different track spacings: 1, 2, and 3 mm. ....................................................................... 7-8 

Figure 7.9: (a) Residual stress distribution (average of longitudinal and transverse) from the top LACS 

coatings up to 0.5 mm depth, (b) average residual stresses in the LACS coatings in the transverse and 

longitudinal direction. ................................................................................................................................. 7-9 

Figure 7.10: Through-thickness residual stress distribution (LD) predicted using the analytical model 

(quenching dominant) [48,131]. .................................................................................................................. 7-9 

Figure B1: Schematic of various methods for measuring coating-substrate adhesion strength: (a) TAT as 

per ASTM C633 [124] (b) modified ASTM C633 specimen for round bar substrate having similar diameter 

as the test stud [23,94], (c) modified ASTM C633 specimen for square substrate or round bar substrate with 

higher diameter than the test stud [119], (d) PAT as per ASTM D4541 [168], (e) Double Cantilever Beam 

Test [170], (f) Scratch Test as per ASTM C1624 [171], (g) Interfacial Indentation Test as per BS ISO 19207 

[172], (h) Peel test as per ASTM D3167 [173] and ASTM D903 [174], (i) Tie Bar Test [170], (j) Modified 

ASTM E8 [94], (k) Modified ASTM E8 [175], (l) modified adhesive-free ASTM C633 [162,163], and (m) 

LASAT [197]….……………………………………………………………………………………...….. B-1 

Figure B2: FEA stress analysis results showing axial stress distribution along the interface from the tri-part 

junction to the Pin centre for (a) 5 mm Pin diameter with 0.9, 4.3, and 6.0 mm thick coatings, (b) 15 mm Pin 

diameter with a coating thickness of 4.3 mm.…………………………………………………….….….. B-2 

Figure C1: E values of fully CS Ti64 (AD) and mill annealed Ti64 measured by the 

IET………………………………………………….………………………………...…..…………….… C-1 

Figure C2: A comparison of tensile properties among mill annealed Ti64, fully CS Ti64, and CS repairs 

(repair ratios 2:5 and 1:5) in AD condition: (a) strain-strain curves, (b) UTS 

values……………………………………………………………………………………..…………….… C-1 

Figure C3: Four different types of force vs. clip gage displacement records as per ASTM E1820 [129]. C-2 

Figure D1: CS Ti64 coating delamination due to high process-induced residual stresses: (a) an adhesion 

strength test specimen [133], (b) a specimen aimed to extract SENB’s for FCGR 

testing…………………………………………………………………………..…………………………. D-1 

Figure D2: Effect of toolpath pattern on (a) 2D residual stress profile measured by the contour method for 

CS Ti64 deposit-substrate assemblies [48], (b) average stresses extracted from figure (a) for comparison 

between horizontal raster and cross-hatch induced residual stresses [48], (c) interfacial adhesion strength 

[133]. …………………………………………………………………………………………………...… D-1 

Figure D3: Proposed CS deposition toolpath patterns to investigate its effect on coating residual stresses: 

Toolpath-1 (straight raster), Toolpath-2 (90° two-way alternating raster), Toolpath-3 (45° three-way 

alternating raster), and Toolpath-4 (45° four-way alternating raster). …………………………………… D-1 

Figure D4: Schematic of (a) capsule-free HIP, and (b) encapsulated HIP [98]…………………………. D-2 

Figure D5: Two Ti64 powders and their respective CS deposits: (a-c) spherical, and (d-f) irregular 

morphology powder; (a, d) powder morphology, (b, e) powder microstructure, (c, f) CS deposits [74]… D-2 

 



List of Tables 

PhD Thesis – Dibakor Boruah xxiv Coventry University (2020) 

List of Tables 

 

Table 2.1: Residual stress measured on Ti64 coating before and after heat treatment [97]. .................... 2-10 

Table 2.2: Tensile properties of the Ti64 deposits reported in the literature ............................................ 2-14 

Table 2.3: Fatigue endurance of three-point-bend specimens (CS Ti-64 on Ti-64 substrates) [91]. ........ 2-17 

Table 3.1: Chemical compositions (mass %) of Ti64 powders and mill annealed substrate material ........ 3-1 

Table 3.2: Flow properties and nanohardness of the powders .................................................................. 3-5 

Table 3.3: Cold spraying conditions used for depositing Ti64 ................................................................... 3-6 

Table 3.4: Spraying conditions used to deposit Ti64 LACS coatings ...................................................... 3-12 

Table 3.5: List of experiments, their respective standards/test procedure and expected outcomes .......... 3-14 

Table 4.1: Specimens (60×30 mm) for a parametric study on residual stresses. ........................................ 4-2 

Table 4.2: Specimens details to trace the evolution of the residual stresses through four major 

manufacturing/service steps. ....................................................................................................................... 4-2 

Table 4.3: Different residual stress profiles in cold sprayed deposit-substrate assemblies resulting from 

different stress build-up mechanisms [48]. ................................................................................................ 4-10 

Table 4.4: Details of neutron diffraction measurements used for the validation of the proposed model . 4-27 

Table 5.1: Specimen details for measuring coating-substrate adhesion strength using Collar-Pin Pull-off 

(CPP) test ..................................................................................................................................................... 5-6 

Table 6.1: Test matrix for mechanical properties and microstructural characterisation ............................. 6-7 

Table 7.1: Specimens details for LACS trials ............................................................................................ 7-2 

Table 7.2: Specimen details (rectangular coupons: 40×40 mm) for residual stresses measurements. ....... 7-3 

Table A1: Additional information on the measured ‘k’ values and geometrical parameters taken from the 

literature. ………………………………………………………………………………….……………... A-4 

Table C1: Mechanical properties of mill annealed Ti64, fully cold sprayed Ti64, and cold spray repairs. 

……………………………………………………………………………………………..……………... C-2 



Chapter 1   Introduction 

PhD Thesis – Dibakor Boruah 1-1 Coventry University (2020) 

 Introduction 

1.1 Overview 

1.1.1 Background and motivation 

Titanium alloy Ti-6Al-4V (Ti64) is the most widely used amongst the titanium alloys with increasing 

demand in a wide and diversified range of applications including the aerospace, automotive, marine, 

power generation, sports, and biomedical industries. Ti64 is desirable in these applications owing to its 

chemical and physical properties, e.g. higher specific strength and stiffness, excellent fatigue and 

corrosion resistance, relatively low density, good thermal stability, biocompatibility, etc. Moreover, 

variations on the mechanical properties can be achieved for this alpha-beta (α-β) titanium alloy Ti64 by 

controlling its microstructure through different thermal treatments for various industrial applications. 

Primarily, Ti64 is extensively used in many aircraft components such as engine parts, load-bearing 

airframe structures, landing gear, hydraulic tubbing, etc. Airframe application includes cockpit window 

frames, load-bearing joints, empennage, bolts, fasteners etc; engine application comprises of fan blades, 

fan discs, fan cases, low-pressure compressor blades and the like in the intake section where 

temperatures are relatively low [1–3]. 

Aircraft structural components are complex and expensive due to their manufacturing process 

complexities and use of high-performance materials. Production of aerospace-grade titanium 

components generally requires long lead times due to limited material availability, limited processing 

capacity and time required to transform stock material into a finished product. In the aerospace industry, 

the buy-to-fly ratio varies from 1.5:1 (turbine blades), 12:1 (compressor and ring sections) to over 22:1 

(structural members). For large scale manufacturing of components, reducing the material, machining 

cost and lead-time are the key factors. Even though the substantial effort has been made in improving 

conventional manufacturing methods (such as casting, extrusion, machining and forging), there has 

been no significant development in enhancing throughput for titanium products. Therefore, with recent 

technological advancements, titanium structures offer a unique opportunity for employing near-net-

shape manufacturing methods for the speedy production of complex components and/or additive 

features with minimal waste [4]. 

Aircraft structural components made of Ti64 are prone to various in-service damage such as 

fretting/galling wear, corrosion pits, fatigue cracks, foreign object damage (FOD), domestic object 

damage (DOD), etc. Moreover, defects such as cutter pull out, undercut, cutter mark (material removal 

defects), milling ball indentation (plastic deformation defect) etc. may also be introduced during the 

manufacturing process [5–7]. To ensure continued airworthiness and high performance, damaged parts 

need to be replaced or repaired. In general, repair or remanufacturing is a more desired solution than 

replacement, as it can deliver significant cost savings by 30% to 70% over the cost of replacement. 

Moreover, it promotes sustainable manufacturing and circular economy resulting in reduced 

consumption of energy, raw material and water. Also, remanufacturing significantly reduces 

greenhouse gas emission and material wastage [8–10]. 
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In the past, there have not been any efficient methods to remanufacture damaged aircraft components 

that are made of high strength alloys such as Ti64 and are generally replaced when their reliability is 

compromised [11,12]. Nevertheless, fusion welding processes, thermal spray, and laser deposition 

processes were conventionally used for the repair of various damages, and to restore their shape and 

functionality [5,11,21,13–20]. Even though these conventional methods possess various advantages, 

there are still several drawbacks such as less automated, less precision, time-consuming, limited 

thickness of deposited layers, incompatibility with a wide range of advanced materials and highly 

complicated parts, poor bond strength, high porosity, defects, etc. Moreover, these processes induce a 

considerable amount of heat and involve melting and resolidification of materials, which may cause 

undesirable effects such as high thermal residual stresses, resulting in distortion and heat-affected zones 

(HAZs) in the base metal [16,18,22–24]. For titanium alloys, additional problems arise due to its high 

susceptibility to oxygen and nitrogen contamination. To avoid this requires special equipment and 

processes such as inert gas chambers, which is expensive to build, operate and maintain, thus less 

attractive to industry [25]. Additionally, grind-out is a technique traditionally used for repairing, which 

involves systematic removal of material from a damaged component to remove the damage (crack, dent, 

etc.). This method is feasible only if the grind-out does not exceed the dimensional limits of the 

component, as aerospace structural components are geometrically optimised, leaving very little material 

to safely grind-out [20]. Therefore, conventional surface treatments or material joining techniques are 

not very efficient to repair/remanufacture of damaged parts made of high-performance alloys. Hence, 

it is of great interest to develop an efficient and high-precision repairing/remanufacturing method for 

high-value metallic components to prolong their lifespan; for which the solid-state Cold Spray (CS) 

additive deposition technique [26] is a more promising tool over fusion-based additive manufacturing 

(AM) methods such as Directed Energy Deposition (DED) processes [5]. 

1.1.2 Cold spray for repair applications 

Repair or remanufacturing [27] of aerospace components has become more feasible with the 

advancement of the CS process [26]. Because of the relatively lower operating temperature in the CS 

process (always lower than the melting temperature of the sprayed material), detrimental effects arising 

from the high-temperature process (e.g. oxidation, phase transformations, compositional changes, high 

residual stresses, HAZs) can be minimized or even eliminated [25]. Therefore, CS is highly suitable for 

repairing oxygen and temperature-sensitive materials, such as titanium, magnesium, aluminium and 

copper alloys [28]. Moreover, CS can be used to repair a part multiple times during the base material 

life cycle, in a more cost-effective way [29–31]. 

Therefore, due to strong industrial need and great economic values, repair and in-process rectification 

by CS attracts lots of researchers and financial resources across the world. The CS technology has been 

proven to be effective for dimensional and aesthetic restoration, however, repairing aerospace-grade 

materials are very challenging, as structural integrity is a mandatory requirement for load-bearing 

structural components [32]. A good case is to demonstrate this for CS Ti64 since it is a growing interest 

nowadays to explore the repair potential of components made of titanium and its alloys. 
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1.1.3 Cold spray for additive manufacturing  

In addition to repair applications, the CS deposition process is an emerging technology to perform solid-

state freeform fabrication and recently been adopted for AM applications, commonly known as cold 

spray additive manufacturing (CSAM) [33,34]. In comparison with other fusion-based AM methods, 

some important benefits the CS are low processing temperature, economic feasibility, high flexibility, 

eco-friendly, and can deposit a variety of materials such as metals, ceramics, composites and polymers 

[21,33,34]. Blose et al. [4] have reported that the buy-to-fly ratio could be reduced by 41% via using 

CS to deposit parts such as structural ribbing, isogrids, bosses, and flanges with necessary post-

deposition thermal treatments (PdTTs). Moreover, CS has great potentials in fabricating components 

made of Ti and its alloys for instance prostheses for implants, aerospace vehicles, pipes for desalination, 

etc. [34]. New developments in the field of CS such as increasing of spatial resolution by application 

of micro nozzles and optimisation of spraying strategy enhances 3D build-up capabilities with high 

precision for a wide range of material [33–37]. 

In the past decade, quite a few works were performed for Ti and its alloys exploring their applications, 

and it is expected that fabrication of more complex structures will be developed in the future with 

advances in deposition strategy control [34]. Therefore, it is of utmost importance to understand the 

structural behaviour of CS Ti64 in terms of residual stresses, static mechanical strength, fatigue and 

fracture properties. 

1.2 Aim and objectives 

This thesis aims to provide a better understanding of the structural integrity performance of CS 

deposited Ti64 alloy with a focus on residual stresses, interfacial adhesion strength, mechanical 

properties under static and fatigue loads for repair and AM applications. For this purpose, eight 

principal objectives were set as follows: 

1. To conduct a state-of-the-art literature review on advances in the cold spraying of Ti64 alloy 

2. To select optimum process variables including feedstock powder for cold spraying of Ti64, 

based on the literature and characterising powders as well as CS deposits through metallurgical 

and static mechanical examination 

3. To establish an experimentation procedure including specimen design to determine the 

feasibility in using standard lab specimens applied to CS repair-substrate interface for design 

and analysing practical or real case CS repair geometries 

4. To evaluate residual stresses using experimental methods and develop predictive models to 

understand residual stress build-up mechanisms induced by the CS process 

5. To measure interfacial (coating-substrate) adhesion strength for understanding the effect of 

process and geometrical variables on the adhesion strength 

6. To assess the mechanical and microstructural properties in terms of microstructure, porosity, 

hardness, tensile properties, fractography, high cycle fatigue (HCF), fracture toughness, and 

fatigue crack growth rate (FCGR) 
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7. To study the effect of various post-deposition thermal treatments (PdTTs) on optimising 

microstructure and enhancing mechanical properties of CS deposits and deposit-substrate 

interfaces 

8. To characterise laser-assisted cold spray (LACS) deposited Ti64 alloy in terms of deposition 

efficiency (DE), surface profilometry, microstructure, hardness, and residual stresses 

1.3 Thesis structure 

Following Chapter 1, research work carried out in this PhD project is presented in seven main chapters 

as follows: 

Chapter 2 presents a comprehensive review of the research background and previous studies associated 

with cold spraying of Ti64 alloy with a focus on its structural integrity performance, i.e. residual 

stresses, mechanical properties under static and fatigue loading conditions. 

Chapter 3 describes the research methodology for assessing the structural integrity of CS Ti64, 

comprising materials selection, an experimental procedure including specimen design, specimen 

preparation, residual stress evaluation, static and fatigue mechanical testing, and microstructural 

characterisation. 

Chapter 4 presents a parametric study on the through-thickness distribution of residual stresses in 

CS deposit-substrate coupons, measured experimentally using neutron diffraction (ENGIN-X, ISIS and 

KOWARI, ANSTO) and contour method; and an analytical model was developed for prediction. A 

parametric study was performed to study the effect of geometrical and process variables, machining 

and post-deposition STA on the residual stress distribution. 

Chapter 5 proposes a modified adhesive-free test method for measuring coating adhesion strength to 

overcome the limitations of existing test methods. The proposed test method was used to perform a 

parametric study on how coating thickness, track spacing, toolpath pattern, substrate surface 

preparation, and post-deposition STA can affect the coating adhesion strength. 

Chapter 6 presents the effect of three different PdTTs on the microstructure and mechanical 

performance of CS Ti64 repairs (deposit-substrate assemblies) and fully CS deposited Ti64 material in 

terms of microstructure, porosity, hardness, tensile properties, HCF, fracture toughness, and FCGR. 

Chapter 7 characterises laser-assisted cold spray (LACS) deposited Ti64 alloy in terms of DE, surface 

profilometry, microhardness, microstructure, porosity, and residual stresses. 

Chapter 8 summarises the key findings of this research project and provides recommendations for 

future work for further advancement in the related field.
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 Literature Review 

2.1 Introduction 

This chapter presents a brief overview of the state-of-the-art developments on the cold spraying of Ti64 

alloy. This review focuses on identifying the gap in the literature in terms of understanding the structural 

integrity performance of CS Ti64 for structural load-bearing applications. To begin with, this chapter 

introduces the fundamentals of the CS process, its advantages over other fusion-based processes, and 

its applications. Then, earlier research work in specific to CS Ti64 is being discussed, focusing on 

residual stresses and mechanical properties under static and fatigue loads. 

2.2 The cold spray (CS) process 

2.2.1 Definition 

Cold spray (CS) is a solid-state additive material deposition technique of high strain-rate in the order of 

109 s-1 [38], where relatively small particles (1-50 μm) are propelled to reach a critical velocity (300-

1500 ms-1), by a supersonic jet of preheated compressed gas at a temperature lower than the melting 

point of the material. The high-velocity impact of the powder particles and their associated severe 

plastic deformation resulting in a coating on the substrate or previously deposited particles [39–42]. 

Although the CS process typically uses some modest preheating, it is largely a kinetic energy process. 

In view of its application and properties, CS falls under the larger family of thermal spray processes 

[43]. On the other hand, in terms of relevant physical phenomena, CS is closely related to magnetic 

pulse welding (MPW), explosive powder shock compaction and explosive welding [40]. Currently, the 

CS process is mostly used in the deposition of metal, alloy, polymer, or composite powder material 

onto a substrate material to provide a protective coating or in repair applications to restore damaged 

geometries of high-value metallic components [40,44]. Figure 2.1. shows a schematic of the CS process. 

 
Figure 2.1: Schematic of the cold spray (CS) process [40,45] 

Alternative terminology for cold spray: Alternative terminology of CS includes ‘supersonic particle 

deposition’ (SPD), ‘metal powder application’ (MPA), ‘cold gas spray’, ‘micro cold spray’, ‘kinetic 

energy metallization’, ‘kinetic metallization (KM),’ ‘dynamic metallization’, ‘kinetic spray’, ‘high-

velocity powder deposition’, ‘cold gas-dynamic spray’ (CGDS), and recently as ‘cold spray additive 
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manufacturing’ (CSAM). All of these refer to the same technique of solid-state powder deposition as 

described above [40,41,46,47]. 

2.2.2 Advantages of the CS process 

CS process is advantageous over conventional manufacturing methods and other forms of AM 

processes in many ways as follows: 

a) Low-temperature process: One of the major advantages of this technique is that the amount of heat 

transferred to the powder or the substrate is relatively small, which is always below the melting point 

of metals. Thus, the CS process facilitates the retention of the microstructure as well as the 

mechanical and chemical properties of the feedstock powder. Moreover, because of the relatively 

lower operating temperature, the detrimental effects of high-temperature oxidation, phase 

transformations, compositional changes, high residual stresses, HAZs and other concerns associated 

with high-temperature processes can be minimized or even eliminated using CS process. Therefore, 

CS is highly suitable for depositing temperature sensitive material such as nanocrystalline and 

amorphous materials as well as oxygen-sensitive materials such as titanium, aluminium, and copper 

[28,48]. Furthermore, there is no combustion of fuel and gases in CS [49]. 

b) High density deposits: CS can produce very thick coating at high deposition rate with low oxide and 

porosity close to zero percentage content at optimum process condition, and hence suitable for the 

fabrication of free-form structures [28,50–52]. 

c) Solid-state bonding: In CS, plastic deformation of the high speed particles disrupt thin oxide films 

to permit mechanical mixing of particles and substrate by creating bonding similar to explosive 

welding (or explosive bonding), resulting in reasonably high bond strength [53,54]. 

d) Enables new repair limits: Parts can be repaired multiple times using CS during the base material 

life cycle with minimal cut-back of the base material, unlike thermal spray or welding. CS can 

maintain minimum wall thickness requirements through multiple repair cycles with better surface 

finish and no distortion, unlike welding. CS repair is more cost-effective and less time consuming, 

as it reduces repair process steps along with high DE and less in-process scrap [30,31]. 

e) Compatibility with a wide range of materials: One of the great advantages of CS is its ability to 

fabricate multilateral, intermetallic, and functionally graded components. Pure metals and alloys of 

all types can be cold sprayable. Moreover, the CS process can be used in the deposition of polymer 

and composite powder material onto a material substrate [30,33,52]. 

f) Cost-effective: CS requires a relatively lower investment compared to that for conventional thermal 

spray processes [50]. CS reduces the material wastage by improving the buy-to-fly ratio (material 

utilisation ratio) and machining from near-net-shape parts [10]. CS is also used to manufacture or 

repair a small number of legacy and spare parts cost-effectively. Moreover, CS can be incorporated 

into production and can be modified for field repair [30]. 
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2.2.3 Applications of the CS process 

CS technology applies to many fields, such as structural applications, electrical applications, biological 

application etc. Structural applications of CS include heat exchangers, tubes, gears, aircraft structural 

components etc. Electrical applications of CS are conformal antennas, circuitry, electromagnetic 

shielding, fabrication of busbars on heated glass, fabrication of complex conductive patterns in solar 

cells, coating inside semiconductor processing chambers to reduce contamination etc. Biological 

applications comprise of self-sanitising surfaces, the coating on hydroxyapatite, and bone repairs etc. 

[35,52]. Applications of the CS process can be categorised mainly into three: (i) protective coatings, 

(ii) repair or remanufacturing, and (iii) additive manufacturing. Coating applications of CS varies from 

corrosion protective films to catalytic surfaces [55]. One of the primary application of CS coatings is 

for the surface enhancement of metals to improve properties such as wear and corrosion resistance, 

electrical and thermal conductivity for transition surfaces, etc. [52,56]. Remanufacturing applications 

mainly compromised repair of oxygen and temperature-sensitive materials, e.g. repair of corroded 

surfaces in magnesium and aluminium components for commercial and military aircraft; restoration of 

corrosion damage in nuclear reactor vessels; dimensional restoration of bearing surfaces of cast 

aluminium and cast iron for locomotive, automotive, marine, and earthmoving equipment etc [35,57]. 

For more on repair or remanufacturing, see section 1.1.2; for AM applications, see section 1.1.3. 

Furthermore, developments in CS technology increases its potential applications in novel areas. 

2.3 Previous research works on the cold spraying of Ti-6Al-4V 

2.3.1 Overview 

Cold spraying of Ti64 alloy is a relatively new topic, which has received significant attention from the 

researchers across the globe in recent years. Over the last 15 years, several research areas have been 

explored, which can be categorised mainly into four: (i) process optimisation including the effect of 

process parameters, powder characteristics and powder processing on various aspects of deposited 

material [23,42,66–75,58,76–78,59–65], (ii) tribological and corrosion properties [12,79,88–90,80–87], 

(iii) microstructure and mechanical properties in AD condition [21,24,91–95] and after various PdTTs 

[22,25,38,96–100], and (iv) residual stresses [48].  

Figure 2.2a shows the number article published over the last two decades and Figure 2.2b shows the 

areas that have been explored. It can be seen from Figure 2.2b that most of the work performed are on 

process optimisation, tribology and corrosion, and then microstructure and basic mechanical 

characterisation (such as hardness, coating adhesion etc.). However, there is very limited work on 

evaluating the mechanical properties of CS Ti64 under static and fatigue loading, true interfacial 

adhesion strength, and process-induced residual stresses. 

The literature review presented below in sections 2.3.2 and 2.3.3 mainly emphases on residual stresses, 

mechanical properties including hardness, adhesion strength, tensile strength, flexural strength, and 

fatigue properties. Effect of different PdTTs on the mechanical properties (tensile properties) is also 

being discussed. 
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Figure 2.2: Cold spraying of Ti64 alloy: (a) number of articles published versus year, (b) research areas 

that have been explored, showing very limited work on residual stresses and mechanical properties 

under static and fatigue loading. 
*Other mechanical properties mean microhardness, nanoindentation, adhesion strength, etc. 

2.3.2 Residual stresses 

There is limited literature on residual stresses induced by cold spraying of titanium and its alloys. The 

first quantitative evaluation of residual stresses (microscopic level) arising from cold spraying of Ti64 

on Ti64 substrate (or briefly CS Ti64/Ti64) was reported by Song et al. [101]. They have used Micro-

ring-core Focused Ion Beam–Digital Image Correlation (FIB-DIC) for experimental determination of 

residual stress variation and numerical simulation (FEA simulation with Johnson-Cook plasticity and 

dynamic failure model) for predicting residual stress distribution within the particle [101]. However, 

there is no published work available in the open literature on the through-thickness distribution of 

residual stresses for CS Ti64/Ti64 deposit-substrate assemblies. Figure 2.3a presents the cross-sectional 

view of the particle during impact from FEA showing the data points for the residual stress evaluation. 

Figure 2.3b shows parallel FIB-DIC micro-ring-core milling using a “double chocolate block” geometry 

for residual stress measurement inside a single splat. A direct comparison between numerical simulation 

and experimental measurements is shown in Figure 2.3c,d. Residual stresses were found to be largely 

compressive in the in-plane direction near the top of the particle as a result of large compressive shock 

wave (vertically) it has experienced during its impact on to the substrate which was constrained 
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circumferentially by the substrate. In the middle of the particle, it has experienced a large adiabatic 

shear (bonding zone) with jetted out material from the particle resulting in tensile residual stresses. Near 

the South Pole of the particle, minor compression stresses were observed as this region only experiences 

compression during impact with no bonding. It is important to note that the minor tensile stresses were 

also observed at the very top of the particle for balancing compressive stresses. It was also reported that 

residual stress with higher magnitude was attained with higher impact velocity as can be from Figure 

2.3c,d [101]. 

 
Figure 2.3: (a) Deformed particle with data points for residual stress evaluation using FEA; (b) SEM 

image of the measurement points in the FIB-DIC micro residual stress evaluation; Micro residual 

stresses in the Ti64 single splats of (c) 700 m/s at 4.5 MPa and 700 ºC, and (d) 800 m/s at 4.5 MPa and 

1000 ºC samples when using N2 as process gas [101]. 

Zhou et al. [97] measured residual stresses in CS Ti64 coatings deposited on Ti64 substrates (in-situ 

shot-peening-assisted CS with 70% 1Cr18 stainless steel of size 125-300 µm, deposited at 3 MPa and 

550 ºC with N2) using X-ray diffraction (XRD) method using reflection from Ti (213) crystallographic 

planes. Stresses were measured in as-deposited (AD) and after annealing treatments, as shown in Table 

2.1. Measurements were performed in the direction perpendicular to the spraying direction (in-plane 

stresses). In the AD condition, measured surface residual stresses were found to be compressive (around 

242.5 MPa) due to the peening impact of the spraying Ti64 particles along with in-situ shot peening of 

1Cr18 stainless steel particle. After annealing treatment at 600 ºC and 700 ºC (for 2 h in both cases), 

stresses were released in the recrystallisation process and dropped to 48 MPa and 18 MPa, respectively. 

The relaxation of residual stresses was reported to be as a result of two factors: (i) reduction in yield 

strength when exposed to a higher temperature, and (ii) creep strain development during the holding 

stage. The release in residual stress during annealing treatment resulted in detachment at a large number 

of weakly bonded particle-particle interfaces increasing apparent porosity of the coating, specifically 

for coating deposited at low temperature, although the thermal diffusion leaded densification was 

dominant overall [97]. 
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Table 2.1: Residual stress measured on Ti64 coating before and after heat treatment [97]. 

CS Ti64 deposits* 
In-plane residual stress 

𝜎1 (MPa) 

In-plane residual stress 

𝜎2 (MPa) 

Average in-plane 

residual stress 𝜎 (MPa) 

As-deposited -222 -263 -243 

Annealing at 600 ºC for 2 h -47 -49 -48 

Annealing at 700 ºC for 2 h -17 -19 -18 

*In-situ shot-peening-assisted CS with 70 % 1Cr18 stainless steel, deposited at 550 ºC and 3 MPa using N2 

2.3.3 Mechanical properties 

2.3.3.1 Hardness 

Hardness measurements on CS deposited Ti64 alloy have been reported by many researchers. However, 

hardness values reported by different researchers significantly differ from each other 

[22,24,25,62,70,73,76,94]; for each study reported values seemed as relative values, rather than 

absolute. Figure 2.4 shows microhardness values for CS Ti64 with their respective feedstock powder. 

From Figure 2.4, it can be concluded that the microhardness of the CS Ti64 is around 20 % higher than 

its feedstock powder. Higher hardness in CS deposits is due to extensive plastic deformation and 

associated work hardening of the spraying particles after striking the substrate or a previously deposited 

layer with high impact velocity. Moreover, the presence of porosity in CS deposits may lead to 

underestimation of the measured hardness values and also scattering of the data [41,99].  

 
Figure 2.4: Microhardness values for CS Ti64 deposits in relation to their respective feedstock powders 

[22,24,25,62,70,73,76,94]. 

2.3.3.2 Interfacial adhesion strength 

The interfacial adhesion strength or the coating-substrate adhesion strength is the maximum force 

required to detach or separate a coating from its substrate. For CS, interfacial adhesion strength is a 

function of the velocity of spraying powder particles and plastic deformation upon impact onto the 

substrate, and substrate surface roughness [41]. Many researchers have attempted to measure the 

adhesion strength for CS Ti64/Ti64 using various test methods such as ASTM C633 standard 

[23,24,60,62,65,69,82,92,94], modified ASTM E8 [94], and Laser Shock Adhesion Test (LASAT) [65]. 

Some key results are presented in Figure 2.5.  



Chapter 2   Literature Review 

PhD Thesis – Dibakor Boruah 2-11 Coventry University (2020) 

Khun et al. [82] studied the effect of process gases (He, and N2) on the coating adhesion strength using 

ASTM C633, and it was found that the adhesion strength of Ti64 coatings deposited with He is around 

81% higher than the Ti64 coatings deposited with N2 (Figure 2.5a).  

Tan et al. [92] have investigated the effect of substrate surface roughness (Ra = 0.05 to 5.4 µm with four 

different substrate preparations: polished, ground, sand-blasted, and water-jet cut) on the coating 

adhesion strength using ASTM C633, as shown in Figure 2.5b. It was found that adhesion strength 

increases with the decrease in surface roughness. The best results reported was for polished substrate 

(Ra = 0.05 µm), but specimens were failed in the adhesive bond-line at 69 MPa. Costil et al. [69] 

reported similar results that specimens were failed at the adhesive bond-line in most of the cases (around 

80 MPa) while attempting to study the effect of different substrate surface preparations (degreased, 

degreased and sand-blasted, and pulsed laser ablation or PLA) on the adhesion strength using ASTM 

C633. Therefore, the effect of substrate surface preparation on the coating adhesion strength could not 

be studied. Perton et al. [65] further investigated the effect of initial surface roughness, in-situ PLA and 

continuous laser pre-heating on coating adhesion strength. Among five different substrate surface 

preparations (mirror polished, as-machined, ground with grit 800, 100, and 24, respectively), without 

laser treatment highest adhesion strength was obtained for mirror finished surface with 900 MPa from 

LASAT test and >80 MPa from ASTM C633 (adhesive failure). Increasing surface roughness increases 

the surface contact area for adhesion, however, cold sprayed Ti64 particles failed to fill the asperities 

created by roughening procedure due to lower deformability of Ti64 particles [65]. Therefore, adhesion 

strength values were found to be decreased with the increase in surface roughness, which is 

contradictory to thermal spray coating in general [65]. Further, PLA treatment on the substrate led to a 

smooth surface resulting in improved adhesion strength. However, a reduction of adhesion (also 

cohesion) was observed when PLA was maintained throughout the spraying process. But, laser pre-

heating combined with the PLA process improved adhesion. Although the LASAT technique was 

successful to overcome the limitations of ASTM C633 by measuring adhesion strength up to 900 MPa, 

the relation between the adhesion parameter obtained from LASAT and ASTM C633 is not clear [65]. 

Limitations of LASAT along with other existing adhesion test method are presented in section 5.2 

(Chapter 5). 

Tan et al. [23] performed a study on the influence of traverse scanning speed (100 mm/s, 300 mm/s, 

and 500 mm/s) on the adhesion strength using ASTM C633, as shown in Figure 2.5c. It was found that 

the specimens deposited at 100 mm/s scanning speed de-bonded at the coating-substrate interface 

around 2.5 MPa (specimens were delaminated before adhesion testing). On the other hand, specimens 

deposited at 300 mm/s and 500 mm/s scanning speeds were de-bonded at the adhesive bond-line at 62.4 

and 60.5 MPa, respectively. Rezaeian et al. [62] have also found that decreasing traverse scanning speed 

resulted in a decrease in coating adhesion strength. 

Tan et al. [94] investigated the effect of coating thickness on the adhesion strength using ASTM C633, 

and it was found that specimens failed at the adhesive bond-line instead of the interface at around 65-

70 MPa (Figure 2.5d,e), which demonstrates that the adhesion strength is higher than the tensile strength 
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(adhesive strength) of the adhesives typically used to bond the samples for testing. Therefore, an 

adhesive-free test method (modified ASTM E8) was used to evaluate adhesion strength as shown in 

Figure 2.5f, which was found to be around 90 MPa for CS Ti64 deposited on Ti64 [94]. 

 
Figure 2.5: Effect of (a) process gas, (b) substrate surface roughness, (c) traverse scanning speed and 

(d) coating thickness on the adhesion strength; (e) ASTM C633 specimens showing adhesive failure; 

(f) modified ASTM E8 specimens showing interface failure. 

Nevertheless, in most of the cases, where adhesive-based ASTM C633 standard was used to measure 

coating adhesion strength, and it was found that specimens were failed at the adhesive instead of the 

coating-substrate interfaces around 60-85 MPa [23,24,60,62,65,69,82,92,94], as shown in Figure 2.5e. 

Higher interfacial adhesion strength in the case of CS Ti64/Ti64 is due to the development of 
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mechanical interlocking combined with metallurgical bonding between the impacted particles and the 

substrate during particles’ impact as a result of adiabatic shear instability, which is evident by the severe 

deformation as well as jetting of particles at the interface [23,24,94]. 

2.3.3.3 Tensile properties 

Tensile properties of the CS deposited Ti64 material have been studied by many researchers using 

various test methods such as Micro Flat Tensile (MFT) test [38,70,92,93], Tubular Coating Tensile 

(TCT) test [93], MFT specimen with Digital Image Correlation (DIC) [100], and as per ASTM E8 

standard [25,98,99]. Tensile properties of CS Ti64 material was evaluated by [25,38,99] when deposited 

using He as a process gas at 2-4 MPa and 350-950 ᵒC, and by [38,70,92,93,98,99] when deposited using 

N2 at 4-5 MPa and 600-1000 ᵒC. More recently, tensile properties of CS Ti64 material was also studied 

by [100], however, deposition process conditions were not reported. Table 2.2 summarises the data 

collected from the literature. 

It can be seen from Table 2.2 that tensile strength of the CS Ti64 material is very poor, although there 

was a slight improvement in properties with the increase in process gas temperature and pressures. In 

the AD condition, ultimate tensile strength (UTS) values were in the range of 68-337 MPa when using 

N2 as process gas with temperature and pressure are in the range of 600-1000 ᵒC, and 4-5 MPa, 

respectively. On the other hand, when using He as process gas at 350-950 ᵒC and 2-4 MPa, UTS values 

were recorded in the range of 52-445 MPa. 

Tensile properties were found to be significantly improved after PdTTs, such as annealing [25,38], HIP 

[25,98–100], and hydrogen sintering and phase transformation (HSPT) [100]. Blose [25] reported that 

annealing at 840 ᵒC for 4 h improved the UTS values from 52 to 236 MPa (manufactured using gas 

atomised powder), and from 109 to 244 MPa (manufactured using plasma atomised powder), sprayed 

using He in both cases. Vo et al. [38] performed several annealing treatments with annealing 

temperature ranging from 200 to 1000 ᵒC for 0.5 to 5 h. For He sprayed specimens, the best result 

reported was an improvement of UTS value from 445 to 764 MPa after annealing at 600 ᵒC for 2 h. For 

N2 sprayed specimens UTS increases from 180 to 462 MPa after annealing at 1000 o C for 4 h. Regarding 

HIP treatment, Blose [25] reported that encapsulated HIP (900 ᵒC and 103 MPa for 2 h) significantly 

improved UTS values up to 1024 MPa (deposited using He). Similarly, after a standard HIP treatment 

at 920 ᵒC and 120 MPa for 2 h, Chen et al. [99] found improvement in UTS values from 372 to 962 

MPa (He as process gas) and 85 to 664 MPa (N2 as process gas). Likewise, Ligda et al. [100] reported 

an increase in UTS from 147 to 798 MPa after HIP treatment. In the same study, an increase in UTS 

from 147 to 859 MPa was reported after HSPT treatment. Most recently, Petrovskiy et al. [98] have 

reported improvement in UTS from 68 to 956 MPa (deposited using N2) after encapsulated HIP 

treatment at 900 ᵒC and 110 MPa for 2 h. 

Elastic moduli or Young’s moduli (E) values presented in Table 2.2 were predicted from the elastic 

region of the stress versus strain plots (up to 0.25 % strain) reported in the literature by extracting stress-

strain values using WebPlotDigitizer [102]. It was found that suitable PdTTs can improve E up to 115 
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GPa (after HIP by Blose [25] when porosity was reduced close to zero), which is close to the value of 

wrought Ti64. E values predicted from the stress-strain relations reported in Chen et al. [99] and Ligda 

et al. [100] also showed improvement after HIP and HSPT treatments. 

Table 2.2: Tensile properties of CS Ti64 deposited material reported in the literature 

Process 

gas 

Temperature 

(ᵒC)/pressure 

(MPa) 

Testing 

condition 

Porosity 

(%) 

UTS 

(MPa) 
El (%) E (GPa) 

Measurement 

method 
References 

He 

450-530/2.4 

As-deposited 18-26 52-109 0.16-0.48 28 
ASTM E8 

(sub-size 

round) 

Blose (2005) [25] Annealing a1 18-26 236-244 0.64-0.68 61 

HIP b1 ~ 0 890-1024 12.3-14.0 115 

350/4 
As-deposited ~ 0.3 445±145 3.8±0.8* - 

MFT d1 Vo et al. (2013) [38] 
Annealing a2 ~ 0.3 764±189 6.3±0.5* - 

950/2 
As-deposited ~ 1.2 373±10 ~ 0.46 75 ASTM E8 

(sub-size flat) 
Chen et al. (2019) [99] 

HIP b2 ~ 0.04 962±31 ~ 1.76 80 

N2 

800/4 As-deposited 6.7 ~160 - - MFT d1 Wong et al. (2012) [70] 

800/4 

As-deposited 5-12 154±81 2.3±0.9* - 

MFT d1 Vo et al. (2013) [38] 
Annealing a3 5-12 251-273 3.2-4.7* - 

Annealing a4 5-12 144-219 2.2-3.5* - 

Annealing a5 5-12 180-462 3.0-5.8* - 

800-1000/4-5 As-deposited 4.6-10.4 
182-263 - - TCT d2 

List eta al. (2013) [93] 
157-295 - - MFT d1 

950/5 
As-deposited ~ 2.4 85±3 ~ 0.27 31 ASTM E8 

(sub-size flat) 
Chen et al. (2019) [99] 

HIP b2 ~ 1.5 664±21 ~ 1.40 55 

950/4.5 As-deposited 4-5 337±17 4.4-5.3* - MFT d1 Tan et al. (2019) [92] 

600/5 
As-deposited 7.5 68±5 <1 - ASTM E8 

(sub-size flat) 

Petrovskiy et al. (2020) 

[98] HIP b3 0.2 956±5 13.5±0.5 - 

- - 

As-deposited - 147 0.24 61 

MFT specimen 

with DIC d3 

Ligda et al. (2019) 

[100] 
HIP b4 - 798 2.5 86 

HSPT c1 - 859 3.1 91 

a1 Annealing at 840 ᵒC for 4 h and then air-cooled to room temperature. 
a2 Annealing at 600 ᵒC for 2 h 
a3 Annealing at 600 ᵒC for 0.5 and 1 h 
a4 Annealing at 200, 400, and 600 ᵒC for 2 h 
a5 Annealing at 200, 400, 840, and 1000 ᵒC for 4 h 
b1 Encapsulated hot isostatic pressing in a can at 900 ± 15 ᵒC and 103 MPa for 2 h 
b2 Hot isostatic pressing at 920 °C and 120 MPa for 2 h 
b3 Encapsulated hot isostatic pressing at 900ᵒC and 110 MPa for 2 h 
b4 Hot isostatic pressing: parameters unknown 
c1 Hydrogen sintering and phase transformation at 1050–1200 °C for 1–8 h depending on the starting porosity 
d1 Micro flat tensile (MFT) [103] specimens  in accordance with ASTM E8 [104] 
d2 Tubular coating tensile [105] 
d3 Digital image correlation (DIC) for strain calculations with a 12-megapixel camera (for specimens with gauge 

section 0.7×0.5×5 mm) [100] 

* Actual values might be lower by 70-115% due to the use of MFT test. 

Note: WebPlotDigitizer [102] was used to extract some of the data presented in this table. 
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Although significant improvements in strength and elastic properties were observed after PdTTs, 

elongation (El) of the CS Ti64 material was very low in most of the cases. Test performed using ASTM 

E8 (sub-size specimens) showed no more than 0.48% El in the AD condition irrespective of the spraying 

conditions as reported by Blose [25] and Chen et al. [99]. Similarly, strain calculations perfumed using 

DIC (digital image correlation) by Ligda et al. [100] also shows El around 0.24%. In contrast, test 

performed using MFT test showed comparatively higher El values even in the AD condition, which 

were reported to be 2.3-3.8% (by Vo et al. [38]) and 4.4-5.3% (Tan et al. [92]). El for CS deposited 

material having ~2.4% porosity was reported to be ~0.27% [99] when tested using ASTM E8; on the 

other hand, when tested using MFT, CS deposits with higher porosities of 8.1% and 4-5% reported 

having higher El of ~2.3% [38], and 4.4-5.3% [92], respectively. Moreover, using MFT test El of 

wrought Ti64 was also found to be around 25.7% by Vo et al. [38], which is around 65-114% higher 

than the standard value of wrought Ti64 (mill annealed). At room temperature, typical El value of Ti64 

alloy should be around 12-15% (~12% in sheet form, ~15% in bar form) [106]. Therefore, it can be 

assumed that the actual El values for CS Ti64 material might be 70-115% lower than the measured El 

values when obtained from the MFT test. Which might be due to error in strain measurements as test 

specimens with smaller dimension increase the sensitivity of the results. Therefore, the stress versus 

strain relationship obtained from the MFT test is also not suitable for predicting E and hence not 

reported in Table 2.2. In addition, the TCT test can’t generate stress-strain curve to get information on 

properties such as El and E [105]. Also, reported UTS values obtained by the TCT test was higher than 

the MFT test, which can be explained based on different procedures in processing the respective 

samples [93]. 

It is important to note that irrespective of testing methods, no significant improvement in El was 

observed after PdTTs (such as annealing [25,38], HIP [99,100] or HSPT [100]); expect “encapsulated 

HIP” treatment by Blose [25] and Petrovskiy et al [98]. Encapsulated HIP reduced porosity from 18-

24% to ~0% reported by Blose [25], and 7.5% to 0.2% reported by Petrovskiy et al [98], as a result, El 

improved to 13.5-14% after HIP. 

The lower tensile strength, elastic modulus, and brittleness in CS deposited material is mainly due to 

the presence of porosity and highly deformed cold worked particles with low cohesion between particles 

or weak inter-particle bonding between deposited particles [25,38,70]. Improvement in tensile strength 

after various PdTTs was mainly due to increase in cohesion strength between deposited particles due to 

the formation of metallurgical bonding, homogenisation of microstructure and in some cases reduction 

in porosity (especially for HIP treated specimens). However, porosity remained relatively unchanged 

after annealing treatments [25,38]. 

2.3.3.4 Flexural strength 

Flexural strength of CS Ti64 coating-substrate assemblies have been investigated by Sun et al. [91] and 

Tan et al. [94] following ASTM E290 [107]. Figure 2.6a illustrates the three-point bending test 

configuration used by [91,94]. Sun et al. [91] investigated the effect of different substrate surface 

preparations on the flexural strength (substrate thickness = 4 mm, and coating thickness = 2 mm). Figure 
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2.6b shows the measured stress-strain curves for the CS Ti64 coated specimens (deposited at 950 ºC 

and 4.5 MPa using N2) having different surface roughnesses prepared by four different methods. The 

flexural strength values are represented by the highest stress experienced by the specimens before it 

yields. It was found that the CS coated Ti64 specimens with the ground substrates (having lowest 

surface roughness) shows highest flexural strength of about 750 MPa, while the specimens with the 

waterjet-cut substrates (highest surface roughness) have lowest flexural strength of about 500 MPa [91]. 

Tan et al. [94] studied the effect of coating thickness (deposited at 1100 ºC and 4.8 MPa using N2) on 

the flexural strength. Figure 2.6c,d shows the flexural stress-strain curves for specimens with two 

different coating thicknesses and an uncoated specimen (only substrate). The specimens with thinner 

coatings (0.1 and 0.5 mm) and the uncoated substrate went through three stages: yielding, steady plastic 

deformation, and fracture; where the initial elastic region is followed by a non-linear section of the 

plastic region leading to final failure. As shown in Figure 2.6c, the maximum flexural stresses before 

failure for the uncoated substrate, 0.1 mm coated specimen, and 0.5 mm coated specimens were found 

to be 2150 MPa, 1950 MPa and 1285 MPa, respectively, with respective to the flexural strains of 8.8%, 

5.6%, and 6.3% [94]. On the other hand, the maximum flexural stresses before failure for the thicker 

coatings 1 mm and 3 mm are about 550 MPa and 519 MPa, respectively, corresponding to the flexural 

strains of about 0.74%, and 1.2%, as shows in Figure 2.6d. 

 
Figure 2.6: (a) Schematic of the three-point bending test configuration [94], (b) stress-strain curves of 

Ti64 coated samples on Ti64 substrates with four different surface conditions [91], (c) and (d) stress-

strain curves as a function of coating thickness (0.1, 0.5, 1, and 3 mm) [94] 

It was found that the flexural stress experienced by the thinner coatings were higher than the thicker 

coatings. For both thinner coatings (0.1 mm and 0.5 mm), the plastic region of the stress-strain curve is 



Chapter 2   Literature Review 

PhD Thesis – Dibakor Boruah 2-17 Coventry University (2020) 

believed to be arising from the strain hardening of the substrate material. The yield point (elastic-plastic 

transition) in the specimens decreases with increasing coating thickness, which shows the brittleness of 

the coated material, and gradually becomes more dominant with the increase in coating thickness 

(Figure 2.6c). This could be due to the increase in porosity with the increase in coating thickness. The 

thinker coatings (1 mm and 3 mm) were found to be delaminated at relatively lower flexural stresses 

and strains, and exhibit nearly linear stress-strain curves without any sign of strain hardening, indicating 

minimal plastic deformation within the sample and brittle fracture. After the failure, the drop in flexural 

stress is then partially recovered by the substrate (Figure 2.6d) [94]. 

2.3.3.5 Fatigue performance 

The effect of substrate surface condition on the fatigue behaviour of CS coated specimens (2 mm 

coating on a 4 mm thick substrate) were investigated by Sun et al. [91]. Substrate surfaces were prepared 

with four different surface preparation methods (grinding, milling, sand-blasting, and, water-jet 

cutting). The low cycle fatigue experiments were conducted by with three-point-bending fatigue test 

(similar to the specimens presented in Figure 2.6a), using two different stress levels as 420 MPa and 

360 MPa respectively at a load ratio (R) = 0.1, and 3 Hz frequency. The fatigue endurance of the Ti64 

coatings on Ti64 substrates with different surface conditions is presented in Table 2.3. 

It was found that the coated specimens with the ground substrates perform the best among the specimens 

with four different surface preparations, which have survived a mean number of 41,489 cycles before 

the interfacial failure under the stress of 420 MPa. Under the same stress range, specimens with the 

water jet cut substrates have endured shortest fatigue life, only a mean number of 4,077 cycles prior to 

interfacial failure. Therefore, the smoother the substrate surface before cold spraying, the better the 

fatigue performance.  

Table 2.3: Fatigue endurance of three-point-bend specimens (CS Ti64 on Ti64 substrates) [91]. 

Substrate surface 

preparation condition 

Surface roughness - Ra 

(µm) 

Stress range 

(MPa) 

Average number of cycles 

before coating's delamination 

Water-jet cut 6.66 
420 4,077 

360 27,624 

Sand-blasted 1.60 
420 8,981 

360 66,910 

Milled 0.65 
420 22,238 

360 103,112 

Ground 0.41 
420 41,489 

360 133,518 
 

2.4 Summary of the literature review 

In this chapter, advances in the cold spraying of Ti64 alloy has been discussed along with a brief 

introduction to the cold spray (CS) technology. The primary aim of the state-of-the-art review was to 

identify the research gap in terms of understanding the structural integrity performance of CS 

deposited Ti64 material for load-bearing repair and additive manufacturing (AM) applications. 
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Therefore, the focus was given on residual stresses, and mechanical properties such as hardness, tensile 

properties, interfacial adhesion strength, flexural strength, and fatigue strength. Moreover, the effect 

of various post-deposition thermal treatments (PdTTs) on tensile properties and its correlation with 

porosity has been reported. From this literature review, the following key research gaps have been 

identified: 

1. No literature reported the through-thickness distribution of residual stresses for CS Ti64 deposited 

on a Ti64 substrate. Therefore, the effect of different process and geometrical variables on the 

nature, magnitude and the through-thickness distribution of residual stresses induced by cold 

spraying of Ti64 is currently unknown.  

2. Many researchers have attempted to measure the interfacial adhesion strength for CS Ti64/Ti64. 

However, limitations of the conventional adhesive based test method did not allow true adhesion 

strength measurements, as adhesion strength of CS Ti64 deposited on a Ti64 substrate exceeds 

the maximum limit (70-90 MPa) of typically used adhesives. Therefore, an adhesive-free test 

method is required to investigate the influence of the coating thickness, substrate surface 

conditions, and CS process parameters on the adhesion strength. 

3. No published work in the open literature has investigated mechanical properties on repair 

specimens for design and analyses of practical CS repair geometries. Tensile properties available 

in the literature are limited to fully CS Ti64 material, most of which were deposited with outdated 

sets of process parameters (i.e. at a very low or moderate process temperature and pressure). 

Moreover, there is no data available on the fatigue and fracture behaviour of fully CS Ti64 

material. Likewise, there is limited research on the effect of PdTTs such as solution treatment and 

ageing (STA) and hot isostatic pressing (HIP) on the microstructure and mechanical properties of 

CS Ti64. Therefore, there is a strong need to study the effect of various PdTTs (i.e. STA, HIP, 

HIP+STA) on improving the microstructure and mechanical properties under static and fatigue 

loading conditions for repair and AM applications. 

4. In-situ laser substrate pre-heating combined with pulsed laser ablation showed significant 

improvement in coating adhesion and cohesion when compared to standard CS process. 

Therefore, in-situ laser-assisted cold spraying of Ti64 can be explored further to see its effect on 

deposits characteristics.
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 Research Methodology 

3.1 Overview 

This chapter presents the research methodology for assessing the structural integrity of the CS 

deposited Ti64 material for repairs and AM applications to achieve the proposed objectives stated in 

Chapter 1 (section 1.2). To answer the research questions raised in Chapter 1 and to fill-up the 

identified research gaps from the literature review stated in Chapter 2, a research methodology was 

designed, comprising of various experimental and analytical work programmes as follows: 

 Selection of feedstock powder for specimen preparation. 

 Selection/development of process parameters for cold spraying of Ti64 alloy. 

 Establish experimental procedure including specimen design. 

 Perform various PdTTs to enhance mechanical properties. 

 Evaluate residual stresses: experimental measurements and predictive models. 

 Evaluate microstructural and mechanical properties for “fully CS” and “CS repair” specimens 

in different conditions (AD and after various PdTTs) in terms of microstructure, porosity, 

hardness, interfacial adhesion strength, tensile properties, fractography, HCF, fracture 

properties, and FCGR. 

 Characterisation of LACS deposited Ti64. 

A workflow chart of the research work carried out is presented in Figure 3.1. The author’s role in this 

research and contributions of others have been detailed in the “Preface” section. 

3.2 Substrate material and feedstock powders 

The current study investigated three commercially available Ti64 powders namely plasma atomised 

“AP&C 16-32” (D10 = 16.36 μm, D50 = 23.55 μm, D90 = 31.02 μm) provided by AP&C Ltd, Boisbriand, 

Canada; gas atomised “LPW 16-32” (D10 = 16.89 μm, D50 = 23.12 μm, D90 = 31.69 μm) and gas 

atomised “LPW 10-39” (D10 = 10.78 μm, D50 = 22.03 μm, D90 = 38.46 μm) powders provided by LPW 

Technology Ltd., Cheshire, UK. Here, D10, D50, and D90 signify the portion of powder particles with 

diameters smaller than the corresponding value is 10 %, 50 %, and 90 %, respectively, of the total 

volume of material in the sample. The substrate material used in this study is mill annealed Ti64 

supplied by Dynamic Metals Ltd. Bedfordshire, UK. The chemical compositions of all three powders 

and substrate material are presented in Table 3.1. 

Table 3.1: Chemical compositions (mass %) of Ti64 powders and mill annealed substrate material 

Powder, substrate Ti Al V Fe O Si Sn Cr Ni Others 

LPW 16-32 Balance 6.48 4.03 0.17 0.17 0.01 0.02 <0.01 <0.02 <0.01 

AP&C 16-32 Balance 6.48 4.15 0.17 0.10 0.01 0.02 <0.01 <0.02 <0.01 

LPW 10-39 Balance 6.56 4.07 0.18 0.11 0.01 0.02 <0.01 <0.02 <0.01 

Mill annealed Ti64 Balance 6.32 4.16 0.20 0.13 0.02 <0.01 0.02 0.01 <0.01 
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Figure 3.1: Workflow chart of the research work carried out 

3.3 Powder selection 

To select the best sprayable powder among three (LPW 16-32, AP&C 16-32, and LPW 10-39), powders 

were characterised in terms of particle size distribution, morphology, microstructure, flow properties, 

nanoindentation, and particle flattening ratio. Particle size distributions for all three powders were 

measured using laser diffraction particle size analyser (Malvern Mastersizer 2000 ver. 5.60) as per 

ASTM B822 [108], and results are presented in Figure 3.2. For powder morphology, specimens were 
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prepared by sprinkling powder onto a carbon conductive sticker and used scanning electron microscopy 

(SEM) in back-scattered electron (BSE) imaging mode to look at the outer surface of the scattered 

powder particles. For powder cross-section and microstructure, powders were mixed with conductive 

bakelite, ground, and polished and etched using Kroll’s etchant. Then, SEM back-scattered electron 

imaging was used to see the microstructure of the powder cross-sections. SEM images of morphology 

and microstructures for three different powders are shown in Figure 3.3a-f. It was found that all three 

powders possessed similar microstructure predominantly consisting of hexagonal close-packed 

martensitic α' phase [21,94]. However, LPW 16-32 consisting of less fine particles compared to LPW 

10-39 and AP&C 16-32, which directly affect the flow properties. Flowability was characterised in 

terms of Hausner ratio (HR) [70,109], and Carr's compressibility index (CI) [109]. To calculate HR and 

CI, apparent density and tapped density of the powders were determined as per ASTM B212 (using 

Hall Flowmeter Funnel) [110], and ASTM B527 (using Copley JV 2000 Tapped Density Tester) [111], 

respectively. Flow properties [109], nanohardness (see section 3.6.5.1), and particle flattering ratio or 

aspect ratio (i.e. width/height of the particle after deposition, which is a measure of deformability or the 

degree of plastic deformation experienced by sprayed particles) [58] of three different powders are 

presented in Table 3.2. Among the three investigated powders, the flowability of LPW 16-32 powder 

was highest, which has a direct effect on deposition rate as evident from the swipe test (Figure 3.3g-i), 

and individual layer thickness in different scanning speeds (Figure 3.4). Regarding nanohardness, the 

highest value was measured for LPW 10-39 (3.03 GPa) and the lowest was for LPW 16-32 (3.38 GPa) 

average value. Particle flattening ratio of LPW 10-39 powder was highest amongst three (4.18), which 

might be due to its relatively lower hardness. There was not much difference in particle faltering ratios 

(3.70-3.83) between LPW 16-32 and AP&C 16-32 powders. Deposition efficiency (DE) (see section 

3.6.1) values were found to be ~100% for all three powders, as also can be seen from the swipe test 

images (Figure 3.3g-i) that there were no craters left behind by the sprayed powders [68]. Moreover, 

no significant difference was observed in porosity values of coatings deposited using different powders. 

The average porosity for all coatings was 2.55±0.40%, measured using ASTM 2109 [112]. The powder 

feed rate of the LPW 16-32 was found to be highest with 24.67 g/min (keeping powder feeder at 3 rpm). 

A powder feed rate close to 20 g/min is generally recommended for cold spraying [42,65,71,113]. 

Finally, Ti64 powder LPW 16-32 was chosen for further cold spraying, which was mainly due to the 

higher flowability, resulting in higher deposition rate. Figure 3.5 shows the SEM microstructure of the 

cross-sectioned specimen. Two distinctive regions were observed in the CS deposits: (i) undeformed 

‘textured’ regions, and (ii) severely deformed ‘smooth’ regions, as also found by other researchers 

[21,94,95]. 
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Figure 3.2: Particle size distribution of Ti64 powders: LPW 16-32, AP&C 16-32, and LPW 10-39 

 
Figure 3.3: SEM images of powder morphology (a, b, and c), microstructures (d, e, and f) showing 

Widmanstatten or martensitic microstructure with rapidly solidified α′ needles, and swipe test (g, h, and 

i) performed at 1500 mm/s scanning speed using three different powders: LPW 16-32, AP&C 16-32, 

and LPW 10-39, respectively.
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Table 3.2: Flow properties and nanohardness of the powders 

Powder supplier, 

nominal size (µm) 

Apparent density 

(g/cm3) 

Tapped density 

(g/cm3) 

Hausner ratio 

(HR) 

Carr's index 

(CI) 

Flowability (Carr's 

index) [109] 

Powder feed rate 

during CS (g/min) 

Nanohardness 

(GPa) 

Particle flattening 

ratio 

LPW 16-32 2.44 2.82 1.16 14 Good (11-15) 24.67 3.38 ± 0.17 3.70 ± 0.53 

AP&C 16-32 2.18 2.73 1.25 20 Fair (16-20) 12.99 3.14 ± 0.22 3.83 ± 0.43 

LPW 10-39 2.04 2.83 1.39 28 Poor (26-31) 4.98 3.03 ± 0.31 4.18 ± 0.42 

 

 
 

Figure 3.4: Average individual layer thickness using 

three different powders as a reflection of powder flow 

properties. 

Figure 3.5: SEM microstructure showing: (a) CS deposits, substrate and the interface, the dark 

areas in the coating are process-induced defects or porosity; (b) CS deposits consisting of ‘textured’ 

and ‘smooth’ regions [48]. 
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3.4 Cold spray system and process conditions 

All specimens were manufactured using Impact Innovation 5/11 High-Pressure CS System at TWI Ltd, 

Cambridge, UK (Figure 3.6). Key process parameters used for CS are shown in Table 3.3. 

Table 3.3: Cold spraying conditions used for depositing Ti64  

CS system 

setup 

Gun 

CS system Impact 5/11 

Nozzle T24-SiC 

Pre-chamber Long (128.6 mm ) 

Gas pressure (MPa) 5 

Gas temperature (°C) 1100 

Powder 

feeder 

Dosing disk rotation speed (rpm) 3 

Powder feed rate (g/min) 24.67 

Carrier gas flow rate (m3/hr) 3 

Nozzle cooling medium Water 

Robot and toolpath setup 

Gun traverse or scanning speed (mm/s) 500 and 300* 

Track spacing (mm) 2 and 1* 

Spray angle (°) 90 

Standoff distance (mm) 30 

Toolpath pattern 
Cross-hatch and Horizontal raster* 

(Figure 3.7) 

* Different parameters are used for parametric studies in Chapter 4-5, see Table 4.1 and Table 5.1 for details. 

 
Figure 3.6: Impact Innovation 5/11 high-pressure CS system at TWI Ltd, Cambridge, UK 

 

Figure 3.7: CS toolpath patterns: (a) horizontal raster, and (b) cross-hatch 
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3.5 Post-deposition thermal treatments (PdTTs) 

Conferring to the literature, employing optimum process condition can significantly reduce process-

induced defects and/or porosities in CS Ti64 deposits, however, not enough to achieve adequate 

mechanical properties. Therefore, PdTT is an attractive option to reduce or even eliminate porosity, 

homogenise microstructure, relax residual stresses, and to grow metallurgical bonding (interparticle as 

well as in between coating and substrate), and thereby enhance the microstructure and mechanical 

performance of CS deposited material [25,97,99,100]. Therefore, this study investigated the effect of 

three different PdTTs, as follows: 

3.5.1 Solution treatment and ageing (STA) 

STA is an established technique to improve the strength of wrought Ti64 material. A wide range of 

microstructure and mechanical properties can be achieved in alpha-beta (α-β) and β alloys after STA 

treatment, which originates in the instability of the high-temperature β phase at lower temperatures. 

Heating α-β alloy to the solution-treating temperature increases the ratio of β to α phase, this partitioning 

of phases is maintained by quenching. Subsequently, ageing treatment helps the decomposition of 

unstable β phase and any martensite (if present) producing a finely divided mixture of α and β phase, 

resulting in increased strength. Solution treatment of α-β alloys is generally performed at a temperature 

slightly below the β-transus temperature, which is generally considered as 25-85 ºC lower than the β-

transus temperature to obtain high strength and adequate ductility [114]. STA treatment can improve 

the strength of Ti64 alloy while maintaining its ductility [115]. 

In this study, solution heat treatment was at 940 ºC (slightly below the β-transus temperature 999 ºC) 

for 1 h followed by quenching and aged at 480 ºC for 8 h with subsequent furnace cooling to room 

temperature [114]. The STA treatment was performed in a vacuum furnace with molybdenum heating 

element and fitted with argon fast cooling facility. 

3.5.2 Hot isostatic pressing (HIP) 

HIP is a widely accepted thermo-mechanical method for closing internal defects in titanium castings or 

AM parts [114]. Most AM parts are used after HIP treatment [116]. In the HIP process, chemically 

cleaned parts are placed in a heated argon vessel and exposed pressures 70-205 MPa and temperatures 

900-955 ºC for 2-4 h in the case of Ti alloys [114]. As the yield strength of the material drops at high 

temperatures, the application of pressure results in high diffusion rates and the plastic flow of the 

material, which helps to close the voids or microcracks [114]. One key benefit of HIP treatment is that 

it narrows down the fatigue property scatter and increase fatigue life. 

In this study, HIP treatment was performed using laboratory-scale EPSI HIP equipment at 140 MPa and 

930 ºC for 4 h. Similar parameters were also used for additively manufactured Ti64 parts [116]. 

3.5.3 HIP followed by STA (HIP+STA) 

Several studies reported that HIP temperatures can coarsen α platelets, which may result in a slight drop 

in tensile strength but improves ductility [114,116]. Therefore, to recover the strength of the material, 

STA treatment was performed on HIP treated specimens. Parameters used for HIP and STA treatment 

was the same as mentioned earlier in section 3.5.1 and 3.5.2. 
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3.6 Characterisation of CS deposited material 

Microstructural characterisation and mechanical properties evaluation of CS Ti64 was accomplished 

through a series of experiments as shown in Table 3.5 along with their respective testing standards. 

These experiments include characterisation of (i) fully CS deposited Ti64 material, (ii) CS Ti64 repairs 

(Ti64/Ti64), and (iii) mill annealed wrought Ti64. 

3.6.1 Deposition efficiency (DE) 

DE measurements were conducted by calculating the ratio of the mass of Ti64 powder deposited (on 

mill annealed Ti64 substrate) to the mass of the powder loaded into the powder feeder [25,117]. The 

mass of the powder deposited was measured by taking the difference between the mass of the sample 

before and after CS deposition, whereas the mass of the sprayed powder was determined by taking a 

ratio of the product of the powder feed rate and total distance travelled by the gun on the sample to the 

gun traverse speed and track spacing. For the DE calculations, Eq. 3.1 was used [118]. DE 

measurements were performed for powder selection (section 3.3), and to compare DE of the LACS 

process with the standard CS process (section 7.3.1, Chapter 7). 

 
𝐷𝐸 (%) =  

𝑚𝑎𝑠𝑠 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 (𝑚𝑑)

𝑚𝑎𝑠𝑠 𝑠𝑝𝑟𝑎𝑦𝑒𝑑 (𝑚𝑠)
× 100 =  

𝑚𝑖 − 𝑚𝑓

𝑣𝑓  × 𝑛𝑝 × 𝐴
𝑣𝑔 × 𝑡𝑠

× 100 
….……. (3.1) 

3.6.2 Surface profilometry 

Surface profile for the test specimens under investigation were measured using a 3D surface 

profilometer with 10x lens (using Alicona In-finiteFocusSL). Surface information was gathered by 

moving the optics relative to the specimen while continuously imaging the surface. Height information 

was then determined from the regions of the images which were in focus with 3D maps generated by 

stitching these regions together. Before analysis, a reference plane was applied to the measurement area 

[119]. To comply with ISO 4288:1996 [120], multiple line scans were performed to get an average 

roughness (Ra) measurement, root-mean-square roughness (Rq) and mean peak to valley height of 

roughness (Rz). The analyses were performed using the associated IF Measure Suite software.  

Surface roughness measurements were performed to investigate the effect of different substrate surface 

preparations on the interfacial adhesion strength (section 5.4.1, Chapter 5), and to see the effect of 

LACS on its surface characteristics (section 7.3.2, Chapter 7). 

3.6.3 Microstructural investigation 

Microstructural characterisation was carried out for CS deposits and deposit-substrate interfaces with 

different substrate surface preparations. For microstructural characterisation, specimens were cross-

sectioned (perpendicular to the raster direction), followed by standard metallographic procedures, 

including mounting, grinding with Silicon Carbide (SiC) abrasive paper discs up to the grit size of 2500, 

and polishing using diamond suspension followed by final polishing with OP-U colloidal silica. QATM 

Brillant 220 precision cutting machine was used for cross-sectioning, and SimpliMet™ XPS1 automatic 

compression mounting system was used for mounting. Equipment used for polishing and grinding were 

QATM Saphir 350 and Saphir 560. Once polished, specimens were etched using Kroll’s reagent (88 % 
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distilled water, 10 % nitric acid, and 2 % hydrofluoric acid) by immersion method for 10-15 s. SEM 

(ZEISS EVO LS 15) and optical microscope (Olympus BX41M-LED) were used to see the 

microstructure of the cross-sections. For porosity measurement, a series of optical micrographs were 

taken at 100-200× magnification from unetched specimens. They were analysed as per ASTM E2109 

[112] using open-source ImageJ software to automatically locate pores and calculate area percentage. 

All images were converted to 8 bit, a suitable threshold was created, and then analysed for area fraction 

of porosity (%). 

3.6.4 Residual stress evaluation 

Through-thickness residual stress profiles of CS deposit-substrate assemblies were measured using the 

neutron diffraction and the contour method, and an analytical model was developed for theoretical 

prediction. Initially, neutron diffraction measurements were carried out at the ISIS ENGIN-X facility 

(STFC Rutherford Appleton Laboratory) followed by a parametric study using the contour method. 

Further, neutron diffraction measurements were carried out at the KOWARI, Australian Center for 

Neutron Scattering (ACNS), ANSTO, to trace the evolution of residual stresses through major 

manufacturing/service steps: substrate prior to CS deposition, AD condition, as-machined, and after 

STA. For details, see section 4.3 and 4.4 (Chapter 4). 

3.6.5 Evaluation of mechanical properties 

3.6.5.1 Hardness 

Microhardness: Microhardness measurements were performed using Zwick Microhardness Tester with 

Vicker loads of 0.1 kg as per ASTM E384 [121]. Microhardness measurements were performed on 

polished cross-sections of CS deposit-substrate assemblies to study the through-thickness hardness 

distribution. Moreover, measurements carried out to compare hardness values among CS Ti64 deposits 

in various conditions (AD and after PdTTs) considering values of mill annealed Ti64 as a baseline. To 

calculate average values, a minimum of 20 measurements (at a 200 µm distance interval) was performed 

throughout the thickness of the coatings. 

Nanoindentation: Nanoindentation [122] measurements were performed on each powder for 

comparison, during the powder selection stage (section 3.3), since powder hardness can affect the DE 

and porosity in CS deposits [25]. Moreover, measurements were performed to compare hardness among 

CS deposits, feedstock powder and the mill annealed Ti64. 

For powder specimens, Buhler EpoKwick epoxy resin was prepared, approximately 10 ml of liquid 

resin was poured into each of the moulds and a small amount (1-2 g) of powder stirred thoroughly in to 

ensure it was well dispersed. The remainder of resin was carefully poured into the moulds ensuring the 

bottom layer was not disturbed. They were then cured at 35 °C for 2 h in a curing oven. Specimens were 

then polished using a Buhler AutoMet, followed by standard metallographic polishing steps as stated 

earlier in section 3.6.3. They were then rinsed with Isopropyl alcohol and air-dried. For CS deposit-

substrate assemblies, specimens were prepared using the same procedure as for metallographic 

specimen preparation, stated earlier in section 3.6.3. 
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For nanoindentation, each specimen was mounted onto an aluminium stub using Locktite superglue and 

placed into a Micro Materials Nanoindenter P3 fitted with a diamond Berkovich indenter tip. Indents 

were made on the centre of each particle that had a diameter greater than 20 µm at a load of 10.1 mN. 

A minimum of 10 readings was taken for each specimen and then averaged. To convert hardness values 

from GPa (Indentation hardness - 𝐻𝐼𝑇) to HV (Vickers hardness number - 𝐻𝑉), Eq. 3.2 was used [123]. 

 𝐻𝑉 =  94.5 × 𝐻𝐼𝑇 ….……. (3.2) 

3.6.5.2 Interfacial adhesion strength 

Several studies reported that the conventional adhesive-based test methods (most commonly used 

ASTM C633 [124]) are not suitable to measure the true or effective adhesion strength for high strength 

coatings such as CS Ti64/Ti64. Therefore, to overcome the limitations of existing test methods, a 

suitable adhesive-free test method was developed in collaboration with TWI Ltd by improving the 

original design of Sharivker [125]. The proposed modified Collar-Pin Pull-off (CPP) test method was 

used to perform a parametric study on how coating thickness, track spacing, toolpath pattern, substrate 

surface preparation, and post-deposition STA can affect the coating adhesion strength. For details, see 

section 5.3 and 5.4 (Chapter 5). 

3.6.5.3 Tensile properties 

The objective of this experiment was to evaluate tensile properties of the CS repairs as well as fully CS 

deposited material, in terms of stress versus strain curve, yield strength (YS), ultimate tensile strength 

(UTS), and elongation (El); and to compare with the properties of the mill annealed Ti64. Tests were 

performed as per ASTM E8/E8M [104] for three types of specimens: (i) fully CS specimen, (ii) CS 

repair specimens with two repair ratios (2:5, and 1:5), (iii) mill annealed Ti64. Moreover, the effect of 

three different PdTTs on tensile properties was investigated. Stress versus strain data obtained from 

tensile tests was used to analyse elastic modulus (E) values as per ASTM E111 [126]. Additionally, E 

values were measured by Impulse Excitation Technique (IET) as per ASTM E1876 [127]. For details, 

see sections 6.2.3 and 6.2.7 (Chapter 6).  

3.6.5.4 High cycle fatigue (HCF) 

To investigate stress versus life relation in the HCF regime of the CS Ti64 repairs and fully CS deposited 

material, tests were conducted (as per ASTM E466 [128]) to compare with the fatigue behaviour of mill 

annealed Ti64. Tests were conducted at a single stress range 300 MPa and stress ratio 0.1, mainly to 

compare among the effect of various PdTTs. For details, see sections 6.2.4 and 6.2.7 (Chapter 6). 

3.6.5.5 Fracture toughness 

The purpose of this experiment is to evaluate fracture toughness parameters for fully CS Ti64 to see the 

effect of different PdTTs and to compare with mill annealed Ti64. Tests were conducted in single-edge 

notch three-point bend (SENB3) specimens as per ASTM E1820 [129]. Fracture toughness properties 

were evaluated from single-point tests in terms of provisional fracture toughness (KQ), J-integral (J), 

and crack tip opening displacement - CTOD (δ). See sections 6.2.5 and 6.2.7 (Chapter 6) for the detailed 

experimental procedure and testing conditions. 
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3.6.5.6 Fatigue crack growth rate (FCGR) 

Similar to fracture toughness tests, FCGR tests were performed to compare crack growth rate curves 

(𝑑𝑎 𝑑𝑛 ⁄ versus 𝛥𝐾) of fully CS Ti64 material (after three different PdTTs) with the mill annealed Ti64. 

FCGR tests were conducted as per BS ISO 12108 [130] using four-point single-edge-notch bend 

(SENB4) specimens. Direct Current Potential Drop (DCPD) method was used for crack detection. For 

detailed experimental procedure and testing conditions, see section 6.2.6 and 6.2.7 (Chapter 6). 

3.7 Laser-assisted cold spray (LACS) system and process conditions 

The LCAS system comprises the five main components, (i) laser source, (ii) laser focusing optics, (iii) 

pyrometer for temperature measurement, (iv) proportional integral derivative (PID) controller, and (v) 

the CS system. For laser power, a Limo DIOCUT diode laser system (1.7 kW continuous wave 

maximum power output at a wavelength of 0.75-1 µm) was used to direct the laser spot ahead of the 

cold spraying spot for providing thermal softening in the substrate or the previously deposited layer 

before depositing a new layer. Laser light was delivered along a 10 m long fibre optic cable (200 µm 

fibre core) to the laser focusing optics. For temperature measurement, the infrared pyrometer used was 

a SensorTherm MQ22 duel wavelength model with a temperature measurement range 300-1000 ºC. 

The laser power was controlled using a PID device (SensorTherm Regulus RF), which measures the 

surface temperature of the specimen where the deposition was about to occur, which allows the laser 

powder to adjust keeping the substrate surface temperature constant. The CS system used was Impact 

Innovation 5/11 High-pressure CS System (Figure 3.6). During LACS, the laser processing head and 

the pyrometer kept in a fixed position relative to the CS nozzle (rigid enough that it maintains alignment 

during robot movement). Figure 3.8a shows the schematic of the LACS process, Figure 3.8b shows the 

LACS set-up at TWI, a frame attached to the CS gun mounting bracket, which keeps the laser optics 

and pyrometer aligned to the CS gun while allowing fine adjustment. The laser optics were held on the 

left-hand side of the CS gun, oriented at an angle of approximately 50° (40° off perpendicular to the 

substrate). The pyrometer focal point was set to the centre of the laser spot. The laser spot position was 

aligned 4 mm ahead of the CS nozzle, to ensure that the laser was heating the specimen immediately 

preceding the CS deposited track. Key process parameters for LACS are shown in Table 3.4.  

 
Figure 3.8: (a) A schematic of the LACS process showing the position of laser processing head, 

pyrometer and CS nozzle, (b) LACS hardware configuration attached to Impact Innovations 5/11 gun. 
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Table 3.4: Spraying conditions used to deposit Ti64 LACS coatings 

CS system 

setup 

Gun 

CS system Impact 5/11 

Nozzle T24-SiC 

Pre-chamber Long (128.6 mm) 

Gas pressure (MPa) 5 

Gas temperature (°C) 1100 

Powder feeder 

Dosing disk rotation speed (rpm) 2 

Powder feed rate (g/min) 24.67 

Carrier gas flow rate (m3/hr) 2 

Nozzle cooling medium Water 

Robot and toolpath setup 

Gun traverse or scanning speed (mm/s) 40 

Track spacing (mm) 1, 2, and 3 (see Table 7.1) 

Spray angle (°) 90 

Standoff distance (mm) 30 

Toolpath pattern Horizontal raster 

Laser parameters 

Required surface temperature (°C) 400, 600, and 800 (see Table 7.1) 

Stand-off distance (mm) 195 

Laser spot diameter (mm) 4.4 

Pyrometer distance (mm) 400 

 

3.8 Characterisation of LACS deposits 

LACS Ti64 single-tracks (deposited using three different substrate preheating temperatures: 400, 600, 

and 800 ºC) and single-layer coatings (substrate preheating temperatures 600 ºC for three different track 

spacing: 1, 2, and 3 mm) investigated in terms of DE, surface profilometry, microstructure, hardness 

and residual stresses. Residual stress measurements were performed experimentally using Incremental 

centre hole drilling (ICHD) and predicted analytically. Detailed experimental procedure for 

characterising LACS Ti64 is available in section 7.2.2 (Chapter 7). 

3.9 Summary 

This chapter presented an experimental methodology for assessing the structural integrity of CS 

deposited Ti64 alloy for repair and AM applications. Details experimental procedure for some of the 

experiments mentioned throughout this Chapter is covered in relevant Chapters (4 to 7). Chapters 4 to 

7 present research undertaken using the methodology stated in this Chapter. An overview of the research 

carried out in this study is summarised in Figure 3.9. List of experiments, their respective standards or 

test procedure and expected outcomes are presented in Table 3.5, which also refers to respective sections 

for the detailed experimental procedure. 
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Figure 3.9: Overview of the research carried out in this study
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Table 3.5: List of experiments, their respective standards or test procedure and expected outcomes 

Experiments Evaluation method or test standard Outputs (unit) For details, see 

Surface profilometry ISO 4288:1996 [120] • Ra, Rz, Rq (µm) Section 3.6.2 (Chapter 3) 

Microstructure 
SEM and Optical microscope • Optical and SEM micrographs 

Section 3.6.3 (Chapter 3) 
Porosity - ASTM E2109 [112] • Cross-sectional area porosity (%) 

Hardness 

Microhardness - ASTM E384 [121] • Vickers hardness number (HV) 

Section 3.6.5.1 (Chapter 3) 
Nanoindentation 

• Indentation hardness (GPa) and conversion to Vickers 

hardness (HV) 

Residual stress 

Neutron diffraction – ENGIN-X, ISIS [48] 

• Through-thickness residual stress profile for CS 

deposit/substrate assemblies (MPa) 

Section 4.3.1 (Chapter 4) 

Neutron diffraction – KOWARI, ANSTO Section 4.3.3 (Chapter 4) 

Contour method [48] Section 4.3.2 (Chapter 4) 

Analytical prediction [48,131,132] Section 4.4 (Chapter 4) 

Incremental centre hole drilling (ICHD) • Stress distribution in LACS coating (MPa) Section 7.2.3 (Chapter 7) 

Interfacial adhesion strength Collar-Pin Pull-off (CPP) test [133]  • Interfacial adhesion strength (MPa) Section 5.3 (Chapter 5) 

Tensile 
ASTM E8/E8M [104] 

• Stress vs. strain curve 

• Yield strength – YS (MPa) 

• Ultimate tensile strength – UTS (MPa) 

• Elongation - El (%) 

Section 6.2.3 (Chapter 6) 

ASTM E111 [126] • Elastic modulus – E (GPa)   

Impulse excitation technique (IET)  ASTM E1876 [127] • Elastic modulus – E (GPa) 
Figure 6.4, section 6.2.3 

(Chapter 6) 

High cycle fatigue (HCF) ASTM E466 [128] • Fatigue endurance (number of cycles) Section 6.2.4 (Chapter 6) 

Fracture toughness ASTM E1820 [129] 

• Force vs. displacement curve (P vs. δ)  

• Provisional fracture toughness - KQ (MPa.m1/2) 

• J-integral - J (kJ/m2) 

• Crack tip opening displacement – CTOD (mm) 

Section 6.2.5 (Chapter 6) 

Fatigue crack growth rate (FCGR) BS ISO 12108  [130] • FCGR curve - da dn ⁄ (mm/cycle) vs. ΔK (MPa.m1/2) Section 6.2.6 (Chapter 6) 
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 Evaluation of Residual Stresses 

4.1 Introduction 

The distribution and magnitude of the residual stresses build-up in the substrate and deposited materials 

during the CS deposition process plays a significant role in the development of a compact and well 

adherent coating (or deposited layers) suitable for repair applications. The distribution of residual 

stresses developed during spraying can influence the integrity of a coating or a repaired part as it affects 

interfacial adhesion strength, cohesion between deposited layers as well as mechanical properties (e.g. 

fatigue behaviour) [48,131,134]. Therefore, it is crucial to understand, predict and effectively control 

residual stresses in a CS deposit-substrate system, to optimise the integrity of a coating or repair, in 

terms of adhesion, wear, fatigue life, resistance to cracking and the overall in-service performance.  

Residual stresses induced by the CS process have been investigated by many researchers for various 

combinations of deposit-substrate materials comprising Cu, Mg, Ti, Al and Al alloys [131]. Based on 

previous studies [131,134–137], residual stresses induced by CS processes can be classified into two 

mechanisms: the peening dominant and the thermal mismatch dominant. However, there is limited 

literature on residual stresses induced by cold spraying of Ti and its alloys. Residual stresses in 

commercially pure (CP) Ti CS deposit on various substrates have been investigated: Ti on Al 6061 

substrates (Ti/Al6061) using XRD method [138], Ti/Ti64 using deflection method [139], Ti/Ti by 

means of numerical simulation [140], Ti/Cu and Ti/Fe via neutron diffraction [137]. Residual stresses 

in Ti64 single-splat particles were evaluated using Micro-ring-core FIB-DIC technique and numerical 

simulation [101]. However, there is no published work in the open literature available on the through-

thickness distribution of residual stresses for CS Ti64 deposited on a Ti64 substrate. Therefore, the 

nature, magnitude and through-thickness distribution of residual stresses in a Ti64/Ti64 CS deposit-

substrate assembly is currently unknown [48]. Considering the research gap in relation to understanding 

of the residual stress problems in a CS Ti64 deposit-substrate system, a series of investigations were 

carried out as follows: 

1. Evaluation of residual stresses induced by cold spraying of Ti64 on Ti64 substrates using the 

neutron diffraction method (ENGIN-X, ISIS) and the contour method. A parametric study was 

performed using the contour method to study the effect of geometrical variables, scanning speed, 

and toolpath pattern on the distribution and magnitude of residual stresses. 

2. An analytical model was developed based on a generalised concept of the force and moment 

equilibrium requirements within a system, which was later used to interpret the experimental 

results and to study different mechanisms for residual stress generation, namely the peening 

dominant, thermal mismatch dominant, and quenching dominant CS processes. 

3. To trace the evolution of residual stresses through major manufacturing/service steps, 

measurements were performed using the neutron diffraction method (KOWARI, ANSTO) for 

better understanding of residual stress development by CS deposition; the relaxation of residual 

stresses by the machining and the post-deposition STA treatment. 
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4.2 Specimen preparation and characterisation 

All specimens were manufactured using an Impact Innovation 5/11 CS System as presented in Chapter 

3 (section 3.4). Initially, six rectangular CS deposit-substrate coupons (length×width = 60×30 mm) 

were produced in order to perform a parametric study i.e. to investigate the effect of geometrical 

variables and process variables on the residual stresses induced by cold spraying Ti64 on Ti64 

substrates, as listed in Table 4.1. Residual stress measurements were performed using the neutron 

diffraction method at the ENGIN-X, ISIS facility for the specimen RS1. Afterwards, measurements 

were performed using the contour method for all specimens (RS1-RS6) listed in Table 4.1. 

Furthermore, specimens were designed (as listed in Table 4.2) to trace the evolution of the residual 

stresses through four manufacturing steps viz. (i) residual stress in a grooved substrate prior to CS 

deposition, (ii) residual stress formation by CS deposition, (iii) stress relaxation/redistribution by the 

machining process, and (iv) stress relaxation after post-deposition STA. Measurements were performed 

at the KOWARI, ANSTO. 

Table 4.1: Specimens (rectangular coupons: 60×30 mm) for a parametric study on residual stresses.  

Specimen 

name 

Substrate 

thickness (mm)* 

No. of 

layers 

Coating 

thickness (mm) 
Toolpath pattern 

Average layer 

thickness (μm) 

Scanning 

speed (mm/s) 

RS1 

(Figure 4.1a) 
5 42 4.5 Horizontal raster ~107 500 

RS2 5 14 1.5 Horizontal raster ~107 500 

RS3 5 14 1.5 Cross-hatch ~107 500 

RS4 5 8 1.5 Horizontal raster ~187 300 

RS5 10 14 1.5 Horizontal raster ~107 500 

RS6 5 0 0 - 0 - 

* As-received Ti-64 substrate plates were degreased and cleaned before cold spraying. 

Note: Residual stress measurements were performed using the neutron diffraction method at ENGIN-X, ISIS 

(RS1), and the contour method (RS1-RS6). 

Table 4.2: Specimens details to trace the evolution of the residual stresses through four major 

manufacturing/service steps.  

Specimen 

name 
Measurement conditions 

Substrate thickness in the 

grooved region (mm)* 

Coating 

thickness (mm) 

RS7 
Substrate with a machined groove prior to CS 

deposition (Figure 4.5a) 
6.75 0 

RS8 As-deposited (Figure 4.5b) 6.75 4.75 

RS9 Machined to dog-bone shape (Figure 4.5c) 5.90 3.90 

RS10 Solution treated and aged (Figure 4.5d) 5.90 3.90 

* As-machined grooves were degreased and cleaned before cold spraying. 

Note: All four specimens were produced using scanning speed 500 mm/s, cross-hatch toolpath pattern, with an 

average layer thickness of ~107 μm, and measurements were performed at KOWARI, ANSTO. 

4.3 Experimental evaluation of Residual Stresses 

4.3.1 Neutron diffraction at ENGIN-X, ISIS 

In neutron diffraction technique, a specimen to be examined is placed in a beam of neutrons to obtain a 

diffraction pattern. The diffracted beam of neutrons behaves according to Bragg’s Law, which enables 

to recognise the changes in atomic lattice spacing due to stress. The relative changes in lattice spacing 
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are then calibrated using a stress-free (or d0) specimen to calculate residual stress values. There are two 

neutron diffraction techniques, namely, conventional monochromatic θ/2θ strain scanning (continuous 

beam from a reactor source) and time of flight approaches (pulsed beam from a spallation source) [141]. 

Neutron diffraction measurements performed for the specimen RS1 was using ENGIN-X time of flight 

neutron diffractometer at the ISIS pulsed neutron facility, STFC Rutherford Appleton Laboratory, 

Harwell Campus, UK [142]. The residual stress measurements were performed in a CS deposit-

substrate coupon (Ti64/Ti64) of size 9.5×30×60 mm as shown in Figure 4.1a. The measurements were 

performed at the mid-length of the specimen in the thickness direction, from the bottom of the substrate 

progressing towards the interface, and then from the top of the CS deposits progressing towards the 

interface. A cuboid gauge volume of 1×1×15 mm (defined by the slit dimensions and the position of 

the bank collimators) was used for all measurements. No in-plane variation in strains was expected 

along either of the in-plane directions (i.e. longitudinal and transverse) owing to the symmetry of the 

deposition process. The longest dimension of the gauge volume was along the length (60 mm) or the 

width (30 mm) of the specimen, in order to increase the counting statistics and reduce the counting time. 

Lattice parameters of multiple crystallographic planes were measured at once at a fixed angle using a 

white beam of neutrons with a range of wavelengths close to atomic distances. The time of flight 

technique allows the counting of neutrons diffracted by multiple planes simultaneously [143,144]. 

Initially, measurements were performed in the two orthogonal directions (longitudinal direction (LD) 

and normal direction (ND)) simultaneously, using the two detector banks (bank 1 and bank 2) positioned 

at a Bragg's angle of ±90° (as shown in Figure 4.1c). The specimen was repositioned to measure the 

third direction i.e. the transverse direction (TD). As a result, the lattice parameters in the normal 

direction were obtained twice. From the Orientation-1 (Figure 4.1d), lattice parameters obtained were 

for LD and ND, and from the Orientation-2 (Figure 4.1e), lattice parameters obtained were for TD and 

ND. Overall, nine measurements were performed in the specimen, five measurements in the CS deposits 

(4.5 mm thick), and four measurements in the substrate (5 mm thick), in two orientations a total of 18 

(9×2) measurements were performed. No measurements were performed at the interface as the 

positioning the gauge volume is challenging at the deposit-substrate interface. 

Stress-free lattice parameters (dhkl,0) were measured in a stress-free specimen of dimension 3×3×7.5 mm 

for both CS deposits and the substrate material, as shown in Figure 4.1b. This specimen was extracted 

from the centre of a specimen of size 7.5×20×30 mm using wire electro-discharge machining (WEDM) 

to mechanically relieve residual stresses. A gauge volume of 1×1×3 mm was used for the stress-free 

measurements, in two orientations a total of 4 (2×2) measurements were performed. 

Eleven planes were identified in the hexagonal-close-packed (HCP) α, within the analysed time of flight 

ranged between 20,000 μs and 47,500 μs. They were fitted in whole using Pawley refinement [145] to 

determine HCP lattice parameters ‘ahcp’ and ‘chcp’ and then plane spacing ‘dhkl’ values (i.e. the spacing 

between adjacent hkl lattice planes) were calculated using Eq. (4.1). HCP metals are notoriously 

anisotropic, hence choosing the right reflection is the key. The crystallographic plane  {101̅1} was 

found to be very consistent in terms of providing good signal strength/intensity with minimal fitting 
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errors in each orientation for both substrate and the CS deposits. Similar observations were reported in 

[143,144,146] for Ti64 alloy, and {101̅1} diffraction peak was used for stress calculations. Figure 4.2 

shows exemplary fitted spectra from a measurement point in the CS region for LD, TD, and ND. 

 
Figure 4.1: (a) Specimen RS1 used for residual stress measurement by neutron diffraction method, (b) 

stress-free (d0) specimen extracted from the centre of a CS deposited specimen using WEDM, (c) 

experimental set-up at the ENGIN-X, ISIS, showing orientation 1 in (d) and orientation 2 in (e).  
Note: stress components in the longitudinal, transverse, and normal directions are referred as LD, TD, and ND, 

respectively. 
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Lattice strain (ɛ) and residual stress (𝜎) in the three orthogonal directions were calculated based on the 

‘dhkl’ values from the crystallographic plane {101̅1}, using Eqs. (4.2) and (4.3), respectively [143]. For 

these calculations, an E value of 98 MPa [147] was used which is specific to the crystallographic 

plane {101̅1}, and a Poisson's ratio (ν) of 0.34 [143,148]. The uncertainty for the strain and stress values 

were calculated using Eqs. (4.4) and (4.5) [149]. 
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Since Ti is a weak coherent and high incoherent neutron scatterer, it took longer time for a peak 

acquisition. For the CS deposits, it took ~3.5 h, and for the substrate material, it took ~3 h for a peak 

acquisition using the gauge volume of 1×1×15 mm. A total of 22 points (18+4) were measured in three 

days, including experimental set-up time. Therefore, it was possible to measure stresses only in one 

specimen (i.e. RS1) due to the limited time available at the ISIS facility. 

 
Figure 4.2: Exemplary fitted spectra for three orthogonal directions (normal, transverse, and 

longitudinal), taken from a measurement point in the CS deposits of specimen RS1. 
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4.3.2 Contour method 

Contour method is a destructive technique for residual stress measurement, and is based on the stress 

relaxation, where a part is cut into two halves, and the stress component being measured is normal to 

the cut surface [150]. After the non-destructive neutron diffraction measurements at the ISIS facility, 

the contour method was used to perform further investigation. Using the contour method, a parametric 

study was performed to examine the effect of geometrical variables (i.e. the number of CS layers, CS 

layer thickness, and substrate thickness), and toolpath patterns (horizontal raster, and cross-hatch) on 

the magnitude and distribution of residual stresses in CS deposit-substrate coupons in five different 

conditions and a substrate only specimen (Table 4.1). As shown in Figure 4.3 (specimen RS2 from 

Table 4.1 as an example), specimens were cut into two halves using a Fanuc Robocut α-C600i WEDM, 

using a 0.25 mm diameter brass wire. The sample was simultaneously cut through the CS deposits and 

the substrate material. Specimens were clamped rigidly during the cutting process to avoid any free 

movement during the cutting process. WEDM low power cutting parameters (i.e. selection of low 

values for important electrical parameters [151]) were used for the sample material and thickness. Also, 

a higher value for the electrical spark OFF time was set to improve flushing of the removed/cut material. 

The WEDM cut progressed smoothly without wire breakage and any significant variation in the cutting 

speed. The cutting speed of all samples was set at 0.5 mm/min. 

 
Figure 4.3: (a) Specimen RS2 showing the cutting plane at the mid-length of the specimen; (b), (c), cut 

surfaces of the specimen after WEDM cutting. Stress component of interest is the LD and referred to 

as the longitudinal stress (𝜎𝐿). 

The relaxed deformation profiles of the cut surfaces were measured using a Zeiss Contura g2 coordinate 

measuring machine (CMM) with a 0.5 mm diameter touch trigger probe. The distance from the 
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perimeter and between the individual measurement points in both directions of the sample surface was 

set at 0.1 mm. The displacement data of both cut surfaces of each sample was post-processed for data 

aligning, cleaning, flattening and smoothing using the Matlab analysis routines. The data smoothing of 

all samples (with exception of sample RS6) was performed with a cubic spline knot spacing of 2.5 mm 

along X-direction and 3.5 mm along Y-direction. The spline knot spacing was selected based on the 

good fit of the averaged displacement data. For sample RS6 a coarser spline knot spacing of 8 mm was 

used in both X and Y directions. 

The original out-of-plane residual stress field at the cut surfaces were back-calculated by applying the 

smoothed CMM profile as a boundary condition in a 3D linear elastic FE model of one cut half of the 

samples. An 8-node brick element (C3D8R) was selected in the ABAQUS software. The non-uniform 

mesh size was used on the cut surface, and this distance was in the range of 0.1-0.5 mm for all samples. 

In the linear elastic FE model, different elastic properties were used. E values used for the mill annealed 

Ti64 substrate and the CS Ti64 deposits were 113.32 GPa, and 88.48 GPa, respectively (measured using 

IET, see Figure 6.4 in Chapter_6), and ‘ν’ as 0.34. 

To compare residual stress profiles among the specimens, stress values were extracted from the central 

15 mm region of the contour cut surface (X-Y plane) by creating 15 different paths along the LD. The 

averaged values were used for comparison among the specimens, to study the effect of geometrical 

variables and track pattern on the distribution and magnitude of residual stresses. Averaging stress 

values over the central 15 mm region resulting from the contour method also facilitated comparison 

with neutron diffraction results that uses a gauge volume of 1×1×15 mm. 

4.3.3 Neutron diffraction at KOWARI, ANSTO 

In order to trace the evolution of residual stresses through major manufacturing/service steps, 

measurements were performed for specimens (RS7-RS10) at the constant wavelength strain scanner, 

KOWARI, ACNS, ANSTO (Figure 4.4). Measurements were performed in four different conditions: 

(i) a grooved substrate prior to spraying, (ii) AD condition, (iii) machined condition to see the relaxation 

of residual stresses by the machining process, and (iv) after post-deposition STA to understand the 

relaxation of residual stresses. 

The measurements were performed at the mid-length of the specimen in the thickness direction. Owing 

to the symmetry of the deposition process, no in-plane variation in strains is expected along with either 

of these directions in the central part of the deposit, unless close to the edge of the sample. A total of 

73 (12+23+19+19) points were measured in four specimens (RS7-RS10). For the three orthogonal 

directions (two in-plane and one normal to the surface) a total of 219 points (73×3 orientations) were 

measured to derive the two in-plane stress components independently. For all the measurements, a 

gauge volume of 0.5×0.5×15 mm was used at a Bragg diffraction angle (2θ) of 91.2° for Ti(103) 

reflection with a wavelength (λ) of 1.9 Å provided by the take-off angle of 88.2° of the Si (400) 

monochromator. The longest dimension of the gauge volume was oriented along the length or the width 

of the specimen to increase the counting statistics without a loss of the spatial resolution. The strain 
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measurement of the three strain components were carried out through-thickness in 0.5 mm steps, the 

step size, which is concordant to the resolution (gauge volume size in the through-thickness dimension). 

The stress calculations were performed assuming the zero plane stress condition i.e. the normal-to-

surface stress component equal to zero (𝜎𝑁  = 0), which is genrally true for a flat specimen geometry 

[137]. Stress-free lattice parameters (𝑑0) and in-plane stress components (𝜎𝐿 and σ𝑇) were calculated 

using Hooke’s Eqs. (4.6)-(4.8) [137]. Uncertainty in stress measurements or standard deviation values 

were calculated using the principle of propagation of uncertainty. 

 𝑑0 =  
1

1
2⁄ 𝑆2

{(1
2⁄ 𝑆2 + 2𝑆1)𝑑N − 𝑆1(𝑑𝐿 + 𝑑𝑇)}  ….……. (4.6) 
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𝑑0
}  ….……. (4.8) 

 
Figure 4.4: KOWARI strain scanner, ANSTO 

 
Figure 4.5: Specimens for residual stress measurements in various manufacturing steps: (a) a grooved 

substrate (RS7), (b) cold sprayed to fill up the grooved region (RS8), (c) machined to a dog-bone shape 

(RS9), and (d) solution treated and aged (RS10). 
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4.4 Analytical prediction: mechanisms and formulations 

4.4.1 Overview 

There are three approaches to evaluate residual stresses in engineering components, which are the 

analytical/empirical, numerical, and experimental methods [132]. Even though the experimental 

methods possess various advantages, modelling of residual stresses is an attractive alternative method 

as it is quicker, inexpensive, and allows parametric studies. Many researchers have used analytical 

methods and numerical models for predicting residual stresses induced by the CS process [131]. 

However, existing analytical and numerical methods possess certain limitations for evaluating through-

thickness residual stress distributions induced by thicker CS deposits, as stated in Appendix A1 [131]. 

Therefore, it is of great interest to develop a simple and efficient analytical model to predict residual 

stress distribution and magnitude induced by the CS process. This study aims to develop an analytical 

model based on a generalised concept of the force and moment equilibrium requirements within a 

system. This model demonstrates the distribution and magnitude of residual stresses in the substrate as 

well as previously deposited layers due to the stress induced by a newly deposited CS layer. The original 

idea of the analytical model is based on the work of Shiomi [152], which has demonstrated the 

increment of residual stresses due to the deposition of additive layers in the Selective Laser Melting 

(SLM) process [131]. Firstly, the original idea of Shiomi, et al. [5] was extended to calculate the 

through-thickness distribution and magnitude of residual stresses for the SLM process, which was 

published as a conference paper [132], but not included in this thesis. The same concept has been further 

developed and modified with changes in the assumptions, for predicting residual stresses arising from 

the CS processes as presented below in section 4.4.2 to 4.4.5. 

4.4.2 Residual stress build-up mechanisms 

In view of residual stress generation, the CS processes can be categorised into two different mechanisms 

based on the existing literature: (i) Peening dominant CS process (Type A in Table 4.3), and (ii) Thermal 

mismatch dominant CS process (Type B in Table 4.3). 

In the peening dominant process, the peening stresses originating from the plastic deformation caused 

by constant bombarding of the high-velocity spraying particles are dominant over thermally induced 

stresses. The reduced thermal input in the peening dominant process is due to the use of lower deposition 

temperature and pressure, and the negligible difference in the coefficients of thermal expansion between 

the deposited and substrate materials [131,135,136,153]. Table 4.3 (image ‘a’) shows a peening dominant 

residual stress profile, where residuals stresses near the free surface of CS deposits are generally 

compressive in nature, and gradually become tensile at the interface. Then, there is a discontinuity in 

the stress magnitude or the slope on either side of the interface due to the stiffness difference arising 

from the difference in the E values between the substrate and CS deposits [137,154]. Therefore, 

although the process-induced residual strains are continuous at the interface, stress values are different 

on either side of the interface. Further, from the interface, stresses gradually change to compressive 

towards the bottom of the substrate [48,131].  
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Table 4.3: Different residual stress profiles in cold sprayed deposit-substrate assemblies resulting from 

different stress build-up mechanisms [48]. 

Residual stress profiles 
Example coating-

substrate assemblies 

Process gas, pressure and 

temperature 

Stress build-

up mechanism 

 

Cu/Cu, Cu/Al [135] He at 0.62 MPa, 140 ºC 

Type A: 

Peening 

dominant 

Al/Al, Al/Cu [135] He at 0.62 MPa, 200 ºC 

Al/Al [153] He at 1.72 MPa, 325 ºC 

Al/Mg [136] 
He at 0.62 MPa, 77-132 ºC 

N2 at 0.76 MPa, 217 ºC 

Al6061/Mg, 

Al7075/Mg [136] 
N2 at 3.85 MPa and 400 ºC 

 

Ti/Cu [137] 
He at 0.62 MPa, 365 ºC 

N2 at 3.9 MPa, 615 ºC 

Type B: 

Thermal 

mismatch 

dominant 

Al/Mg [136] N2 at 3.85 MPa, 550 ºC 

 

Ti64/Ti64 

(this study) 
N2 at 5 MPa, 1100 ºC 

Type C: 

High thermal 

gradient and 

quenching 

dominant 

 

On the other hand, the thermal mismatch dominant CS processes (Type B) uses moderate deposition 

temperature and pressure. Therefore, the thermal stresses are dominant, owing to the different thermal 

contraction of the substrate and deposited material, which is significant if there is a considerable 

difference in the coefficient of thermal expansion values between the substrate and CS deposited 

material [131,136,137]. Table 4.3 (image ‘b’) shows a thermal mismatch dominant residual stress 

profile, where residual stresses near the free surface of CS deposits can be tensile [136,137] or neutral 

[137], depending on the spray process parameters and material properties [28]; then stresses gradually 

become compressive in the interface region. For the substrate material, the stress distribution is similar 

to peening dominant CS processes. Overall, stresses are tensile near the free surface of the CS deposits 

as well as in the substrate side of the interface. Compressive residual stress is towards the bottom of the 

substrate and in the CS deposits just above the interface [48,131]. 

The critical temperature or pressure, above which a process will behave as thermal mismatch dominant 

rather than peening dominant, is currently unknown. A low-temperature process may also behave 

thermal mismatch dominant if there is a huge difference in the thermal expansivities between the 

deposited and substrate material. Moreover, materials having similar thermal expansivities may behave 
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differently in different spraying conditions. For example: the stress profile of Al/Mg was found to be 

peening dominant when sprayed at a temperature range of 77-132 ºC using He as a process gas, and 

thermal mismatch dominant when sprayed at 550 ºC using N2 as a process gas [136]. In the case of 

Ti/Cu, stress profile was found to be thermal mismatch dominant, which is due to (i) difference in the 

thermal expansion coefficient of Cu and Ti, and (ii) use of moderate/higher temperate (615 ºC using N2 

as a process gas, and 365 ºC using He as process gas) [137]. However, which one has more contribution 

towards the final residual stress state is currently unknown (use of high temperature, or differences in 

thermal expansivities). In addition to the process parameter, the coating thickness and its geometry of 

the substrate plays a vital role in defining the overall residual stresses in a CS deposit-substrate 

assembly. For high-temperature and high-pressure CS process, stress profile of IN718/IN718 (sprayed 

using N2 at 950 ºC) reported in [155] was different from typical CS and/or thermal spray processes 

reported in [131,135–137,156]; which might be owing to the difference in specimen geometry, as 

cylindrical specimens were investigated in [155] for very thin coatings (613-730 µm), whereas 

rectangular specimens (1.0-4.7 mm coating thickness) were stated in [131,135–137,156]. 

In this study, for CS Ti64/Ti64 deposit-substrate coupons, which were deposited using N2 as process 

gas at a very high temperature and pressure (1100 ºC, 5 MPa). Therefore, it is expected that the residual 

stresses build-up during the cold spraying of Ti64 on Ti64 substrates is mainly caused by: i) quenching 

stresses arising from the contraction of the individual cold sprayed splats as they rapidly cool down to 

the substrate temperature, which is always tensile; (ii) macroscopic differential thermal contraction 

stresses arising when both the substrate and deposited material (having a high thermal gradient as a 

result of the multi-pass deposition process at high temperature) cool down together, resulting in 

differential thermal contraction/shrinkage in the free surfaces and the core of the deposit-substrate 

assembly [157]. Since, both the substrate and deposited materials are the same, there is no difference 

between the coefficients of thermal expansion. Therefore, the stress profiles resulting from cold 

spraying of Ti64 on a Ti64 substrate is expected to be as image ‘c’ shown in Table 4.3 (Type C); where 

stresses are highly tensile near the free surface of the CS deposits and towards the bottom of the 

substrate, and compressive near the interface. The distribution of residual stresses in CS Ti64/Ti64 

deposit-substrate coupons were expected to be comparable to the stress distribution in the thermally 

dominant process such as Plasma Sprayed Al on Al substrate [137], Wire and Arc Additive 

Manufactured Ti64 on Ti64 substrate [148,158], Selective Laser Melted/Sintered steel on similar 

substrates [132,152,159]. 

4.4.3 Conceptual models 

Based on the experimentally measured residual stress distribution [134–137], a conceptual model has 

been developed to interpret the mechanism of residual stress build up in the peening dominant CS 

deposition process, as illustrated in Figure 4.6a,b. Figure 4.6a shows the generation of a downward 

bending moment (M1) in the CS deposit-substrate assembly by a pair of equal and opposite forces to 

balance the compressive residual stress (k) induced by the peening impact of the spraying particles after 

depositing the 1st layer. This process gets more complicated as more layers build-up and coating 
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thickness becomes influential with respect to the given substrate thickness. Each successive CS layer 

induces the same amount of misfit strain each time on a deposit-substrate of increasing thickness, due 

to the peening impact of the spraying particles. Therefore, the final stress distribution in a multilayer 

deposit-substrate assembly is significantly different from the initial system with a single layer, which 

can be determined by a succession of force and moment balance calculations. Figure 4.6b represents 

the final state of residual stress distribution in a deposit-substrate assembly after deposition of ‘n’ layers, 

having a negative moment in the substrate and a positive moment in the coating to satisfy the force and 

moment equilibrium requirements. As a result, residual stresses near the free surface of the deposits and 

substrate are compressive, whereas residual stresses are tensile in the interface to maintain equilibrium. 

 
Figure 4.6: Conceptual model showing the mechanism of residual stress build-up during CS processes 

and stress distribution; left: after deposition of the 1st layer; right: after deposition of ‘n’ layers. Here, 

(a) and (b) representing the peening dominant CS process; (c) and (d) showing the thermal mismatch 

dominant CS process; (e) and (f) showing high thermal gradient and quenching dominant CS process. 
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Similarly, in the case of thermal mismatch dominant CS process, mechanism of residual stress build-

up is illustrated in Figure 4.6c,d. Figure 4.6c shows the generation of a negative bending moment (M1) 

in the CS deposit-substrate assembly by a pair of equal and opposite forces to balance the process-

induced tensile residual stress (k) induced after depositing the 1st layer. Each successive CS layer 

induces the same amount of thermal misfit strain (which may originate from quenching, thermal 

gradient, and/or differences in the coefficient of thermal expansion) each time on a deposit-substrate 

system of increasing thickness. Figure 4.6d represents the final state of residual stress distribution in a 

deposit-substrate assembly after deposition of ‘n’ layers, having a negative moment both in the substrate 

and CS coating. As a result, residual stresses near the free surface of the deposits and in the substrate 

just below the interface are tensile, whereas residual stresses are compressive in the coating region just 

above the interface and bottom of the substrate [131]. 

Similarly, Figure 4.6e,f shows the mechanism of residual stress build-up for high thermal gradient and 

quenching dominant CS process. Figure 4.6e shows stress distribution after deposition of one CS layer 

using very high temperature and pressure, resulting in tensile residual stresses in the deposited layer 

caused by quenching and high thermal gradient (section 4.4.2). Figure 4.6f shows the through-thickness 

stress distribution of residual stresses after deposition of ‘n’ CS layers. The generation of force and 

bending moments for equilibrium requirements in this case is exactly opposite to the peening dominant 

CS processes, as illustrated in Figure 4.6a,b. Thus, residual stresses near the free surface of the deposits 

and substrate are tensile, whereas stresses are compressive at the interface to maintain equilibrium, 

which is comparable to stress distribution in SLM or SLS processes [132]. 

4.4.4 Assumptions 

Based on the experimental observation and the aforementioned conceptual model, the following 

assumptions were made for the proposed analytical model [131]: 

1) The substrate is free from residual stresses prior to material deposition and fixed in position by a 

sample holder which allows distortion (if any) during the deposition process. 

2) The general beam theory is valid, and no external forces are applied to the deposit-substrate 

assembly. 

3) The substrate and CS deposited layers have the same width and same length. 

4) Near-surface residual stresses or the residual stress in each newly deposited CS layer has the same 

value ‘k’, which is constant throughout the layer thickness (∆h). 

5) The thickness of each newly CS deposited layer is the same i.e. ‘∆h’. 

6) Stress distribution in the substrate can be described by a linear equation (∆𝜎𝑛(𝐻) = 𝑎𝑛𝐻 − 𝑏𝑛) 

with an increment of residual stress ‘∆𝜎𝑛’ owing to deposition of the 𝑛𝑡ℎ CS layer. In the equation, 

𝑛 is the number of deposited layers; H is the distance from the bottom surface of the substrate; 𝑎𝑛 

and 𝑏𝑛  are constants related to material’s properties, CS process parameters, and specimen 

geometry. In mathematical terms, 𝑎𝑛 and 𝑏𝑛 are numbers, where 𝑎𝑛 is the gradient or slope of the 

line, and 𝑏𝑛 is the intercept of ∆𝜎𝑛(𝐻) in the LD or where the line crosses LD-axis in Figure 4.7 

to Figure 4.9. For details, see section 4.4.5. 
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4.4.5 Formulations 

4.4.5.1 Peening dominant CS process 

Figure 4.7 shows the build-up of residual stresses in the substrate and CS deposits due to the deposition 

of the first, second, and nth layer, respectively, for the peening dominant CS process. A summary of the 

key equations of the proposed analytical formulation is presented below from Eqs. (4.9)-(4.14). 

 
Figure 4.7: Build-up of residual stresses by the peening dominant CS process: residual stress 

distribution due to the stress induced by depositing (a) one layer, (b) two layers, (c) three layers, and 

(d) ‘n’ layers [131] (Type A from Table 4.3). 

It is assumed that stress increment distributes linearly in the substrate due to the deposition of 

1𝑠𝑡 , 2𝑛𝑑 , … … … 𝑛𝑡ℎ layer of CS respectively as follows: 

∆𝜎1(𝐻) = 𝑎1𝐻 + 𝑏1  

∆𝜎2(𝐻) = 𝑎2𝐻 + 𝑏2  

………………………….. 

∆𝜎𝑛(𝐻) = 𝑎𝑛𝐻 + 𝑏𝑛  

 

(4.9) 

After solving the force and moment equilibrium equations, we can get (see Appendix A2) - 

𝑎1 = −
6𝑘∆ℎ(ℎ+∆ℎ)

ℎ3 , 𝑏1 =
𝑘∆ℎ(2ℎ+3∆ℎ)

ℎ2   

𝑎2 = −
6𝑘∆ℎ(ℎ+2∆ℎ)

(ℎ+∆ℎ)3 , 𝑏2 =
𝑘∆ℎ(2ℎ+5∆ℎ)

(ℎ+∆ℎ)2    

……………………………………………......................... 

𝑎𝑛 = −
6𝑘∆ℎ(ℎ+𝑛∆ℎ)

{ℎ+(𝑛−1)∆ℎ}3 , 𝑏𝑛 =
𝑘∆ℎ{2ℎ+(2𝑛+1)∆ℎ}

{ℎ+(𝑛−1)∆ℎ}2     

 

(4.10) 

Using the values of  (𝑎1 , 𝑏1), (𝑎2 , 𝑏2), … … (𝑎𝑛 , 𝑏𝑛), the total stress increment in the substrate due to 

the deposition of 1, 2, … … 𝑛 layers, respectively, can be expressed by Eq. (4.11): 
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∆𝜎𝑇𝑆(1𝐿)
(𝐻) = −6𝑘∆ℎ𝐻 (

ℎ+∆ℎ

ℎ3 ) + 𝑘∆ℎ (
2ℎ+3∆ℎ

ℎ2 )  

∆𝜎𝑇𝑆(2𝐿)
(𝐻) = −6𝑘∆ℎ𝐻 {

ℎ+∆ℎ

ℎ3 +
ℎ+2∆ℎ

(ℎ+∆ℎ)3} + 𝑘∆ℎ {
2ℎ+3∆ℎ

ℎ2 +
2ℎ+5∆ℎ

(ℎ+∆ℎ)2}  

…………………………………………………………………………………………………………….. 

∆𝜎𝑇𝑆(𝑛𝐿)
(𝐻) = −6𝑘𝐻∆ℎ {

ℎ+∆ℎ

ℎ3 +
ℎ+2∆ℎ

(ℎ+∆ℎ)3 +
ℎ+3∆ℎ

(ℎ+2∆ℎ)3 … … … +
ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3} +

𝑘∆ℎ {
2ℎ+3∆ℎ

ℎ2 +
2ℎ+5∆ℎ

(ℎ+∆ℎ)2 +
2ℎ+7∆ℎ

(ℎ+2∆ℎ)2 … … … +
2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}  

 

(4.11) 

Therefore, the total increment of residual stresses in the substrate due to the deposition of ‘n’ layers of 

CS can be expressed by a simplified Eq. (4.12): 

∆𝜎𝑇𝑆(𝑛𝐿)
(𝐻) = −6𝑘∆ℎ𝐻 ∑ {

ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3}𝑛
𝑛=1 + 𝑘∆ℎ ∑ {

2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}𝑛
𝑛=1   (4.2) 

The total stress increment in the 1𝑠𝑡 , 2𝑛𝑑 , … … … (𝑛 − 1)𝑡ℎ layers respectively due to the deposition of 

the 𝑛𝑡ℎ layer of CS can be expressed by Eq. (4.13): 

∆𝜎𝑇𝐿1(𝐿𝑛)
(𝐻) = 𝑘 − 6𝑘∆ℎ𝐻 {

ℎ+2∆ℎ

(ℎ+∆ℎ)3 +
ℎ+3∆ℎ

(ℎ+2∆ℎ)3 … … … +
ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3} + 𝑘∆ℎ {
2ℎ+5∆ℎ

(ℎ+∆ℎ)2 +

2ℎ+7∆ℎ

(ℎ+2∆ℎ)2 … … … +
2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}  

∆𝜎𝑇𝐿2(𝐿𝑛)
(𝐻) = 𝑘 − 6𝑘∆ℎ𝐻 {

ℎ+3∆ℎ

(ℎ+2∆ℎ)3 +
ℎ+4∆ℎ

(ℎ+3∆ℎ)3 … … … +
ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3} + 𝑘∆ℎ {
2ℎ+7∆ℎ

(ℎ+2∆ℎ)2 +

2ℎ+9∆ℎ

(ℎ+3∆ℎ)2 … … … +
2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}  

……………………………………………………………………………………………………… 

∆𝜎𝑇{𝐿(𝑛−1)}(𝐿𝑛)
(𝐻) = 𝑘 − 6𝑘∆ℎ𝐻 {

(ℎ+𝑛∆ℎ)

{ℎ+(𝑛−1)∆ℎ}3} + 𝑘∆ℎ {
2ℎ+(2𝑛+1)∆ℎ

{(ℎ+(𝑛−1)∆ℎ)}2}   

 

(4.13) 

Eq. (4.13) can be written in a simplified form as Eq. (4.14): 

∆𝜎𝑇(𝐿𝑚)(𝐿𝑛)
(𝐻) = 𝑘 − 6𝑘∆ℎ𝐻 ∑ {

ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3}𝑛
𝑚+1 + 𝑘∆ℎ ∑ {

2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}𝑛
𝑚+1   (4.14) 

Equations (4.12) and (4.14) can be used to calculate the distribution and magnitude of residual stresses 

in a CS deposit-substrate assembly if the residual stress in a newly deposited layer (i.e. ‘k’) is known. 

The value of ‘k’ relies on the material’s properties (particularly the yield strength), CS process 

parameters, and the specimen geometry; which can be evaluated by measuring the near-surface residual 

stress by means of ICHD, XRD, etc [131].  

4.4.5.2 Thermal mismatch dominant CS process 

Figure 4.8 shows the build-up of residual stresses in the substrate and CS deposits due to the deposition 

of the first, second, and nth layer respectively, for the thermal mismatch dominant CS process. A 

summary of the key equations is presented below. 

It is assumed that stress increment distributes linearly in the substrate due to the deposition of the 

1𝑠𝑡 , 2𝑛𝑑 , … … … 𝑛𝑡ℎ CS layer respectively as follows: 

∆𝜎1(𝐻) = 𝑎1𝐻 − 𝑏1  

∆𝜎2(𝐻) = 𝑎2𝐻 − 𝑏2  

………………………….. 

∆𝜎𝑛(𝐻) = 𝑎𝑛𝐻 − 𝑏𝑛  

 

(4.15) 

After solving the force and moment balance equations, we can get (see Appendix A3) - 
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𝑎1 =
6𝑘∆ℎ(ℎ+∆ℎ)

ℎ3 , 𝑏1 = −
𝑘∆ℎ(2ℎ+3∆ℎ)

ℎ2   

𝑎2 =
6𝑘∆ℎ(ℎ+2∆ℎ)

(ℎ+∆ℎ)3 , 𝑏2 = −
𝑘∆ℎ(2ℎ+5∆ℎ)

(ℎ+∆ℎ)2    

………………………………………………………........... 

𝑎𝑛 =
6𝑘∆ℎ(ℎ+𝑛∆ℎ)

{ℎ+(𝑛−1)∆ℎ}3 ,   𝑏𝑛 = −
𝑘∆ℎ{2ℎ+(2𝑛+1)∆ℎ}

{ℎ+(𝑛−1)∆ℎ}2   

 

(4.16) 

Using the values of  (𝑎1 , 𝑏1), (𝑎2 , 𝑏2), … … … (𝑎𝑛 , 𝑏𝑛), the total stress increment in the substrate due 

to the deposition of 1, 2, … … … 𝑛 layers, respectively, can be expressed by Eq. (4.17): 

∆𝜎𝑇𝑆(1𝐿)
(𝐻) = 6𝑘∆ℎ𝐻 (

ℎ+∆ℎ

ℎ3 ) − 𝑘∆ℎ (
2ℎ+3∆ℎ

ℎ2 )  

∆𝜎𝑇𝑆(2𝐿)
(𝐻) = 6𝑘∆ℎ𝐻 {

ℎ+∆ℎ

ℎ3 +
ℎ+2∆ℎ

(ℎ+∆ℎ)3} − 𝑘∆ℎ {
2ℎ+3∆ℎ

ℎ2 +
2ℎ+5∆ℎ

(ℎ+∆ℎ)2}  

…………………………………………………………………………………………………………… 

∆𝜎𝑇𝑆(𝑛𝐿)
(𝐻) = 6𝑘∆ℎ𝐻 {

ℎ+∆ℎ

ℎ3 +
ℎ+2∆ℎ

(ℎ+∆ℎ)3 +
ℎ+3∆ℎ

(ℎ+2∆ℎ)3 … … … +
ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3} −

𝑘∆ℎ {
2ℎ+3∆ℎ

ℎ2 +
2ℎ+5∆ℎ

(ℎ+∆ℎ)2 +
2ℎ+7∆ℎ

(ℎ+2∆ℎ)2 … … … +
2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}  

 

(4.17) 

Therefore, the total increment of residual stresses in the substrate due to the deposition of ‘n’ layers of 

CS can be expressed by a simplified Eq. (4.18): 

∆𝜎𝑇𝑆(𝑛𝐿)
(𝐻) = 6𝑘∆ℎ𝐻 ∑ {

ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3}𝑛
𝑛=1 − 𝑘∆ℎ ∑ {

2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}𝑛
𝑛=1   (4.18) 

 
Figure 4.8: Build-up of residual stresses by thermal mismatch dominant CS process: residual stress 

distribution due to the stress induced by depositing (a) one layer, (b) two layers, (c) three layers, and 

(d) ‘n’ layers [131] (Type B from Table 4.3). 

The total stress increment in the 1𝑠𝑡 , 2𝑛𝑑 , 3𝑟𝑑 , … … … (𝑛 − 1)𝑡ℎ layers respectively due to the deposition 

of the 𝑛𝑡ℎ layer of CS were derived as per Figure 4.8 (similar to the derivation for Eq. 4.13 and Eq. 

4.14). It was found that stress distribution in the CS layers for the thermal mismatch dominant process 

can be expressed by the same equation as Eq. (4.14). Therefore, in the case of the thermal mismatch 
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dominant CS process, Eqs. (4.18) and (4.14) can be used to calculate the distribution and magnitude of 

residual stresses in the substrate and CS deposits, respectively. Notably, for the thermal mismatch 

dominant CS process, Eqs. (4.18) and (4.14) are valid only with positive ‘k’ values i.e. when near-

surface residual stresses are tensile in nature. 

4.4.5.3 High thermal gradient and quenching dominant CS process 

Figure 4.9 shows the residual stress build-up mechanism in high thermal gradient and quenching 

dominant CS process (Type C from Table 4.3) due to deposition of the one, two, three, and nth layer, 

respectively; which demonstrates the redistribution of residual stresses within the substrate and 

previously deposited CS layers due to the stresses induced by a newly deposited layer. This mechanism 

is similar to the SLM process as reported in [132,152,154]. 

 
Figure 4.9: Build-up of residual stresses by high thermal gradient and quenching dominant CS process 

that uses very high process gas temperature and pressure: residual stress distribution due to the stress 

induced by depositing (a) one layer, (b) two layers, (c) three layers, and (d) ‘n’ layers [48,132]. 

It was assumed that residual stresses in a newly deposited layer or near the free surface had a value ‘k’, 

which was tensile and constant throughout the layer thickness (Δh) [131,132]. Similar to peening 

dominant and thermal mismatch dominant CS processes, a linear increment of residual stresses in the 

substrate was assumed (Figure 4.9) owing to the deposition of a new CS layer, governed by the equation 

(∆𝜎𝑛(𝐻) = 𝑎𝑛𝐻 + 𝑏𝑛)[131,132]. After solving the values of (𝑎𝑛 , 𝑏𝑛) using the force and moment 

equilibrium equations, the total increment of residual stresses in the substrate due to the deposition of 

‘n’ layers of CS can be expressed by Eq. (4.12). Due to the deposition of the 𝑛𝑡ℎ CS layer, the total 

stress increment in the 1𝑠𝑡 , 2𝑛𝑑 , … (𝑛 − 1)𝑡ℎ layers can be expressed by the same Eq. as in the case of 

peening dominant CS process, i.e. Eq. (4.14) as presented in section 4.4.5.1. 
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4.5 Results and discussion 

4.5.1 Neutron diffraction at ENGIN-X, ISIS 

Figure 4.10 shows the through-thickness residual stress distribution of specimen RS1 in the three 

orthogonal directions (i.e. LD, TD, and ND). As mentioned earlier in section 4.3.1, the LD lattice 

parameters were obtained from in the Orientation-1, the TD parameters were obtained from Orientation-

2, and the ND parameters were obtained twice from both Orientation-1 and Orientation-2. Hence, 

residual stress was analysed for two orientations i.e. Figure 4.10a uses ND lattice parameters obtained 

from the Orientation-1, and Figure 4.10b shows ND lattice parameters obtained from the Orientation-

2. In both orientations, all three stress components were found to be highly tensile in nature just below 

the free surface of the Ti64 deposits; the highest stress magnitudes were in the LD reaching 559 MPa 

(Figure 4.10a) 355 MPa (Figure 4.10b), gradually becomes compressive towards the interface. In the 

LD, compressive stresses in the CS deposits just above the interface highest among the three directions 

reaching 156 MPa (Figure 4.10a) and 248 MPa (Figure 4.10b), and then gradually changing to tensile 

towards the bottom of the substrate. Along the thickness direction, the two in-plane stress components 

(LD and TD) are very similar without significant variations in the stress distribution and the order of 

magnitude, which was expected due to the symmetry of the deposition process. In CS, the stress state 

in the coating is usually equal-biaxial, due to the presence of in-plane symmetry resulting from spraying 

particles impacting perpendicular to the surface [137]. The stress uncertainty values were calculated 

based on the fitting errors for the measured diffraction peaks, which were found to be around ± 25 MPa 

for the substrate material, and ± 30 MPa for the deposited material, as represented by the error bars in 

Figure 4.10. 

The stress distribution in the ND showed significantly higher stress magnitude, theoretically, which 

should be close to zero, although the trends in stress distributions for the dominant stress directions (LD 

and TD) are valid in Figure 4.10. For a flat specimen geometry, the stress state typically represents a 

system with zero plane stress condition with the ND stress (normal-to-surface stress component) equal 

to zero. Irrespective of the specimen’s composition, the plane stress assumption fulfils very accurately 

on the outer surfaces as well as through the thickness of a coating-substrate assembly including 

interfaces [137,160]. In this study, the obtained results with very high magnitudes of residual stresses 

in the ND was contradictory to the literature, which might be due to various reasons, e.g. partial 

illumination effect and/or misalignment of the specimen, d0 gradient, intergranular gradient due to 

crystallographically heterogeneous plastic deformation leading to an unrepresentative measure of the 

strain-free reference, texture anisotropy, etc. It is also heard about the ENGIN-X that two detector banks 

cannot be calibrated the same way, not only in terms of absolute d-spacing but also in the location of 

the gauge volume. The partial illumination effect refers to a partially filled gauge volume which can 

occur if measurements are close to an edge or a surface. This can cause artificial diffraction peak shifts 

leading to errors in strain/stress measurements, which was tried to avoid during the experiment by 

aligning the plate sample meticulously with the tilt stage and theodolite. The edge of the gauge volume 

(cross-section of 1×1 mm) was maintained at a distance of ~0.2 mm from any surface/edges (including 
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interface). This gap of 0.1-0.2 mm is typically sufficient to avoid this partial illumination effect [137], 

unless there is a positioning/sample alignment error during the beamtime which would more likely 

occur with handling the small d0 cubic specimen. Moreover, the d0 specimen was cut in a way that will 

relieve stresses in the LD and TD. Therefore,  there is a possibility the d0 is not a "perfect" d0 in the ND 

based on the way it was cut from the sample and maybe there is a slight misalignment during d0 

measurements. Therefore, results were also analysed considering plane-stress assumptions to avoid 

such error associated with d0 measurements, and compared with other stress evaluation methods 

(contour results and analytical predictions), as presented in section 4.5.4.2. It is also important to note 

that another reason behind higher ND stresses could be the specimen geometry, as the specimen did not 

fulfil the general thumb rule (i.e. lateral dimension to thickness ratio of 10:1 as stated in [137]) for plane 

stress assumption. In the case of specimen RS1, the ratio is much lower, length: thickness = 6:1; and 

width: thickness = 3:1. Nevertheless, lower normal stresses are to be expected for such a plate geometry. 

 
Figure 4.10: Residual stress distributions along the thickness direction of the three orthogonal stress 

components measured by neutron diffraction at ENGIN-X based on (a) LD and ND lattice parameters 

from Orientation-1, and TD from Orientation-2, and (b) LD lattice parameters from Orientation-1, and 

TD and ND from Orientation-2. 

4.5.2 A parametric study by the Contour method 

Two dimensional (2D) residual stress maps produced by the contour method on the X-Y plane 

(longitudinal stress component) for all six specimens (RS1-RS6) are shown in Figure 4.11. Specimen 

S6 shows the stress state in a substrate prior to CS deposition. For all the CS deposited specimens (RS1-

RS5), it was found that residual stresses near the free surface of the CS deposits are tensile in nature 

reaching 348 MPa, 95 MPa, 77 MPa, 173 MPa, and 101 MPa, respectively, for specimens RS1, RS2, 

RS3, RS4, and RS5. Large compressive residual stresses can be seen just below the interface reaching 

262 MPa, 73 MPa, 58 MPa, 83 MPa, and 67 MPa, respectively, for specimens RS1, RS2, RS3, RS4, 

and RS5. To balance the stresses within the system, it becomes gradually tensile towards the bottom of 

the substrate, however, the magnitudes are lower than the CS deposits. Moreover, balancing 

compressive stress regions were observed at the side edges (especially significant for specimens RS2 

and RS5) and the bottom of the substrate. 
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Figure 4.11: Two-dimensional residual stress maps produced by the contour method on the X-Y plane 

(longitudinal component) for all six specimens viz. RS1: 42 layers (scanning speed 500 mm/s with 

horizontal raster toolpath pattern deposited on a 5 mm thick substrate), RS2: 14 layers (500 mm/s, 

horizontal raster, 5 mm substrate), RS3: 14 layers (500 mm/s, cross-hatch toolpath, 5 mm substrate), 

RS4: 8 layers (300 mm/s, horizontal raster, 5 mm substrate), RS5: 14 layers (500 mm/s, horizontal 

raster, 10 mm substrate), RS6: 5 mm substrate only specimen (for details, see Table 4.1). 
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Figure 4.12: Averaged stresses in the X-Y plane for comparison among specimens to study the effect 

of (a) coating thickness, (b) toolpath pattern and individual layer thickness (or scanning speed), and (c) 

substrate thickness. 

Figure 4.12a-c shows the effect of geometrical variances (layer thickness, substrate thickness, and total 

deposition thickness), and track patterns on residual stress distribution. Residual stress profiles 

presented in Figure 4.11 were extracted from the results of the contour method, which were averaged 

over the central 15 mm length region of the contour cut surface. The error bar shows the standard 

deviation over the 15 mm length region. 

Figure 4.12a compares residual stress distributions in specimens RS1 and RS2 having different numbers 

of CS layers. It was found that both the tensile and compressive residual stresses are much lower in 

specimen RS2 (14 CS layers, 1.5 mm deposition thickness) as compared to specimen RS1 (42 CS layers, 
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4.5 mm deposition thickness). However, the trend of stress distribution is similar in both the cases, i.e. 

tensile residual stresses are at the top and bottom of the specimen, and compressive stresses are near 

the interface. 

Figure 4.12b compares specimens RS2, RS3 and RS4, showing the effect of average layer thickness 

(layer thickness is directly linked with the scanning speed, see Table 4.1) and track pattern on residual 

stresses. It was found that specimen RS4 with a higher individual layer thickness (~187 µm) had higher 

tensile residual stresses in the CS deposited material compared to specimen RS2 with layer thickness 

~107 µm. Moreover, compressive residual stresses just below the interface are higher in RS4 than that 

of RS2. In the case of specimen RS3, which was deposited with cross-hatch toolpath pattern had lower 

tensile residual stress in the CS deposits and also lower compressive stress just below the interface 

compared to specimen RS2 with horizontal track pattern. 

Figure 4.12c shows the effect of substrate thickness by comparing specimen RS2 (5 mm substrate 

thickness) with RS5 (10 mm substrate thickness). It was found that RS2 with lower substrate thickness 

had higher compressive residual stresses near the interface and higher tensile residual stresses in the CS 

deposits as well as in the substrate. Similar findings on the effect of substrate thickness and the number 

of deposited layers were also reported in the literature for the CS [131] and the SLM process [132,154]. 

4.5.3 Effect of machining, and post-deposition STA on residual stresses, measured by 

neutron diffraction at KOWARI, ANSTO 

Through-thickness residual distribution in the LD and the TD at different stages of the manufacturing 

process are presented in Figure 4.13a-e. For specimen RS7 (having a grooved region at the centre), 

residual stress values were found to be close to zero before CS deposition, though, there might be some 

plastic bending in the transverse direction, as shown in Figure 4.13a. After filling the grooved region 

by CS (specimen RS8 in the AD condition), residual stresses were found to be tensile towards the free 

surface of the CS deposits and near the bottom of the substrate, and compressive near the interface 

region, as shown in Figure 4.13b. The trend in stress distribution was observed to be similar to that of 

experimental results reported previously in section 4.5.1 (neutron diffraction measurements at ENGIN-

X) and section 4.5.2 (Contour measurements). Due to the equal-biaxial stress state [137] of CS deposits, 

stress profiles were comparable for the two in-plane stress components (LD and TD), however, 

magnitudes were slightly higher in the LD. 

As can be seen from Figure 4.13c, post-deposition machining did lead to some insignificant 

redistribution due to material removal but did not lead to relaxation of process-induced residual stresses. 

Although thicknesses are different, no significant change in magnitude and distribution of residual 

stresses was observed after machining the specimen into a dogbone-shape (specimen RS9). However, 

post-deposition STA treatment resulted in complete relaxation of process-induced residual stresses 

throughout the coating-substrate assembly (specimen RS10), as presented in Figure 4.13d. For all four 

conditions, two axial stress components were presented (LD and TD) in Figure 4.13a-d. Figure 4.13e 

compares the through-thickness distribution of residual stresses (averaged stress values from the LD 

and the TD) for specimens RS7-RS10. The relaxation of residual stresses during STA treatment can be 
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as a result of two factors: reduction in yield strength when exposed to a higher temperature, and creep 

strain development during the holding stage [27]. In Figure 4.13, standard deviations for the substrate 

material was found to be within the range of ±7 to ±12 MPa, and for the CS deposited material, it was 

much higher with a range of ±34 to ±46 MPa. 

 
Figure 4.13: Residual stress profiles in the LD and the TD for four different conditions: (a) grooved 

substrate, (b) as-deposited, (d) machined, and (d) after STA. Comparison of residual stress distribution 

among four cases (averaged stress values from biaxial stress components) is presented in (e). 

4.5.4 Predictions by the proposed analytical model 

4.5.4.1 Parametric study of geometrical variables 

A parametric study has been performed in terms of the influence of the deposited layer number, 

substrate thickness, and individual layer thickness on the distribution and magnitude of residual stresses 

in a CS deposit-substrate assembly. The parametric study presented here (Figure 4.14) is to understand  
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Figure 4.14: Distribution of residual stresses with the variation of the number of layers in (a-c), substrate thickness in (d-f), and individual layer thickness in (g-i). 

The peening dominant process is presented in (a), (d) and (g); the thermal mismatch dominant process is presented in (b), (e) and (h); and the high thermal gradient 

and quenching dominant CS process is presented in (c), (f) and (i). 
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the effect of geometrical variables on residual stresses for both the peening dominant and thermal 

mismatch dominant CS processes, which is not material specific. For the peening dominant CS process, 

the value of ‘k’ was assumed as -50 MPa, which is within the range of ‘k’ values (-7.8 to -80.6 MPa) 

for peening dormant process according to [134–136]. For the thermal misfit dominant CS process, ‘k’ 

was set as 45 MPa, which is within the range of ‘k’ values (~10.0 to 48.5 MPa) for thermal mismatch 

dominant CS process according to [136,137]. For the high thermal gradient thermal misfit dominant CS 

process, ‘k’ was assumed as 55 MPa [48]. 

Residual stresses arising from the peening dominant CS process are represented in Figure 4.14a,d,g; the 

thermal mismatch dominant CS process in Figure 4.14b,e,h; and the high thermal gradient and 

quenching dominant CS process in Figure 4.14c,f,i. First, the effects of number of deposited layers are 

shown in Figure 4.14a-c. Four different cases were studied with the total number of CS layers being 12, 

18, 24, and 30 respectively, keeping the individual layer thickness 0.1 mm and the substrate thickness 

3 mm. It was found that the larger the number of deposited layers, the higher the resulting residual 

stresses at the interface and the bottom of the substrate. Figure 4.14d-f show residual stress distribution 

due to the different substrate thicknesses: 1.5 mm, 2.0 mm, 2.5 mm and 3.0 mm respectively, having 

CS layer thickness 0.1 mm and the total deposited material thickness 3 mm for all cases. It was found 

that the lower the substrate thickness, the higher the magnitude of resulting stresses at the interface and 

the bottom of the substrate. Residual stress distributions due to the variation of individual layer 

thickness are shown in Figure 4.14g-i with substrate thickness 3 mm. The total deposited material 

thickness was 3 mm with four different layer thicknesses: 0.1 mm (30 layers), 0.2 mm (15 layers), 0.3 

mm (10 layers) and 0.5 mm (6 layers), respectively. It was found that the higher the individual layer 

thickness, the greater the magnitude of tensile residual stresses at the interface. 

4.5.4.2 Validation and verification of the proposed model 

a) Peening dominant and thermal mismatch dominant CS processes (data taken from literature) 

The proposed analytical model has been validated with published neutron diffraction measurements and 

verified with the Tsui and Clyne’s model and a FE model [134–137]. Validation and verification 

examples are presented for eight different cases having different combinations of deposit-substrate 

assemblies in terms of materials used (Mg, Cu, Ti, Al, and Al alloys) and geometries. Table 4.4 

represents the parameters used for predicting residual stresses using the proposed model. In addition to 

Table 4.4, a collated data set from the literature are also presented in Table A1 in Appendix A4. Residual 

stress value in the newly deposited layer was considered as the near-surface residual stress value from 

neutron diffraction measurements. The layer thickness was assumed within the range of 100-290 µm to 

comply with a total thickness of the CS deposits. 

Figure 4.15 shows the calculated residual stress distributions and comparison with published results. 

Figure 4.15a-f represent the peening dominant CS process, whereas Figure 4.15g,h show the thermal 

mismatch dominant CS process. From Figure 4.15, it can be observed that a good agreement has been 

achieved among the experimental stress distributions, existing analytical and numerical models' 

predictions, and the proposed model's predictions. Small differences between experimental and 
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predicted values by this study could be due to the errors in the experimental measurements and/or the 

assumptions of the proposed model (such that it ignores the material’s yielding, the interaction between 

the newly deposited layer and the substrate and/or previously deposited layers, etc.). Moreover, the 

experimental deposition may itself produce material inhomogeneity. 

 
Figure 4.15: Comparison of calculated residual stress distributions with published results: (a) KM 

Cu/Cu [135], (b) KM Cu/Al [135], (c) KM Al/Cu [135], (d) CGT Al7075/Mg [136], (e) CGT 

Al6061/Mg [136], (f) KM Al6061-T6/Al6061 [134], (g) KM Ti/Cu [137], (h) CGT Al/Mg [136]. 



Chapter 4   Evaluation of Residual Stresses 

PhD Thesis – Dibakor Boruah 4-27 Coventry University (2020) 

Table 4.4: Details of neutron diffraction measurements used for the validation of the proposed model 

Note: CGT stands for Cold Gas Technology system (convergent-divergent barrel, supersonic nozzle), and KM for 

Kinetic Metallization system (convergent barrel, sonic nozzle). 

b) High thermal gradient and quenching dominant CS process 

To validate the proposed model for the quenching dominant CS process, analytical predictions were 

compared with experimental measurements as shown in Figure 4.16a-d. For analytical predictions, the 

‘k’ values in the Eqs. (4.12) and (4.14) was set as 190 MPa, 72 MPa, 84 MPa, and 95 MPa, respectively, 

for specimens RS1, RS2, RS5, and RS8; which were based on the near-surface residual stress values 

from experimental measurements. Other three geometrical parameters (i.e. substrate thickness (h), 

individual layer thickness (∆h), number of CS layers (n)) used for calculations were based on Table 4.1 

and Table 4.2. As can be seen from Figure 4.16a-d, a good agreement was generally achieved among 

the experimental measurements and analytical predictions, except some of the ENGIN-X ISIS neutron 

diffraction data points that were analysed with no plane stress assumption. The differences between the 

neutron diffraction method, the contour method, and the analytical predictions might be due to various 

reasons. Firstly, the neutron diffraction results are specific to a crystallographic plane (see section 4.3.1 

and 4.3.3) which is a subset of the total stress and may not represent stress state of the bulk material to 

compare with the results from contour method or analytical predictions. Additionally, stress values 

presented for the crystallographic plane might be influenced by the localised hardening and 

crystallographic texture in the material, particularly near the interface. On the other hand, residual stress 

calculations by contour method are based on displacements in the cut surface and did not account for 

any variation in the crystallographic texture. Secondly, E values used in both neutron diffraction 

(specific to the analysed crystallographic plane) and contour methods (bulk value of the material from 

IET measurement) were different. Moreover, there were limited neutron data points to perform a good 

comparison with the contour results. Furthermore, the considerable process-induced defects (Figure 

3.5a) may deteriorate the WEDM cut surface by creating outliers, which may have affected the 

displacement profile captured via CMM. Although the outlier data points in CMM were removed during 

analysis, however, the influence of it can still affect the overall stress distribution and magnitude. Also, 

the differences between experimental measurements and predicted values could be due to the 

inhomogeneity in the deposited material, or assumptions of the analytical model. 

Cases Substrate/deposits  
Assumed ‘k’ 

value (MPa) 

Substrate thickness 

‘h’ (mm) 

Assumed layer 

thickness ‘Δh’ (μm) 

Number of 

layers ‘n’ 

(a) KM Cu/Cu [135] -41.00 3.1 175 12 

(b) KM Cu/Al [135] -80.55 2.6 140 10 

(c) KM Al/Cu [135] -7.76 3.1 100 20 

(d) CGT Al7075/Mg [136] -69.00 2.8 100 20 

(e) CGT Al6061/Mg [136] -26.56 2.8 200 14 

(f) KM Al6061-T6/Al6061 [134] -9.50 2.6 250 10 

(g) KM Ti/Cu [137] 15.00 3.1 260 15 

(h) CGT Al/Mg [136] 10.00 3.1 290 10 
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Figure 4.16: Comparison of residual stress distributions (longitudinal stress component) among 

neutron diffraction, contour method, and analytical prediction (a) specimen RS1, (b) specimen RS2, (c) 

specimen RS5, and (d) specimen RS8. 

4.6 Conclusions 

In this chapter, the through-thickness distribution of residual stress in CS deposit-substrate assemblies 

(Ti64 deposited on Ti64) was evaluated experimentally using the neutron diffraction (ENGIN-X, ISIS), 

and the contour method. A parametric study was performed using the contour method to study the effect 

of geometrical variables (i.e. layer thickness, number of deposited layers, and substrate thickness), 

scanning speed, and deposition track patterns on the distribution and magnitude of residual stresses. To 

support the experimental activities, an analytical model was developed for predicting the through-

thickness distribution of residual stresses induced by the CS deposition process. The proposed analytical 

model was based on a generalised concept of the force and moment equilibrium requirements of the 

induced stresses by additive deposition of material layers within a system, which demonstrated the 

distribution and magnitude of residual stresses in the substrate as well as previously deposited layers 

due to the stress induced by a newly deposited CS layer. The analytical model developed was used to 

interpret the stress development mechanism during cold spraying of Ti64 on a Ti64 substrate. 

Additionally, a comparison among different residual stress build-up mechanisms induced by CS 

processes was discussed for different combinations of substrate and deposit assemblies. Furthermore, 

neutron diffractions measurements were performed (KOWARI, ANSTO) to trace the evolution of 
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residual stresses in different manufacturing steps such as process-induced residual stresses in the AD 

condition, relaxation/redistribution of residual stresses after machining and finally to study the effect of 

post-deposition STA on residual stresses. The following conclusions can be drawn based on this study: 

1. Residual stresses were found to be highly tensile near the free surface of the Ti64 deposits and 

towards the bottom of the substrate. Substantial compressive residual stresses were found near 

the interface region. Due to the use of higher deposition temperature (1100 °C), residual stresses 

arising from high thermal gradient and quenching were dominant over the peening stresses.  

2. All specimens showed a similar trend of residuals stress distribution. However, the magnitude of 

residual stresses was lower for one or more of the following cases: fewer deposited layers, lower 

layer thickness (i.e. at higher scanning speed), higher substrate thickness, and using the cross-

hatch toolpath pattern. 

3. Among all the investigated specimens, the highest tensile residual stress i.e. peak value within 

the specimen was found to be 348 MPa (average peak 175±88 MPa) using the contour method 

for the CS specimen having 42 layers (4.5 mm deposition thickness) deposited with horizontal 

track pattern. The lowest tensile stress (peak value) was recorded as 77 MPa (average peak 72±6 

MPa) using the contour method in a specimen having 14 layers (1.5 mm deposition thickness) 

deposited with cross-hatch toolpath pattern. 

4. A good agreement was achieved among the proposed model’s predictions and experimental 

measurements (neutron diffraction, contour method), as well as experimental measurements that 

were taken from literature and predictions by existing analytical and numerical models. 

Compared to existing analytical and FE methods, the proposed approach is simpler and can give 

a quick estimation of residual stress distribution and magnitude. With good calibration of residual 

stress value in a newly deposited layer, this analytical approach can be used to predict through-

thickness residual stress profile in a CS deposit-substrate assembly with less cost and time. To 

calculate the through-thickness distribution of residual stresses in a CS deposit-substrate 

assembly, the proposed model requires only four parameters: the layer thickness (∆h), substrate 

thickness (h), number of deposited layers (n), and residual stress value in a newly deposited layer 

or the near-surface residual stress value (k). 

5. The proposed model allows parametric studies of geometrical variables. Moreover, since the 

residual stress value in a newly deposited layer depends on the CS process parameters; therefore, 

with further experimental testing, the model can be linked with the CS process parameters, and 

can be used as an evaluation tool for the CS process parameter design aimed at residual stress 

control. 

6. Post-deposition STA treatment resulted in full-relaxation of process-induced residual stresses, 

however, no relaxation of residual stresses was observed as a result of the machining process.
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 Interfacial Adhesion Strength 

5.1 Introduction 

Interfacial adhesion strength is a key commonly measured property as a part of structural integrity 

assessment of load-bearing repair components. However, due to higher interfacial adhesion strength 

between the CS deposited Ti64 particles and the Ti64 substrate, conventional adhesive based test 

methods (e.g. ASTM C633 [124] and ISO 14916 [161]) are not suitable to measure adhesion strength. 

In the case of CS Ti64, several research areas have been explored in the recent years, however, some 

areas have received less attention or could not previously be studied, such as adhesion strength, due to 

the lack of a suitable test method. 

As discussed in the literature review (section 2.3.3.2), many researchers [23,69,94] have attempted to 

measure the adhesion strength for CS Ti64/Ti64 using ASTM C633 standard [124]. It was reported that 

specimens failed at the adhesive bond-line instead of the coating-substrate interface, which 

demonstrates that the adhesion strength is higher than the tensile strength (adhesive strength) of the 

adhesive used to bond the samples [23,94]. In addition to CS Ti64, recent advances in the thermal spray 

technology have resulted in coating-substrate adhesion strengths exceeding the maximum limit (70-90 

MPa) of typically used adhesives, and the measured values are often quoted as ‘greater than’ the 

adhesive strength of the adhesive used. For example, CS coated Cu on 316L, Cu, and Al alloy substrates 

[162,163], CS coated Al-Al2O3 on Al7075 [164], CS coated CP Ti on mild steel substrate [165], and 

HVOF sprayed IN718 on IN718 [166]. Therefore, the existing adhesive-free methods are not suitable 

to investigate the influence of the coating thickness, substrate surface conditions, and process 

parameters on the adhesion strength of thermal spray or CS coatings that exceed 70-90 MPa. Hence, an 

alternative test method is required to measure the true adhesion strength of high-strength coatings, 

particularly for load-bearing repairs such as CS Ti64/Ti64. 

In this study, a suitable adhesive-free test method was chosen for further improvement in collaboration 

with TWI Ltd, which was first proposed in 1967 by Sharivker [125]. This test method with certain 

modifications appeared as promising for the assessment of interfacial adhesion strength of thick CS 

coatings. Therefore, a modified design of the adhesive-free test method was developed based on 

Sharivker [125], Lyashenko et al. [167], and ASTM C633 [124]. The proposed test method has been 

designed, prototyped, performed testing trials, and optimised iteratively in different stages in 

collaboration with TWI Ltd. The effective adhesion strength was evaluated for CS Ti64 coating 

deposited on Ti64 substrates in terms of the effect of the (i) coating thickness (0.4 mm to 6 mm), (ii) 

process parameters (toolpath pattern, scanning speed, and track spacing), and (iii) substrate surface 

preparation (grit blasted, as-machined, and ground). Furthermore, a FEA was performed to model the 

test and evaluate stress distribution along the interface during pull-off loading.  
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5.2 Existing adhesion test methods and their limitations 

There are a range of existing test methods for the determination of adhesion strength in thermal spray 

coatings, which can be categorised into mainly two types- (1) adhesive-based test methods 

[23,94,119,124,161,168–170], and (2) adhesive-free test methods [94,125,175,176,162,163,167,170–

174] (see Appendix B1). Among these currently used testing approaches, Tensile Adhesion Test (TAT) 

[124,161], is the most commonly used owing to its efficiency and simplicity. However, as it uses an 

adhesive, which cannot be used when adhesion strength exceeds the strength of the adhesive (i.e. 70-

90 MPa). Moreover, adhesive-based methods are susceptible to other issues, such as improper curing, 

degradation, penetration of the adhesive to the coating, mixed-mode failure, misalignment problem, 

etc., which makes the determination of adhesion strength challenging. The existing adhesive-free 

methods also have limitations. Scratch Test [171] is especially for the assessment of very thin coatings 

(≤ 30 µm). Interfacial Indentation Test [172] requires a very complex set-up and also requires a 

minimum coating surface roughness of 4-8 µm Ra, which limits the applicability of the test. The main 

issue with the Peel Test [173,174] is the limited availability of appropriate foils. Availability of the 

limited range of foils restricts its scope for testing coating-substrate combinations. There is also a 

question of whether the coating deposited on the test foil is representative of a coating on the relevant 

component, due to factors such as thermal conductivity. A significant issue with the Tie Bar testing 

approach is mixed-mode failure due to the nature of its test piece arrangement [119]. Laser Shock 

Adhesion Test (LASAT) [176] is a promising method for measurement of adhesion strength, however, 

limited by its requirement for expensive pulsed laser and velocity laser interferometer equipment. 

Moreover, it is challenging to develop an appropriate underpinning theoretical model [176]. Recently, 

adhesive-free methods such as modified ASTM E8 [94,175], and modified ASTM C633 [162,163] were 

found to be used to measure the true adhesion strength for CS Ti64/Ti64 (section 2.3.3.2). However, 

these adhesive free-methods [94,162,163,175] require a very thick coating (~5 mm [94,162]) and post-

deposition machining to get desired dimensions; which is time consuming and expensive. The thicker 

coatings induce higher residual stresses causing poorer adhesion to the substrate, which may result in 

interface crack or delamination [23,177]. In addition, post-deposition machining of the test specimens 

may itself introduce defects into the coating and/or the coating-substrate interface, especially for the 

materials that are more challenging to machine such as titanium alloys. Moreover, due to the significant 

thickness of the coating required to carry out the test, results may not be representative of the coating 

in application which could be significantly thinner. Therefore, currently, none of the commonly used 

adhesive-free methods are appropriate for measuring adhesion strength that exceeds 70-90 MPa. 

Moreover, existing adhesive-free methods are not suitable to investigate the influence of process and 

geometrical variables on the adhesion strength of thermal spray or CS coatings with higher adhesion 

strength. 
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5.3 The proposed modified Collar-Pin Pull-off (CPP) test 

The adhesive-free test method developed in this study roots back from the 1960s. The original idea of 

the proposed adhesive-free test method was taken from Sharivker [125] (Figure 5.1a) and Lyashenko 

et al. [167] (Figure 5.1b), which was later mentioned as “Plug” method by Lyashenko et al. [178]. In 

this method, a “Pin” is placed into the “Collar” such that the two surfaces are flush and the two are then 

coated. A load is then applied to the Pin until it is removed, resulting in the coating to debond from the 

Pin head area. The adhesion strength can then be calculated from the load required to remove the Pin. 

As can be seen from Figure 5.1, Sharivker’s [125] specimen consist of a Cylindrical Pin section (or 

plug [178], or base [125]) and a Collar (or washer [125], or concentric disc [167], or plate [178]); on 

the other hand, Lyashenko’s [167] design consisting of a Conical Pin acting as a substrate, which is 

supported by a system comprising of a Concentric Disk, Alignment Pin and Ball Bearings. These two 

methods were first proposed and trialled during 1967-1972, but ultimately did not reach wide use, 

probably due to the complex design and/or its then application to the testing of less challenging coatings. 

However, with the improvements in machining standards, this test appeared to be a promising method 

for measuring adhesion strength of thick CS coatings. 

In this study, a modified test method has been developed, which is a hybrid version of the two methods 

proposed by Sharivker [125] and Lyashenko et al. [167]. The initial design (Prototype 1) is shown in 

Figure 5.1(c), which comprises of a Pin section and Collar section with a grub screw. Trial tests were 

performed to understand the feasibility of the test method [179]. Subsequently, the initial design 

(Prototype 1) was further improved and optimised iteratively for easy integration with conventional 

tensile testers and ASTM C633 [124] test fixtures. Drawing and experimental set-up of the final design 

(Prototype 2) are presented in Figure 5.2. The specimen consists of mainly two parts: the Pin section 

and the Collar section with an M16 threaded base such that conventional ASTM C633 tensile testing 

equipment and procedures can be used for testing minimising misalignment/shear effects. The Pin 

diameter was set at 5 mm, and the height of the Pin section was set at 14 mm with an overall height of 

the Pin section 38.1 mm (which is same as ASTM C633). Before assembling the Pin and Collar, they 

were ultrasonically cleaned to remove remnant cutting fluid and any remaining oil/grease from the 

machined parts, which were found to be a source of contamination if not fully removed. The 

components were dried and assembled, ensuring that the base of the Collar section meets the base of 

the Pin, and secured with two grub screws at 180° to each other (instead of the one grub screw used in 

Prototype 1) to prevent relative movement during handling and coating deposition process. The top face 

of the specimens was dry ground until the surface is completely flush. After depositing the coating, the 

following sequence was used to test a coated assembly- the sample was placed into the mechanical test 

apparatus, then grub screws were removed, and finally pulled at a displacement rate of 1 mm/min until 

failure. The failure load is anticipated to be significantly lower in the proposed test method due to the 

small Pin diameter. 
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Figure 5.1: Adhesive-free adhesion test specimens proposed by: (a) Sharivker [125], (b) Lyashenko et 

al. [167]; (c) a hybrid design (Prototype 1) developed by TWI Ltd [179], which is a mixture of Sharivker 

[125], Lyashenko et al. [167], and ASTM C633 [124]. 

 
Figure 5.2: The proposed adhesive-free test method termed as modified Collar-Pin Pull-off (CPP) test 

(Prototype 2): (a) CAD drawing of the test specimen parts, Collar section and Pin section (dimensions 

in mm), (b) specimen preparation process, and (c) a schematic of the experimental set-up. 

5.4 Evaluation of interfacial adhesion strength 

5.4.1 Parametric study on the adhesion strength 

A parametric study was performed to determine the effect of coating thickness, scanning speed, track 

spacing, toolpath pattern (Figure 3.7), and different substrate surface preparations (Figure 5.3) on the 

adhesion strength for CS Ti64/Ti64. As listed in Table 5.1, a range of tests was performed for 13 

different AD conditions (CPP1 to CPP13) with three specimens produced for each condition. Moreover, 
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due to the configuration of the proposed test method, there might be some inherent friction between the 

Pin and Collar interfaces during loading, particularly, Ti alloys often suffer from galling. This friction 

could contribute to the increase of the force required to debond the coating. Therefore, one more set of 

tests (CPP14) were conducted for assembled but uncoated specimens. Moreover, to see the effect of 

post-deposition STA on the adhesion strength, tests were performed for three different substrate surface 

preparations (CPP15 to CPP17) as presented in Table 5.1. All specimens were manufactured using 

Impact Innovation 5/11 system as presented in Chapter 3 (section 3.4). Figure 5.4 shows the 

manufacturing steps of a CPP test specimen (CS Ti64/Ti64) and a custom test set-up for pull-off loading 

using the Instron 8801 test machine (2 N to 100 kN). 

 
Figure 5.3: 3D profilometry measured by Alicona for different substrate surface preparations: (a) grit 

blasted, (b) as-machined (faced on a lathe machine), and c) ground with 320 grit paper. 

 
Figure 5.4: (a) Cleaned machined Ti64 parts (Collar and Pin) assembled and secured with two grub 

screws followed dry grinding the top surface until finish, and a CS deposited specimen (Ti64/Ti64), 

and (b) a custom test fixture for uniaxial pull-off loading. 

5.4.2 Coating-substrate cross-sectional analysis 

A CPP test specimen (deposited using same spraying and substrate preparation conditions as CPP13) 

was cross-sectioned in the AD condition using a precision diamond saw and mounted in Epofix cold-

curing acrylic resin, and ground/polished to 0.25 µm for optical microscopy, to determine if any coating 

defects are observable at the Collar-Pin interface. Moreover, etched optical micrographs were taken for 

the cross-sections of the interfaces with three different substrate surface preparations i.e. grit blasted, 

as-machined (faced on Lathe machine), and ground with 320 grit paper.
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Table 5.1: Specimen details for measuring coating-substrate adhesion strength using Collar-Pin Pull-off (CPP) test 

Specimen 

type 

No. of 

layers 

Coating thickness 

(mm) 
Toolpath pattern 

Scanning speed 

(mm/s) 

Track spacing 

(mm) 

Average layer 

thickness (μm) 

Substrate 

preparation 
Delamination Testing condition 

CPP1 4 0.4 Horizontal raster 500 2 ~107 Grit blasted No AD 

CPP2 8 0.9 Horizontal raster 500 2 ~107 Grit blasted No AD 

CPP3 16 1.7 Horizontal raster 500 2 ~107 Grit blasted No AD 

CPP4 24 2.6 Horizontal raster 500 2 ~107 Grit blasted No AD 

CPP5 32 3.4 Horizontal raster 500 2 ~107 Grit blasted No AD 

CPP6 40 4.3 Horizontal raster 500 2 ~107 Grit blasted No AD 

CPP7 48 5.1 Horizontal raster 500 2 ~107 Grit blasted Partial delamination AD 

CPP8 56 6.0 Horizontal raster 500 2 ~107 Grit blasted Partial delamination AD 

CPP9 16 1.7 Cross-hatch 500 2 ~107 Grit blasted No AD 

CPP10 16 2.7 Horizontal raster 300 2 ~167 Grit blasted Partial delamination AD 

CPP11 16 3.4 Horizontal raster 500 1 ~213 Grit blasted No AD 

CPP12 24 2.6 Horizontal raster 500 2 ~107 As-machined No AD 

CPP13 24 2.6 Horizontal raster 500 2 ~107 Ground No AD 

CPP14 Uncoated - - - - - - - As-manufactured 

CPP15 24 2.6 Horizontal raster 500 2 ~107 Grit blasted No STA 

CPP16 24 2.6 Horizontal raster 500 2 ~107 As-machined No STA 

CPP17 24 2.6 Horizontal raster 500 2 ~107 Ground No STA 

Note: Three specimens were tested for each condition.



Chapter 5   Interfacial Adhesion Strength 

PhD Thesis – Dibakor Boruah 5-7 Coventry University (2020) 

5.4.3 Finite element modelling 

To support the experimental activities, FEA was undertaken to quantify the stress state in the test setup 

for Prototype 2. Considering the axisymmetry nature of the test setup, a two-dimensional, axisymmetric 

model was created in Abaqus. The FE model is shown in Figure 5.5a. The model was meshed entirely 

with quadratic displacement, axisymmetric, reduced-integration elements (type CAX8R in Abaqus) 

with a characteristic mesh size of 0.10 mm. The cases analysed included a 5 mm diameter Pin with 

three different coating thicknesses 0.9, 4.3, and 6.0 mm, respectively, to study the effect of coating 

thickness on stress distribution along the interface. Similarly, a 15 mm diameter Pin with coating 

thickness 4.3 mm was also modelled to see the effect of Pin diameter on stress distribution. 

 
Figure 5.5: (a) Finite element model showing the three-dimensional shape (left- quarter symmetry, 

right- axisymmetric plane). (b) mesh with a characteristic element size of 0.1×0.1 mm showing the 

refinement in the region local to the notch at the Collar-Pin-Coating triple junction. (c) Illustration of 

the loads and boundary conditions. 

To approximate the test conditions, the coating (red region) was fully bonded to the Collar (blue region) 

and the Pin (light blue region) as shown in Figure 5.5a. Sliding contact was allowed between the Pin 

and Collar, and the mesh was refined in the region of the local notch stress at the Collar-Pin-Coating 

triple junction (see Figure 5.5b). The load and boundary conditions for the FE model are- (i) all edges 

along the axis of symmetry were restrained in the radial direction, (ii) the bottom of the Collar was 

restrained in the vertical direction to represent a support, and (iii) the bottom of the Pin was 

kinematically coupled to a reference point which was then displaced in the axial direction (while all 

other degrees of freedom were restrained). Each simulation was analysed under static conditions, and 
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the nominal applied stress was calculated by using Eq. 5.1. As shown in Figure 5.5c, the red line 

represents the axisymmetric boundary condition (radial restraints with displacements in the x-direction 

restrained); the light blue line represents a vertical support of the Collar with displacements in the y-

direction restrained; the green lines represent the kinematic coupling between the bottom face of the 

Pin to a reference point which was displaced in the negative y-direction (axially displaced). The ‘E’ and 

‘ν’ values used for FEA were same as what used for Contour method (see, section 4.3.2). 

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑠𝑡𝑟𝑒𝑠𝑠 =
𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒 𝑎𝑟𝑖𝑠𝑖𝑛𝑔 𝑑𝑢𝑒 𝑡𝑜 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑖𝑛

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑖𝑛
 ……… (5.1) 

5.5 Results and discussion 

5.5.1 Interfacial adhesion strength: a parametric study 

Figure 5.6a-e shows the results of the parametric study on the influence of geometrical and process 

variables on the adhesion strength. The effect of coating thickness (0.4 to 6.0 mm, CPP1 to CPP8, Table 

5.1) on the adhesion strength is shown in Figure 5.6a. A correlation of adhesion strength increasing 

from 32.2±3.4 MPa to 107.2±7.6 MPa with coating thicknesses, 0.4 to 4.3 mm, was observed. Adhesion 

strength was then observed to decrease to 74.8±25.1 MPa with further coating thickness increase up to 

6.0 mm. At the lowest thickness (0.4 mm) the coating showed mixed-mode failure, i.e. coating failed 

cohesively at the centre, and along the interface near the edges of the Pin. The mixed-mode failure 

resulted in a hole (smaller than that of the Pin diameter) in the coating surface (Figure 5.7a), which was 

due to very high non-uniform stress distribution along the interface, especially negative or very lower 

stress level acting at the centre region of the Pin (see FEA results for thin coatings in section 5.5.4, 

Figure 5.11). For all other coating thicknesses (0.9 to 6.0 mm) specimens failed at the coating-substrate 

interface (Figure 5.7b). Thinner coatings with 0.9 and 1.7 mm thickness showed lower adhesion strength 

although they failed at the interface. Which can also be explained from the FEA results as presented 

section 5.5.4, i.e. higher non-uniformity in stress distribution at the Pin-Coating interface plus very high 

stress concentration at the Collar-Pin-Coating junction, creating a notch during the separation of the Pin 

and Collar during pull-off leading to premature failure. Nominal adhesion strength (friction converted 

into strength) for the uncoated specimens (CPP14) was measured to be 3.3±0.9 MPa, which is within 

or close to the scatter range of the adhesion strength values measured for Ti64 coatings, irrespective of 

the spraying conditions. Deduction of the nominal adhesion strength value of the uncoated specimens 

(i.e. 3.3 MPa) from the adhesion strength results may be an option while analysing the test data. 

Generally, such small frictional stress between the Pin and Collar is not expected to have a considerable 

effect on the validity of the test results, especially when expected adhesion strength is very high. 

However, there might be external forces acting on the Pin during the coating deposition process, e.g. 

inclusions at the sidewall between the Pin and the Collar (see Figure 5.10c). Therefore, the effect of 

sidewall friction on the overall adhesion strength is unclear and need further investigation. Another 

alternative for avoiding the sidewall friction is improving the design of the testing set up by replacing 

the Cylindrical Pin with a Conical Pin, as recommended by [167]. 
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Figure 5.6: Interfacial adhesion strength: effect of (a) coating thickness (CPP14, CPP1 to CPP8), (b) 

scanning speed (CPP10, CPP4), (c) track spacing (CPP11, CPP5), (d) toolpath pattern (CPP3, CPP9), 

and (e) substrate surface preparation (CPP4, CPP12, and CPP13); see Table 5.1 for details.  
Error bars in (a-e) represents the standard error of the mean. 

 
Figure 5.7: Tested adhesion specimens showing (a) mixed-mode failure leaving a hole in the coating 

(0.4 mm thick, CPP1) while coating remained attached to the centre region of the Pin, and (b) interface 

failure at the Pin-Coating interface leaving an uncoated pin area (CPP5 as an example for cases CPP2 

to CPP13); (c) partial delamination in the interface deposited at 300 mm/s scanning speed (CPP10). 
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Figure 5.6b shows the effect of scanning speed on the adhesion strength. Both sets of specimens had a 

coating thickness of ca. 2.6 mm and were produced at scanning speeds of 300 mm/s (CPP10) and 500 

mm/s (CPP4). Adhesion strength was found to be around 13 % higher at the lower scanning speed. 

However, partial delamination (fine cracks at the edges, see Figure 5.7c) were found at the interface for 

the specimens deposited at 300 mm/s. This is thought to be due to the higher deposition rate (increased 

average layer thickness of ~167 µm for coating deposited at 300 mm/s, compared to ~107 µm at 500 

mm/s) that resulted in higher residual stresses at the interface as explained in [48,131]. In contrast, no 

delamination was found at the interface in the specimen deposited at 500 mm/s. Therefore, theoretically, 

the adhesion strength values should be lower for specimens deposited at 300 mm/s. Significant 

reduction in adhesion strength at lower traverse scanning speed was also reported by Tan et al. [23]. 

From the temperature analysis reported in [23], the substrate temperature decreases with the increase in 

gun traverse speed, in other words, the largest heat accumulation at the lowest scanning speed. The 

maximum substrate temperature at traverse speed 100, 300 and 500 mm/s for coating deposition were 

reported to be 366, 354, and 315 ºC, respectively. As stated in [23], rapid thermal build-up as a 

consequence of slow traverse speed allows sufficient time for chemical reaction, which may result in 

the formation of an oxide layer. Presence of thick oxide film at the substrate may have a negative effect 

on spraying particles’ bonding to the substrate. Moreover, higher non-uniformity in thermal distribution 

was observed at lower traverse speed, which may result in higher residual stresses caused by non-

uniform thermal expansion and shrinkage originating from thermal fluctuations at lower scanning 

speed, along with the effect of average layer thickness [23,48,131]. However, contradictory results were 

observed in this study (i.e. higher adhesion strength at lower scanning speed). This can be explained 

with the fact that higher residual stress leads to delamination at the edges of the interface, leaving the 

centre of the specimen being unaffected and relatively stress-free where the Pin is attached to coating. 

Figure 5.6c shows a comparison between two different track spacings (1 mm and 2 mm) on specimens 

with the same coating thickness ca. 3.4 mm (CPP11 and CPP5). As expected, average adhesion strength 

was lower with larger scatter for the specimens deposited with 1 mm track spacing with higher coating 

thickness (~213 µm average layer thickness), as compared to the 2 mm track spacing (~107 µm average 

layer thickness). In the case of 1 mm track spacing, a larger portion of each deposited track gets 

overlapped, i.e. the core of the spraying jet having higher particle velocity (in the exit plume of the 

nozzle) [180] is overlapped with the edges of previously deposited tracks instead of the substrate, which 

may have a negative effect on the direct adhesion of the spraying particle to the substrate. Then again, 

tamping or hammering effect at the edges of a previously deposited track by the core of a new track 

(higher particle velocity zone) may also lead to higher adhesion of the loosely bonded edges of the 

previous track with the substrate. On the other hand, in the case of 2 mm track spacing, the core of the 

spraying jet is directly hitting the substrate with less area being overlapped by the edges of previously 

deposited tracks causing adhesion of the spraying participles directly to the substrate with higher 

impact. Therefore, the effect of track spacing on the interfacial adhesion strength is ambiguous. 

Moreover, from the statistical point of view, there is no difference between the two populations, since 
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the error bars overlap, and the overlapping region includes the means of the sample size. However, the 

higher scatter in case of 1 mm track spacing may be due to higher thickness per layer leading to higher 

residual stresses at the interface region resulting in lower adhesion strength in some cases. Effect of 

layer thickness on residual stresses can be explained using the analytical model presented in section 4.4 

for various residual stress build-up mechanisms. Therefore, from the point of view of average thickness 

per layer, 2 mm track spacing with lower thickness per layer is better for maintaining lower residual 

stresses at the interface and can contribute towards higher coating adhesion strength. 

Figure 5.6d compares specimens deposited using two different toolpath patterns, horizontal raster 

(CPP3) and cross-hatch (CPP9). The interfacial adhesion strength was found to be 42 % higher using 

the cross-hatch toolpath, which may be due to the lower level of residual stresses near the interface 

region as shown in section 4.5.2. This can be explained based on a hypothesis that the cross-hatch 

spraying pattern evens out the bending moment (and consequently the residual stress) originating from 

each layer deposited via alternating spraying direction normal to each other resulting in a net decrease 

in the residual stresses, which improve coating adhesion. See section 4.5.2 (Figure 4.11) and section 

4.5.4.1 for more information on the effect of process and geometrical variables on the process-induced 

residual stresses for CS Ti64/Ti64. 

Figure 5.6e shows the effect of substrate surface preparations (i.e. grit-blasted, as-machined, or ground) 

on the adhesion strength. Adhesion strength values were 35-50 % higher in the as-machined and ground 

specimens as compared to the grit-blasted specimens. Although the specimens failed close to the 

interface, CS deposits were found to be adhered to the substrate (Pin surface) in the case of as-machined 

and ground substrates, as can be seen from Figure 5.8. Grit-blasting is generally performed prior to 

spraying, as it is believed that a rougher substrate increases the surface area for bonding and contributes 

to the mechanical interlocking of the sprayed particles with the substrate. However, lower adhesion 

strength in the case of CS Ti64 deposited on grit-blasted substrate may be caused by the work hardening 

phenomenon associated with the grit blasting process, whereby the impact of the WC grit particles on 

the surface cause work hardening of the substrate. This work hardening can effect deformation and 

bonding of the spraying particles with the substrate [41]. Embedded grit in the substrate may also form 

a barrier to metallurgical bonding between the deposited particles and the substrate. 

 
Figure 5.8: SEM images of substrate surfaces (Pin) with different substrate surface preparations viz.: 

(a) interface failure at grit-blasted surface with no deposited particle attached to the substrate, (b) as-

machined and (c) ground substrate with CS deposits adhered to the substrate after failure close to the 

interface.  
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5.5.2 Effect of post-deposition STA on the adhesion strength 

The post-deposition STA has significantly improved coating adhesion strength for CS Ti64 coatings 

deposited on Ti64 substrates with three different substrate surface preparations (grit blasted, as-

machined, and ground) as can be seen from Figure 5.9. For grit blasted substrate surface preparation, 

adhesion strength increased by ~222 % from 82 MPa in AD condition to 264 MPa after STA. However, 

for as-machined and ground substrates, adhesion strength increased significantly (more than 500 %) 

from 112 to >726 MPa, and 122 to >766 MPa, respectively, after STA. Owing to the cohesive failure 

in the case of specimens with as-machined and ground substrates, a greater-than (>) sign is used while 

presenting the adhesion strength results. This means that the actual interfacial adhesion strength values 

are higher than the measured value for the STA treated specimens, as the specimens failed cohesively 

within the CS deposits, but not in the interface. In other words, interfacial adhesion strength much 

higher than the cohesive strength of the CS deposits. Cohesion strength in the CS deposited material 

was measured in various conditions and presented in Chapter 6 (section 6.3.3). 

 
Figure 5.9: (a) Effect of solution treatment and ageing (STA) on interfacial adhesion strength for 

different substrate surface preparations (CPP15 to CPP17), (b) failure mechanisms showing Interface 

and Cohesive failure, (c) a close-up view of the Pin with cohesive failure, and (d,e) SEM images of the 

surface of the Pin showing no sign of metallurgical bonding between the Pin and the Collar after STA. 

Adhesion strength values for three different substrate surface preparations (before and after STA) and 

their failure mechanisms were presented in Figure 5.9a. Specimens after STA with three different 

substrate surface preparations are shown in Figure 5.9b, showing interface failure for grit-blasted 

specimen, and cohesive failure in the case of as-machined and ground specimens. Figure 5.9c shows a 

close view of the Pin after cohesive failure having CS deposits adhered to the Pin. The increase in 

adhesion strength after STA might also be influenced by metallurgical bonding between the Pin and the 
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Collar. Therefore, Pin surfaces of the tested specimens were investigated using SEM, however, no sign 

of metallurgical bonding was observed between the Pin surface and the Collar. Zoomed views of the 

Pin surface in two different magnifications are shown Figure 5.9d-e, which signifies the increase in 

measured adhesion strength values are purely due to improved metallurgical bonding at the coating 

substrate interface, especially for as-machined and ground substrates. For grit-blasted substrate, there 

were no significant improvement in adhesion strength was observed after STA, which might be due to 

embedded grit in the substrate acting as a barrier to metallurgical bonding between the deposited 

particles and the substrate 

5.5.3 Coating-substrate cross-sections 

Figure 5.10a-c shows a cross-sectioned test specimen, with no apparent defects in the Collar-Pin 

interface region. There is a fine crack observed at the Collar-Pin-Coating junction as shown in Figure 

5.10c, which may occur while handing the specimen for cross-sectioning, mounting and/or polishing, 

or due to relaxation of residual stresses. However, it was unclear what effect (if any) this may have on 

the loading of the test specimen. Additionally, cross-sectional images (etched microstructure) of the 

interfaces with three different substrate surface preparations (grit blasted, as-machined, and ground) are 

presented in Figure 5.10d-f for AD condition, and in Figure 5.10g-i for STA condition. 

 
Figure 5.10: (a) Macro photograph of a cross-sectioned Ti64 coated CPP test specimen in the 

assembled condition; optical micrograph (b) showing the coating structure at the Collar-Pin interfaces, 

and (c) Collar-Pin-Coating junction; cross-sectional optical micrograph showing coating-substrate 

interface in AD condition (d-f) and in (g-i) after STA for different substrate surface preparations viz. 

grit blasted, as-machined, and ground, respectively. 
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5.5.4 Finite element analysis: effect of coating thickness and Pin diameter 

Stress distribution in the coating-substrate interface under nominal applied stress of 52 MPa was 

modelled for a 5 mm diameter Pin at three different coating thicknesses. To understand the effect of 

coating thickness on the stress distribution, three different coating thicknesses were chosen- (i) 0.9 mm, 

the thinnest coating thickness with interface failure, (ii) 4.3 mm, the coating thickness with a maximum 

measured adhesion strength value, and (iii) 6.0 mm, the maximum coating thickness investigated in this 

study. To model the effect of Pin diameter on stress distribution, the Pin diameter was increased from 

5 mm to 15 mm while keeping all other dimensions same for coating thickness 4.3 mm. 

Figure 5.11a-c shows stress distributions for the specimen having 5 mm Pin diameter with coating 

thicknesses 0.9, 4.3, and 6.0 mm, respectively. Under nominal applied stress of 52 MPa, the axial 

(normal) stresses acting along the Pin-Coating interface was found to be non-uniform with significantly 

higher stresses at the edges of the Pin and decreased towards the Pin centre. It was found that across a 

large portion of the Pin-Coating interface experienced significantly lower stresses reaching -3.5, 33.9, 

and 36.8 MPa at the centre area of the Pin for coatings with thicknesses 0.9, 4.3 and 6.0 mm, 

respectively. The negative stress values at the centre of the Pin may be the reason behind mixed-mode 

failure in the case of 0.4 mm thick coating as shown in Figure 5.7a. Moreover, for all three cases, the 

localised stress near the Collar-Pin-Coating junction was much higher. Very high stress concentration 

at the tri-part junction and lower-than-nominal stress across the remainder of the interface (especially, 

at the centre region of the Pin) could create a local notch at the interface close to the tri-part junction 

due to the Pin being separated from the Collar during pull-off loading, where yielding and failure will 

initiate leading to premature failure.  

A similar trend in stress distribution was also observed in the case of 15 mm diameter Pin with coatings 

thickness 4.3 mm, as shown in Figure 5.11d. However, the area of the Pin (15 mm) that experienced 

lower stresses was much larger than that for the Pin with a smaller diameter (5 mm). Increasing the Pin 

diameter to 15 mm resulted in an interfacial stress state that was significantly less uniform than that for 

the 5 mm Pin diameter. This is due to the stress concentration at the tri-part junction of the 15 mm Pin 

with larger Pin area, providing a larger region in the interface with reduced stresses reaching 5.3 MPa 

at the centre, while for a 5 mm Pin it was 33.9 MPa at the centre, under a nominal applied stress of 52 

MPa. The significant reduction in adhesion strength values with the increasing in Pin diameter was also 

reported in [178]. 

Figure 5.11e shows a comparison (among a-d) of the stress distribution along the interface from the 

Collar-Pin-Coating junction to the centre of the Pin. The “steps” in this curve were due to the fact that 

the coating and Pin have different E values. As a consequence, the stress being extrapolated along the 

interface of nodes with values of stress from elements on one side having material properties of the 

coating and elements on the other side having the Pin material properties, resulting in two stress values 

at each nodal position. From Figure 5.11e, it is obvious that the lesser the coating thickness the higher 

the non-uniformity in stress distribution; similarly, the higher the Pin diameter the higher the non-

uniformity in stress distribution along the Pin-Coating interface. Higher non-uniformity in stress- 



Chapter 5   Interfacial Adhesion Strength 

PhD Thesis – Dibakor Boruah 5-15 Coventry University (2020) 

 
Figure 5.11: Axial stress contour plots under a nominal applied axial stress of 52 MPa for the models 

with a 5 mm diameter Pin for coatings thicknesses (a) 0.9 mm, (b) 4.3 mm, and (c) 6.0 mm, respectively; 

(d) a 15 mm diameter Pin with coating thickness 4.3 mm; (e) comparison of normalised stress (actual 

stress divided by nominal applied stress) versus normalised distance (distance from Collar-Pin-Coating 

junction to Pin centre line divided by the Pin radius) for a-d. (For the ease of understanding, actual 

stress vs. distance from the tri-part junction is presented in Appendix B2) 
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-distribution along the Pin-Coating interface (having lower-than-nominal stress at the centre region) 

and very high stress concentration at the tri-part junction may lead to premature failure resulting in a 

lower adhesion strength (lower than the true value). This effect would be more significant for thinner 

coatings with lower stiffness or considerably larger Pin diameter comparing to the coating thickness. 

Moreover, higher non-uniform stress distribution may also cause cohesive or mixed-mode failure 

specifically for thinner coating. Therefore, for a thin coating, the result obtained from the adhesion test 

would represent a lower value than the ‘true’ coating adhesion strength. These results would suggest 

that a Pin diameter of <5 mm could be used to achieve a more uniform stress state across the interface, 

especially for thinner coatings <1.7 mm. However, using a smaller Pin diameter would decrease the 

cross-sectional area being tested and therefore make results significantly more sensitive to any local 

defects or imperfections in the coating and Pin interface. Thus, the proposed design of the CPP test 

specimen (Prototype 2) is a compromise between these two factors. 

5.5.5 Validity of the modified Collar-Pin Pull-off (CPP) test 

While mechanical testing has shown that the proposed test method is capable of measuring coatings 

with adhesion strength >90 MPa with comparable data point scatter to that of conventional TAT 

arrangements, computation modelling has demonstrated non-uniform stress distribution at the test area 

of the coating-substrate interface. This means that the values measured are not representative of the true 

adhesion strength of the coating, particularly for thinner coatings such as 0.4 mm and 0.9 mm thick 

coatings. As reported by Sharivker [125], practically, adhesion strength decreases linearly with the 

increase in coating thickness for thermal sprayed coatings, however, the slope of linearity may vary for 

different coating and substrate material. Similar results were also reported for thermal spray [177] and 

CS coatings [155]. However, with the proposed test method, adhesion strength increases with the 

coating thickness up to a certain thickness (4.3 mm for CS Ti64 coatings shown in Figure 5.12). This 

contradictory trend of adhesion strength with up to 4.3 mm thick coating can be explained by the FEA 

results showing very high non-uniformity in stress distribution along the interface, as discussed in 

section 5.5.4. In Figure 5.12, a further increase in coating thickness beyond 4.3 mm, adhesion strength 

started to fall rapidly following a close to linear trendline. The reduction in measured adhesion strength 

value above 4.3 mm coating thickness is due to higher residual stresses, but not because of non-

uniformity in stress distribution at the Pin-Coating interface. Similar trend of adhesion strength against 

coating thickness was also reported in [125,167,178], for a range of thermal sprayed coating-substrate 

assemblies, measured using similar test methods as this study. 
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Figure 5.12: Adhesion strength vs coating thickness in terms of accurateness (closeness to true 

adhesion strength) of the measured values using the proposed test method, and showing a way of 

predicting true adhesion strength for thinner coating (Zone A) by extrapolating the linear trendline 

[125,167] from the region of true adhesion strength (Zone B). 

The adhesion strength versus coating thickness plot shown in Figure 5.12, can be categorised into two 

zones. Zone “A” represents the coating thickness range (i.e. coatings with thicknesses lower than 4.3 

mm in this study), where values measured represents a value lower than the true or maximum adhesion 

strength due to premature failure resulting from non-uniform stress distribution along the Pin-Coating 

interface. However, the accuracy (i.e. the closeness of measured value to the true adhesion strength) of 

the measured value increases with the increase in coating thickness, since the higher the coating 

thickness the lesser the non-uniformity in stress distribution. Zone “B” represents the region with 

measured values close to maximum or true adhesion strength. The true adhesion strength for thinner 

coatings can be predicted by extrapolating the linear trendline from Zone “B” (see Figure 5.12), as 

proposed by [125,167]. For the better prediction of true adhesion strength (by extrapolating method) 

for thinner coating, it is crucial to identify the transition coating thickness with maximum measured 

adhesion strength value, for which additional data points with smaller intervals in coating thickness are 

required. It is important to note that the Zone “A” and Zone “B” is categorised based on the validity or 

accurateness of adhesion strength values measured using the CPP test. The categorisation in this study 

is not based on failure mechanisms as in [125,167] since the failure mechanisms reported for thermal 

spray coatings were not comparable with CS Ti64 coatings. 

The Collar-Pin Pull-off Test offers significant benefit compared to the standard ASTM C633 approach 

as it allows measurement of adhesion strength beyond that of conventional adhesives (70-90 MPa). 

However, it is recommended that when reporting adhesion strength values for coating thicknesses that 

fall under Zone A, data should be recorded with a ‘greater than or equal to’ symbol (≥) before the value 

to indicate that the measured value is lower than true adhesion strength. Moreover, for Ti64/Ti64 
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coating-substrate assemblies, the proposed test method should not be used to assess thinner coatings 

(particularly <1.7 mm) owing to very high non-uniformity in stress distribution reaching negative values 

towards the Pin centre and therefore the likelihood of cohesive or mixed-mode failure. For Zone B, the 

measured value should be a near-maximum or the true adhesion strength. 

5.6 Conclusions 

An adhesive-free test method referred as Collar-Pin Pull-off (CPP) test was developed (based on 

Sharivker’s (1967) original design) aiming at overcoming the limitations of existing test methods, for 

evaluating interfacial adhesion strength of high strength coatings such as CS Ti64. A parametric study 

was performed on the adhesion strength in terms of the influence of coating thickness, scanning speed, 

toolpath pattern, track spacing, and substrate surface preparation. FEA was performed to understand 

the stress distribution during the pull-off loading for the proposed adhesive-free test method. The 

conclusions from this study can be summarised as follows:  

1. The proposed adhesive-free test method was found to be capable of measuring interfacial adhesion 

strength beyond the upper limit (70-90 MPa) of conventional adhesive based methods such as 

ASTM C633. In the case of CS Ti64, the highest value of adhesion strength was measured as 

122±2.8 MPa for the ground substrate with a 320 grit paper. 

2. Computational modelling of the CPP test design showed non-uniform stress distribution at the test 

area (Pin-Coating interface), which may lead to premature failure resulting in a lower adhesion 

strength (lower than the true strength). This effect could be more significant for thinner coatings 

with lower stiffness or considerably larger Pin diameter comparing to the coating thickness. The 

FEA showed that while the proposed method allows measurements of coatings with significantly 

higher adhesion strength, this test underestimates the true adhesion strength particularly for thinner 

coatings which should be considered when reporting results. The true adhesion strength for thinner 

coatings can be determined theoretically by extrapolating a linear trendline from the region of 

thicker coatings possessing true or close to maximum adhesion strength. For CS Ti64 coatings 

deposited on Ti64 substrates, the proposed test method should not be used to assess thinner 

coatings (<1.7 mm) due to the likelihood of cohesive or mixed-mode failure. 

3. Post-deposition STA significantly improved adhesion strength by around 528 % from 122 MPa to 

>766 MPa with cohesive failure; highest values were measured for specimens with ground 

substrates. 
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 Mechanical Properties and Microstructure 

6.1 Introduction 

Cold spraying of Ti64 has been widely studied by many researchers in the past two decades, especially 

in terms of understanding the effect of various process conditions (such as process gas, gas temperature 

and pressure, scanning speed, powder characteristics/processing, substrate surface conditions, etc.) on 

the characteristics of CS deposits. Majority of the existing literature focuses on characterising the CS 

Ti64 deposits in terms of phase identification, microstructure, porosity, micro and nanohardness, 

adhesion strength, tribology and corrosion, etc. However, there are very limited or no data available in 

the open literature on the mechanical properties of CS Ti64 under the static and fatigue loads for repair 

and/or AM applications, as discussed in the literature review (Chapter 2). 

Tensile properties of CS Ti64 was reported by many researchers [25,38,70,92,93,98–100], however, 

most of them were performed either by MFT test [38,70,92,93] or TCT test [93] or MFT specimen with 

DIC [100]. Limitations of the use of MFT specimens are already reported in the literature review (see 

section 2.3.3.3). Also, the TCT test can’t generate stress-strain curve to get information on properties 

such as ductility and elastic modulus [105]. Tensile properties measured by ASTM E8 standard were 

reported in [25,98,99]. However, all results reported in the literature were for fully CS Ti64 material; 

there is no published work in the open literature that have investigated tensile properties on repair 

specimens. Moreover, according to the author’s best of knowledge, no literature has reported tensile 

properties of fully CS Ti64 material deposited at a very high pressure and temperature (i.e. 5 MPa 

pressure and 1100 °C) using N2 as process gas. 

Regarding fatigue performance, the effect of different substrate surface conditions on the fatigue 

behaviour of CS coated specimens (AD condition) in the three-point-bend configuration were 

investigated by [91] (see section 2.3.3.5). Other than the study by [91], fatigue and fracture toughness 

properties of CS deposited Ti64 material is currently unknown. 

Effect of various PdTTs on the characteristics of CS Ti64 deposits was investigated in many studies, of 

which, most investigations were on various annealing treatments [25,38,79,97,181]. However, there is 

very limited research on the effect of other PdTTs such as STA [22], and HIP [25,98,99] on the 

mechanical performance and microstructure of CS Ti64 material.  

In this study, an attempt has been made to improve the metallurgical and mechanical properties of CS 

Ti64 deposits via three different PdTTs: (i) STA, (ii) HIP, and (iii) HIP+STA. The metallurgical and 

mechanical properties have been investigated in terms of the microstructure, porosity, hardness, tensile 

properties, HCF, fracture toughness, FCGR and fractography. Effect of STA on the interfacial adhesion 

strength is reported in the previous chapter (section 5.5.2). 
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6.2 Experimental methods 

6.2.1 Microstructure characterisation 

Optical micrographs were taken to measures porosity in the CS deposited Ti64 material for both AD 

condition and after three different PdTTs (Table 6.1). Moreover, for microstructural characterisation 

micrographs were taken using SEM. Procedure for metallographic specimen preparation, 

microstructural examination and porosity measurement are briefed in section 3.6.3 (Chapter 3). 

6.2.2 Hardness 

Microhardness measurements were performed as stated in section 3.6.5.1 for CS Ti64 deposits in 

various conditions (Table 6.1) to compare it with mill annealed wrought Ti64. Moreover, 

nanoindentation measurements (see section 3.6.5.1) were performed to compare hardness values among 

powders, substrate and the CS deposited Ti64. 

6.2.3 Tensile properties 

Tensile tests were conducted as per ASTM E8/E8M [104] for three different types of specimens: (i) 

mill annealed Ti64, (ii) “fully CS” Ti64 material, (iii) “CS repair” specimens with repair ratio 2:5 (i.e. 

the ratio of CS deposits thickness (2 mm) to total specimen thickness (5 mm)). Here, “fully CS” 

represents specimens extracted entirely from CS Ti64 deposits, and “CS repair” means specimens those 

were extracted from a CS deposit-substrate assembly (CS Ti64 deposited on Ti64 substrate) having a 

specific ratio of CS deposits thickness to total specimen thickness. 

 
Figure 6.1: Manufacturing steps of the repair tensile specimens 

 
Figure 6.2: Dimensions of dogbone shaped tensile specimens for static and fatigue testing: (a) repair 

ratio 2:5, and (b) fully CS. 

The manufacturing steps of the repair tensile specimens is shown in Figure 6.1, similar specimens were 

also used by [20,182] to evaluate tensile and fatigue properties of repairs. Repair grooves on the 

substrate material were carefully designed in such a way that the grooved surface and the spray gun 

angle is close to 90° and to minimise stress concentration. Dimensions of a 2:5 repair tensile specimen 

are shown in Figure 6.2a. Another repair specimen with repair ratio 1:5 was also investigated to see the 

effect of repair depth on tensile strength in AD condition. For fully CS specimens, specimens were 
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extracted from an 8.5 mm thick CS Ti64 plated (deposited on an Al alloy substrate) as shown in Figure 

6.3. Dimensions of a fully CS specimen is shown in Figure 6.2b. Tensile tests were conducted using 

Instron 8502 (100 kN load cell) in displacement control mode with as Axial Clip-on Extensometer 

(class 0.5), and properties were evaluated in terms of UTS, YS, and El. Fracture surfaces of tensile 

specimens were investigated using SEM to understand the failure mechanism and explore both cohesive 

and adhesive bonding mechanisms of CS Ti64. Tests were performed in various conditions as presented 

in Table 6.1 (section 6.2.7) to see the effect of various PdTTs on the tensile properties. 

 
Figure 6.3: Manufacturing of the fully CS Ti64 plate to extract specimens for mechanical testing: (a) 

8.5 mm thick CS Ti64 deposited on an Al substrate, (b) a fully CS Ti64 plate after machining out the 

Al substrate. 

E values were calculated as per the “numerical data method” following ASTM E111 [126] using the 

stress versus strain data (up to 0.25 % strain) obtained from tensile tests, although the test set-up was 

not dedicated for E measurements. The IET was also used to measure E values using rectangular 

specimens of size 6×20×110 mm, as per ASTM E1876 [127] to compare with the values predicted from 

tensile tests. Figure 6.4 shows the set-up the IET measurements. To calculate E using the IET, Poisson’s 

ratio (ν) of the material is required as an input parameter. Since ‘ν’ of the CS Ti64 material was not 

known, measurements were performed assuming eleven different ‘ν’ values ranging from 0.25 to 0.35. 

Moreover, to confirm the validity of the IET measurements, E values for the mill annealed Ti64 was 

also measured. 

 
Figure 6.4: Test set-up for elastic modulus measurement using the Impulse Excitation Technique (IET). 



Chapter 6   Mechanical Properties and Microstructure 

PhD Thesis – Dibakor Boruah 6-4 Coventry University (2020) 

6.2.4 High cycle fatigue (HCF) 

The objective of this experiment is to obtain the stress versus life in the HCF regime of the CS Ti64 

repairs and fully CS deposited material based on ASTM E466 [128]. Due to the limited number of 

specimens, and considering the brittleness of the CS material, a lower applied stress range was chosen 

(300 MPa at stress ratio 0.1). Repair specimens were designed like the tensile specimens as mentioned 

earlier in Figure 6.1 and Figure 6.2. Fully CS specimens were extracted from the Ti64 plate (Figure 

6.3). As presented in Table 6.1, tests were performed in AD condition as well as after three different 

PdTTs. HCF testing was also performed for specimens RS9 and RS10 that were firstly used for residual 

stress measurements (Figure 4.5, section 4.3.3). For fully CS material, specimens were tested only after 

PdTTs, as the UTS in AD condition was lower than the stress range (300 MPa) chosen for fatigue testing. 

Tests were conducted using an Instron 8801 (50 kN) test machine, except for specimens RS9 and RS10 

which were tested using an Instron 8032 (100 kN) test machine. 

6.2.5 Fracture toughness 

Fracture toughness tests were conducted using the SENB3 specimens as per ASTM E1820 [129]. This 

test method is generally used when a material’s response cannot be anticipated before the test. 

Rectangular specimens were designed in B×(W=2B) configuration, where thickness (B) = 5.5 mm, 

width (W) = 11 mm, and length (L) = 66 mm, as shown in Figure 6.5. All specimens were extracted 

from the fully CS Ti64 plate (Figure 6.3). Testing conditions are presented in Table 6.1. A notch was 

machined at the centre of the specimens and further extended and sharpened by generating a fatigue 

crack so that the total crack length (i.e. 𝑎 𝑊⁄ = 0.5) is half the depth of the test specimen. Tests were 

performed by placing the specimens into a three-point bending test arrangement and measuring the 

amount of crack opening against the applied load. Crack mouth opening displacement (CMOD) was 

measured using a strain gauge attached to a clip (double clip gauge) placed between two accurately 

positioned knife edges at the mouth of the machined notch [183]. All fracture toughness tests were 

performed at room temperature (21ºC) using an ESH 50 kN test machine, and an Instron 1603 (4-20 

kN) was used for fatigue precracking. Machined notch depth and surface crack lengths (initial: after 

fatigue precracking, final: after fracture toughness testing) were measured precisely using Starrett 

MV300 Manual Visual System. 

 
Figure 6.5: Single-edge notch three-point bend (SENB3) specimen design (L= 66 mm, W = 11 mm, B 

= 5.5 mm) for fracture toughness testing as per ASTM E1820 [129]. 
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Fatigue precracking: Fatigue precracking was conducted under force control procedure with a load 

ratio (R) of 0.1. Precracking was accomplished in at least two steps: for the first step the initial value of 

the maximum fatigue force (𝑃𝑚𝑎𝑥)𝐼𝑛𝑖𝑡𝑖𝑎𝑙 was calculated using equation Eq. (6.1) and the stress intensity 

factor applied to the specimen was limited by Eq. (6.2). To start with, a lower stress intensity factor 

value was chosen, approximately 0.7𝐾𝑚𝑎𝑥 as suggested in the standard [129]; and in the event of crack 

did not grow after 105 cycles, loading was incrementally increased until the crack began to extend. In 

the second step, the final 50 % of the fatigue precracking was calculated by Eq. (6.3). 

 (𝑃𝑚𝑎𝑥)𝐼𝑛𝑖𝑡𝑖𝑎𝑙 =  
0.5𝐵𝑏𝑜

2𝜎𝑌

𝑆
  ….……. (6.1) 

 (𝐾𝑚𝑎𝑥)𝐼𝑛𝑖𝑡𝑖𝑎𝑙 =  (
𝜎𝑌

𝑓

𝜎𝑌
𝑇) × (0.063 𝜎𝑌

𝑓
)   ….……. (6.2) 

 (𝐾𝑚𝑎𝑥)𝐹𝑖𝑛𝑎𝑙 = 0.6 (
𝜎𝑌

𝑓

𝜎𝑌
𝑇) 𝐾𝐹  ….……. (6.3) 

The Basic procedure: ASTM E1820 recommends either of the following two procedures namely “basic 

procedure” and “resistance curve procedure” to develop a force-displacement record for evaluating the 

fracture toughness values. In this study, the “basic procedure” was used, i.e. plane-strain fracture 

toughness parameters were measured from single-point tests (without crack extension measurement). 

Data reduction was in terms of the stress intensity factor at the maximum load or the so-called 

provisional fracture toughness (KQ), the local stress-strain field around the crack front or J-integral (J), 

and also the crack tip opening displacement CTOD (δ). 

The “basic procedure” involves the following steps: 

• Loading a specimen to a certain displacement level to determine the amount of crack extension 

occurred during loading. 

• Loading should be at a constant rate such that the time required to reach 𝑃𝑚𝑎𝑥 lies between 0.3 

to 3 min. 

• Identify whether the test ends with fracture instability or stable tearing and measure the initial 

and final crack size. 

• Evaluate fracture toughness in terms of KQ, J, and δ. 

Analysis of results: As bending proceeds during the testing, the crack tip opens until it reaches a critical 

point when the crack has opened sufficiently to initiate a cleavage crack, leading to complete or partial 

failure of the specimen. For the calculation of toughness, the essential values are (i) the load at which 

fracture occurs, and (ii) the crack opening displacement at fracture [129].  

Calculation of stress-intensity factor (KQ) at the maximum load: 

For SENB3 specimen, 𝐾𝑄  values were calculated using 𝑃𝑚𝑎𝑥 following Eq. (6.4) and (6.5): 

 
𝐾𝑄 = [

𝑃𝑚𝑎𝑥×𝑆

(𝐵𝐵𝑁)1 2⁄ 𝑊3 2⁄ ] 𝑓 (
𝑎𝑜

𝑊
)  

….…….(6.4) 

 
𝑓 (

𝑎𝑜

𝑊
) =

3(
𝑎𝑜
𝑊

)
1 2⁄

[1.99−(
𝑎𝑜
𝑊

)(1−
𝑎𝑜
𝑊

)(1−
𝑎𝑜
𝑊

)(2.15−3.93(
𝑎𝑜
𝑊

)+2.7(
𝑎𝑜
𝑊

)
2

)]

2(1+2
𝑎𝑖
𝑊

)(1−
𝑎𝑖
𝑊

)
3 2⁄   ….…….(6.5) 

Calculation of J-integral (J): 

J values were calculated using Eq. (6.6) and corrected for crack growth using Eq. (6.7)  
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𝐽 = 𝐽𝑒𝑙0

+ 𝐽𝑝𝑙0
=

𝐾𝑄
2(1−𝜈2)

𝐸
+

𝜂𝑝𝑙𝐴𝑝𝑙

𝐵𝑁𝑏𝑜
  

….…….(6.6) 

 
𝐽 =  𝐽𝑒𝑙0

+
𝐽𝑝𝑙0

1+(
𝛼−0.5

𝛼+0.5
)

𝛥𝑎

𝑏0

                     with 𝛼 = 1 for SENB 
….…….(6.7) 

Calculation of CTOD (δ): 

For the basic test method, δ for any point on the force-displacement curve was calculated using Eq. 6.8: 

 
𝛿 =  

𝐽

𝑚𝜎𝑌
  

….…….(6.8) 

Where, 𝑚 =  𝐴0 − 𝐴1 (
𝜎𝑌𝑆

𝜎𝑌𝑇
) + 𝐴2 (

𝜎𝑌𝑆

𝜎𝑌𝑇
)

2

− 𝐴3 (
𝜎𝑌𝑆

𝜎𝑌𝑇
)

3

    

with 𝐴0 = 3.18 − 0.22 (
𝑎𝑜

𝑊
)  

𝐴1 = 4.32 − 2.23 (
𝑎𝑜

𝑊
)  

𝐴2 = 4.44 − 2.29 (
𝑎𝑜

𝑊
), and 

𝐴3 = 2.05 − 1.06 (
𝑎𝑜

𝑊
)  

6.2.6 Fatigue crack growth rate (FCGR) 

FCGR tests were conducted in SENB4 specimens as per BS ISO 12108 [130] for the fully CS Ti64 

material. Rectangular specimens were designed in B×(W=2B) configuration, where thickness (B) = 5.5 

mm, width (W) = 11 mm, and length (L) = 66 mm, as shown in Figure 6.6. All specimens were extracted 

from the fully CS Ti64 plate (Figure 6.3). Tests were performed in three different PdTT conditions, as 

stated in Table 6.1, for each case two tests were performed by increasing 𝛥𝐾.  FCGR tests were 

conducted using the ESH 30 kN universal materials testing machine. The output of this experiment was 

the crack length (a) versus number of cycles (N), which will then be used to deduce the FCGR expressed 

in terms of 𝑑𝑎 𝑑𝑛 ⁄ versus 𝛥𝐾 using the “secant” method. The “secant” method entails computing the 

slope of a straight line connecting two adjacent data points of the crack length and corresponding load 

cycle count. 

 
Figure 6.6: Single-edge notch four-point bend (SENB4) specimen design (L= 66 mm, W = 11 mm, B 

= 5.5 mm) for fatigue crack growth rate measurement as per standard BS ISO 12108  [130]. 

Fatigue precracking: All the specimens were fatigue prepacked to provide a straight and sharp fatigue 

crack of sufficient length. The lowest possible maximum stress-intensity factor, Kmax, for fatigue crack 

initiation was considered as 30-60 % of the material’s critical stress intensity factor estimated from the 
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fracture toughness tests. If crack initiation does not occur within a block of 30000-50000 load cycles, 

then Kmax was increased by 10 % and the block of load cycles was repeated. Fatigue precracking was 

performed at constant ΔK, with pre-crack a/W limit 0.2 and R ratio 0.1. 

Constant-force-amplitude K-increasing test procedure: K-increasing tests for da/dN>10-5 mm/cycle 

was started at 𝐾𝑚𝑎𝑥 or stress-intensity factor range (𝛥𝐾), which was equal to or greater than that used 

for the final stage of precracking. To generate the FCGR data, the load range kept constant as well as 

the load ratio (R = 0.1) and frequency (10 Hz). The 𝐾𝑚𝑎𝑥 increases with the crack growth up to the 

greatest 𝐾𝑚𝑎𝑥 in the range over which data was generated [130]. The a/W limit was set at 0.65 for the 

K-increasing tests. 

Crack length measurement: Direct current potential drop (DCPD) method was used for crack length 

measurements. DCPD is a non-destructive method, when electrical current passes through a conductive 

specimen there is a voltage drop across its surface or the crack plane. As the crack propagates, it reduces 

the conductive cross-sectional area remaining in the specimen resulting in increased electrical resistance 

keeping the current constant. Then the voltage or potential drop can be used to directly detect both the 

location and size of a crack and its subsequent growth over the time (comparing it with a reference 

voltage and reference crack length). All tests were performed at room temperature (21 ºC). After testing, 

machined notch depth and surface crack lengths were measured as described for fracture toughness test. 

6.2.7 Summary of the test matrix for microstructural and mechanical properties 

Testing conditions for various mechanical testing and microstructural characterisation are presented in 

Table 6.1. Details on various PdTTs (STA, HIP, and HIP+STA) are presented in section 3.5 (Chapter 3). 

Table 6.1: Test matrix for mechanical properties and microstructural characterisation 

Tests 

Testing conditions 

Fully CSa CS repairb 

AD STA HIP HIP+STA AD STA HIP HIP+STA 

Tensile ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Fracture toughness ✓ ✓ ✓ ✓ × × × × 

High cycle fatigue × ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Fatigue crack growth rate × ✓ ✓ ✓ × × × × 

Microhardness ✓ ✓ ✓ ✓ ✓ × × × 

Microstructure ✓ ✓ ✓ ✓ ✓ ✓ × × 
a Fully CS: specimens were extracted from the CS Ti64 plate shown in Figure 6.3. 
b CS repair: specimens extracted from a deposit/substrate assembly, having a specific ratio of CS deposit thickness 

to substrate thickness, as shown in Figure 6.1. 

Note: Mechanical tests were also performed for mill annealed Ti64 as a baseline. 
 

6.3 Results and discussions 

6.3.1 Microstructure and porosity 

SEM microstructure of CS deposited Ti64 material in various conditions are presented in Figure 6.7. In 

AD condition, the microstructure is generally comprised of so-called “smooth” and “textured” regions 

along with process-induced defects or porosities as shown in Figure 6.7a,b. After PdTTs, for all three 
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cases (STA, HIP, and HIP+STA), equiaxed α grains (dark colour) with intergranular β phase (light 

colour) were observed. 

 
Figure 6.7: SEM microstructure of CS Ti64 material in various conditions: (a,b) AD, (c,d) STA, 

(e,f) HIP, and (g,h) HIP+STA 

Cross-sectional porosity of CS Ti64 deposits in AD and after various PdTTs (STA, HIP, and HIP+STA) 

are shown in Figure 6.8. Both STA and HIP treatment led to a decrease in porosity by 16-21 % from its 

AD condition (~2.3 % to ~1.8 %). The minimum value measured was 1.78±0.99 %, which was for HIP 

treated specimens. However, it was not achievable to reduce process-induced porosities close-to-zero, 

which might be due to surface connected porosity or high open porosity leading gas transfer between 

pores and hence insufficient material densification [98]. However, HIP+STA treatment significantly 

increased porosity by 167 % (1.78±0.99 % to 4.76±1.54 %). Porosity regrowth during post-HIP heat 

treatment was also reported by [63] for selective electron beam melted Ti64, which was attributable to 
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pore expansion caused by the high pressure within the pores which remained after HIP due to the low 

diffusivity of argon in titanium.  

 

Figure 6.8: Cross-sectional area porosity of the CS Ti64 deposits in AD condition and after 

STA, HIP, and HIP+STA. 

6.3.2 Hardness 

 
Figure 6.9: Hardness values: (a) through-thickness hardness distribution in AD condition, (b) 

comparison of average hardness values among CS Ti64 deposits in various conditions (AD and after 

PdTTs), feedstock powder, and mill annealed Ti64 substrate. 

Through-thickness hardness distribution in a CS Ti64/Ti64 deposit-substrate coupon in AD condition 

is shown in Figure 6.9a. The variation in hardness value in CS Ti64 material in AD condition and after 

three different PdTTs (STA, HIP, HIP+STA), plus a comparison with the feedstock powder and mill 

annealed substrate is shown in Figure 6.9b. Hardness values in AD condition were found to be 26 % 

higher than that in the Ti64 feedstock powder, and around 16-19 % higher than the mill annealed Ti64 

substrate. Higher hardness in CS deposited material was due to the work hardening effect associated 

with the severe plastic deformation of the sprayed particles which is proportional to the impact velocity 

of the particles. Moreover, hardness values coming from nanoindentation measurements were found to 

be around 8-12 % higher than that of microhardness measurements. A decrease in hardness values was 

observed as a result of various PdTTs. After STA, HIP, and HIP+STA, hardness decreased by 15 %, 17 

%, and 35 %, respectively. Lower hardness after PdTTs was due to the microstructural changes as a 

result of  static recovery mechanisms during high-temperature annealing processes, transforming work 

hardened microstructure to resultant equiaxed microstructure through microstructural softening 
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(recovery, recrystallization, and/or phase transformation) [38,99]. High-temperature PdTTs promoted 

the growth of β phase vanishing “smooth” and “textured” regions (residue of 𝛼′martensite phase from 

its feedstock powder) of CS Ti64 deposits in the AD condition [99]. For HIP+STA treated specimens, 

a significant decline in hardness by 35 % was as a result of the increase in porosity to ~4.76 %. The 

higher scatter observed in microhardness values for the CS deposited Ti64 material (when compared to 

mill annealed substrate) was also due to the presence of porosity (1.78-4.76 %). 

6.3.3 Tensile properties 

Tensile properties for fully CS specimens and CS repair specimens are presented in Figure 6.10 for four 

different conditions viz. AD, STA, HIP, and HIP+STA. Figure 6.10a and Figure 6.10b show the stress 

versus strain relationship for fully CS specimens and CS repair specimens, respectively. E values of the 

fully CS material is shown in Figure 6.10c, UTS and El values of both fully CS and CS repair specimens 

are shown in Figure 6.10d-e. In the AD condition, fully CS specimens failed in a brittle manner at 287±7 

MPa with 0.44 % El and showed no yield point. The E value calculated from the stress versus strain 

curve for the fully CS Ti-64 (AD) was found to be 76.80 GPa, which was about 32 % lower than the 

mill annealed Ti64 (113.74 GPa). However, from the IET measurements, E values obtained for CS Ti64 

(AD) material was around 13 % higher than the values obtained from the stress versus strain curve. See 

Appendix C1 for details on the E values measured by the IET. 

It was found that PdTTs have significantly improved tensile properties. For the fully CS material, STA 

treatment led to the most improved tensile properties among the investigated cases. After STA, the UTS 

increased by about 200 % from 287 to 868 MPa and the E increased by 42 % from 76.80 to 108.69 GPa; 

which is close to the properties of the wrought material (mill annealed Ti64). However, no appreciable 

improvement of the elasticity was observed. El improved slightly from 0.44 % to 1.23 %, which is much 

lower than that of the wrought counterpart in mill annealed condition (~14 %). Only mild elastic-plastic 

deformation was found for the specimens with STA treatment.  

For CS repair specimens, a sudden shift in the stress versus strain curve (Figure 6.10b) was observed, 

as marked by point ‘P’. This is the region where the repair broke (i.e. the CS part of the repair-substrate 

assembly) into two pieces as shown in the offset, then gradually started delaminating from the substrate 

leading to complete delamination. Until the breaking point ‘P’, the slope on the stress-strain curve is a 

contribution of both parent material and the CS deposited material. However, after breaking point ‘P’, 

the drop in tensile stress was partially recovered by the substrate material and the remaining stress-

strain plot arose from the strain hardening of the substrate part of the repair-substrate assembly alone. 

So, the actual stress-strain representation of the repair assembly is just up to the point where the CS 

coating fails, therefore, the UTS value of the CS repair specimen is represented by point ‘P’. Moreover, 

it was found that the UTS value and % strain at failure of the repairs decreases with the increase in CS 

repair thickness as brittleness of CS deposits becomes more dominant with the increase in CS thickness 

when compared two repair specimens with repair ratios 2:5, and 1:5, respectively (Appendix C2). 

Similar results were also observed by Tan et al. [94] while investigating the effect of coating thickness 
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on flexural strength. This could be also due to the increase in porosity with the increase in coating 

thickness as stated in [94]. 

Similar to the fully CS material, tensile properties of the CS repair specimens were significantly 

improved after PdTTs. It was found that UTS values were increased significantly by more than 200 % 

from 308 MPa (AD) to 951 MPa after both STA and HIP treatments. Moreover, the HIP treatment 

improved elongation from 0.35 % to 4.32 %. Higher values in the case of CS repair specimens as 

compared to fully CS material is due to the contribution of the parent material towards the overall 

properties, mainly in the case of % El. However, it is not clear how much contribution the parent 

material has towards the final results, which needs further investigation. Table C1 (Appendix C3) 

presents the tensile properties of the tested specimens in various testing conditions. 

Significant improvement in tensile properties after PdTTs was mainly attributed to improved interfacial 

metallurgical bonding (both inter-particle (cohesive) and coating-substrate (adhesive)) due to atomic 

diffusion and grain boundary migration, also revealed by fractography and microstructure. 

 
Figure 6.10: Tensile properties in four different conditions viz. AD, STA, HIP, and HIP+STA: (a) fully 

CS specimen: stress-strain curves, (b) CS repair specimen with 2:5 repair ratio: stress-strain curves, (c) 

elastic moduli (E) from the stress-strain curve for fully CS material, (d) UTS comparison, (e) elongation 

(El) comparison. 
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Fractography 

Figure 6.11 shows the SEM images (BSE mode) of fracture surfaces of tensile tested specimens. Figure 

6.11a-c shows a fully CS specimen in different magnifications, it can be seen that failure happened in 

a brittle manner mostly due to the debonding at the particle boundaries of the mechanically interlocked 

particles leaving a smooth crater (Figure 6.11d) or cleavage fracture along the interfaces [99]. Another 

reason is the presence of uniformly distributed process-induced porosities resulting from undeformed 

particles and lack of bonding in between deposited particles (Figure 6.11e). However, ductile tearing 

was witnessed in some particles with dimples on the fracture planes, which was as a result of localised 

adiabatic transient interfacial melting at the particle boundaries (Figure 6.11f). 

 
Figure 6.11: SEM images of the fracture surface of a fully CS Ti64 tensile specimen in the AD 

condition: (a-c) in three different magnifications, (d) debonding of mechanically interlocked particles, 

(e) porosity at the fracture surface, and (f) debonding of metallurgically bonded particles with ductile 

tearing. 

Figure 6.12a-d compares the fracture surfaces of tensile tested specimens in four different conditions 

(i.e. AD, STA, HIP, and HIP+STA). As can be seen from Figure 6.12a, brittle failure happed in the AD 

condition was mainly due to debonding at the mechanically interlocked particle boundaries, although 

there were few localised ductile dimple observed on the fracture surface. After PdTTs (STA, HIP, and 

HIP+STA; see Figure 6.12b-d), the proportion of ductile features on the fracture surface significantly 

increases due to the formation metallurgical bonding and thereby enhancing tensile strength when 

compared to AD condition. However, it had less influence on the ductility of the material as it was not 

achievable to reduce process-induced porosities close-to-zero after PdTTs and hence no significant 

improvement in elongation was obtained. Porosity slightly reduced after STA and HIP treatments, but 

significantly increased after HIP+STA treatment (see section 6.3.1). 
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Figure 6.12: Fracture surfaces of fully CS tensile specimens in four different conditions:  

(a) AD, (b) STA, (c) HIP, and (d) HIP+STA 

6.3.4 High cycle fatigue (HCF) 

Stress-controlled HCF test results (both fully CS, and CS repairs) are shown in Figure 6.13. For fully 

CS specimens, the highest performance was observed in STA condition with a mean number of cycles 

at failure equal to 53495 (±7862). For CS repair specimens, fatigue life was higher than the fully CS 

specimens. The highest fatigue life for repair specimens was in the HIP condition with failure at mean 

life of cycles 270616 (±17577). The higher fatigue endurance for CS repair specimens was due to the 

contribution of the substrate material towards the overall fatigue life, as also found in the tensile tests 

(section 6.3.3). However, the fatigue life of both types of specimens (at 300 MPa applied stress range 

and 0.1 stress ratio) were much lower compared to the parent material. For mill annealed Ti64, fatigue 

life at a similar stress range should be much higher than 1.0E+7 cycles. The lower fatigue life of CS 

specimens was mainly associated with the brittleness of the material and the presence of pores, as none 

of the PdTTs was successful in closing process-induced porosities. For the CS repairs, test results in the 

AD condition are not presented here, as out of two specimens the CS deposits of the repair assembly of 

one completely delaminated during the first fatigue cycle, and for the other crack initiated at the 

interface in the first few cycles. However, for CS repair specimens tested after PdTTs, no delamination 

or any crack observed until final failure, as PdTTs significantly improved interfacial adhesion strength 

(section 5.5.2 (Chapter 5) presents the effect of STA on the interfacial adhesion strength). 

For fully CS specimens, fracture surfaces were very similar as tensile specimens (Figure 6.12) with no 

sign in crack initiation, propagation and final failure, therefore not presented here. In the case of CS 

repair specimens, fracture surfaces of all specimens were found to have similar morphologies 

irrespective of the thermal treatment conditions. As an example, the fracture surface of an STA treated 

specimen is shown in Figure 6.14. HIP and HIP+STA treated specimens are not shown here, as there 

were no significant differences in the fracture surface characteristics when compared to STA specimens. 

As can be observed from Figure 6.14a, there was no clear sign of fatigue crack initiation, and also no 



Chapter 6   Mechanical Properties and Microstructure 

PhD Thesis – Dibakor Boruah 6-14 Coventry University (2020) 

beach mark was observed. Therefore it was not possible to identify the exact fatigue crack initiation 

point. However, based on the positions of the rapid fractured region (R2: left bottom) and presence of 

fatigue striation (R3: right bottom), the crack might have initiated from region R1 (top right) with 

multiple crack initiation points and propagated through the interface leading to rapid fracture through 

the substrate (region R2). Zoomed view of respective regions from the fracture surface is presented in 

Figure 6.14b-e.  

 
Figure 6.13: (a) High cycle fatigue life of fully CS and CS repair specimens with three different 

PdTTs: STA, HIP, and HIP+STA; (b) comparison of fully CS and repair specimens with mill annealed 

Ti64. 

 
Figure 6.14: Fracture surface of an STA treated repair specimen after HCF testing (same characteristics 

were also observed for HIP, and HIP+STA conditions), (b-e) are zoomed images in various zones 

marked in (a). 
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6.3.5 Fracture toughness 

Load (P) versus crack mouth opening displacement (CMOD) curves from the tests for fully CS material 

after three different PdTTs (STA, HIP, and HIP+STA) along with a mill annealed Ti64 are presented 

in Figure 6.15. Fracture toughness results (in terms of stress intensity factor at the maximum load Pmax 

(KQ), J-integral (JQ), and CTOD (δQ)) are presented in Figure 6.16. Results for the AD specimens are 

not presented here as it was not possible to conduct fracture toughness test according to the ASTM 

E1820 standard. Out of three specimens, the first failed during the fatigue precracking stage. Therefore, 

the remaining two were tested without fatigue precracking. Based on these two tests (without fatigue 

precracking), KQ, JQ, and δQ values were found to be 11.23 MPa.m1/2, 1.81 kJ/m2, and 0.004 mm, 

respectively. 

 
Figure 6.15: Load (P) versus crack mouth opening displacement (CMOD) relation obtained from 

testing SENB3 specimens. 

 

Figure 6.16: Provisional fracture toughness properties values of fully CS Ti64 material after three 

different PdTTs and comparison with mill annealed Ti64: (a) stress intensity factor, KQ; (b) J-integral, 

JQ; and (c) crack tip opening displacement, δQ. 

Among various PdTTs, stress intensity factor at the maximum load (KQ) for the fully CS Ti64 material 

was the highest in the STA specimens with 32.70±0.05 MPa.m1/2, although it is only about 53 % of the 

KQ value for the mill annealed Ti64. Similarly, the highest values of J-integral and CMOD were 

measured in STA specimens, JQ = 12.96±1.12 kJ/m2 and δQ = 0.010±0.0007 mm, which was 26 % and 

35 % of the mill annealed Ti-64, respectively. For all the specimens, test results are very consistent as 

can be seen from the error bars. Lower fracture toughness properties (more significant for J-integral 
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and CTOD) for the CS Ti64 material can be explained based on fracture toughening mechanisms. 

Higher fracture toughness properties of a material is a function of four key mechanisms: high yield 

strength, a high degree of heterogeneity in the material, pronounced strengthing potential, and higher 

elongation [184]. However, in the case of CS deposited material, none of these desired characteristics 

was present. Firstly, a yield strength only existed for the STA treated material, in the other two conditions 

(HIP, HIP+STA) specimens failed in a brittle manner. Secondly, CS deposited material was mostly 

homogenous owing to the symmetry of the deposition process, and porosities were evenly distributed. 

Finally, there was no pronounced strengthening potential since the material was highly brittle with no or 

very low ductility properties. 

From the measured crack extension values (𝛥𝑎𝑝) , for all testing conditions, measured fracture 

toughness properties were on the onset of unstable crack extension with 𝛥𝑎𝑝 > (0.2 + 0.7δ) . 

Moreover, fracture instability occurred after stable tearing, since 𝛥𝑎𝑝 > (0.2 + 𝐽 2𝜎𝑌⁄ ) and 𝛥𝑎𝑝 >

(0.2 + 𝛿 1.4⁄ ) as per ASTM 1820 [129]. Therefore, the measured fracture toughness parameters can be 

considered as  𝐽𝑢 and  𝛿𝑢, which corresponds to the force 𝑃𝑢, and the clip gauge displacement 𝑣𝑢 (Type 

C of the force versus clip gauge displacement records, see Appendix C4 [129]). 𝐽𝑢  and 𝛿𝑢  are 

characteristics of the material and specimen geometry and size (not considered as size-insensitive 

property), which signifies that at the test temperature material is brittle and can sustain only limited R-

curve behaviour [129]. 

6.3.6 Fatigue crack growth rate (FCGR) 

Crack length (𝑎) versus number of load cycles (N) curves from the FCGR tests for fully CS material 

with three different post-deposition thermal treatments, PdTTs (STA, HIP, and HIP+STA) along with 

a mill annealed Ti64 are presented in Figure 6.17a. Crack growth rate (𝑑𝑎 𝑑𝑁⁄ ) versus stress intensity 

factor range (∆𝐾) results are presented in Figure 6.17b. As mentioned in section 6.2.6, two specimens 

were tested in each condition (STA, HIP, HIP+STA) with increasing-∆𝐾 . However, in the HIP 

condition, one specimen failed during setting-up the test specimen, therefore FCGR data from only one 

specimen is presented in Figure 6.17; for all other conditions, results from two specimens are presented. 

Figure 6.17a indicates that mill annealed Ti64 specimens possessed the shortest life and HIP+STA 

treated fully CS specimens had the longest life. However, it is important to note that during increasing-

∆𝐾  tests the initial ∆𝐾  used for mill annealed Ti64 was the highest (11.0-11.5 MPa.m1/2), and for 

HIP+STA treated CS specimens it was the lowest (6.2 MPa.m1/2). For STA and HIP treated fully CS 

specimens, initial ∆𝐾 values were 8.5-9.0 MPa.m1/2, and 8.0 MPa.m1/2, respectively. Initial ∆𝐾 values 

were choosen based on the critical stress intensity factor values estimated from fracture toughness tests, 

as stated in section 6.2.6. For fully CS specimens (in all conditions: STA, HIP, and HIP+STA) where a 

lower initial ∆𝐾 values were used, the crack propagation rate speeded up when ∆𝐾 gradually became 

higher with the increase in crack length. The most important information from FCGR tests is the relation 

of the crack growth rate versus the stress intensity factor range. As the latter is a function of both applied 
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load and the growing crack length, this relationship respects the similitude principle of fracture 

mechanics and represents the material property.   

Figure 6.17b shows that the fatigue crack growth rate (𝑑𝑎 𝑑𝑁⁄ ) was higher for fully CS Ti64 specimens 

in all conditions when compared to mill annealed Ti64. Among the investigated cases, the crack growth 

rate was lowest for mill annealed Ti64 and highest for HIP+STA treated fully CS Ti64 material. The 

crack propagation rates were found to be significantly different within the Paris law regime among four 

different specimen types. The Paris law slope (exponent ‘m’ in the empirical Paris equation, 𝑑𝑎 𝑑𝑁⁄ =

𝐶(∆𝐾)𝑚) for the fully CS Ti64 in STA, HIP, and HIP+STA conditions were measured as 4.0, 5.9 and 

5.2 respectively, whereas for the mill annealed Ti64 the slope was 2.8. Within the investigated ∆𝐾 

range, FCGR behaviour of the STA treated material was found to be the lowest among the fully CS 

specimens with three different PdTTs (i.e. STA, HIP, and HIP+STA). 

 
Figure 6.17: (a) Crack length vs. number of cycles, and (b) fatigue crack growth rate vs. stress intensity 

factor range obtained for fully CS Ti64 material after three different PdTTs (STA, HIP, and HIP+STA) 

and comparison with mill annealed Ti64. 
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6.4 Conclusions 

The effect of various PdTTs such as STA, HIP, and HIP+STA on the microstructure and mechanical 

properties were studied for fully CS Ti64 and CS Ti64 repairs (CS deposit-substrate assembly). 

Investigations were carried out in terms of microstructure, hardness, tensile properties, HCF, fracture 

toughness, and FCGR. Key findings from this study can be summarised as follows: 

1) HIP and STA treatments have slightly reduced porosity by 16-21 % from the AD condition, the 

minimum measured value of cross-sectional area porosity was 1.78 % after HIP treatment. Presence 

of surface connected porosity in the CS Ti64 deposits resulted in insufficient material densification 

during the HIP process. Hardness value was lowered by 15-17 % due to microstructural change in 

the CS Ti64 material caused by static recovery mechanisms during PdTTs. 

2) For fully CS material, PdTTs have resulted in significant improvement of tensile properties from the 

AD condition. The best results were obtained in the STA condition, which improved the UTS by 

202 %, from 287 to 868 MPa, and elongation from 0.44 % to 1.23 %. Regarding E, both STA and 

HIP treatment have increased its values by around 42 %, from 77 GPa to 109-110 GPa. 

3) For CS repair specimens (repair ratio 2:5), both STA and HIP treatment have improved the UTS 

value by 209 % i.e. from 308 to 951 MPa, elongation from 0.35 % to 3.01 % after STA, and to 4.32 

% after HIP treatment. 

4) HCF life of specimens (both fully CS and CS repair) were found to be significantly lower than the 

mill annealed Ti64 in all conditions at the applied stress range 300 MPa with stress ratio 0.1. The 

best performance was from the STA condition with a mean life of 53495 cycles; for CS repair 

specimens, fatigue life was longer than the fully CS specimens with the highest mean life in the HIP 

condition at 270616 cycles. 

5) Fracture toughness values of the fully CS material (for all PdTTs) were found to be significantly 

lower than the mill annealed Ti64. Highest values were measured in the STA condition: KQ as 32.70 

MPa.m1/2, J integral as 12.96 kJ/m2, and CTOD as 0.010 mm, which were around 47 %, 74 %, and 

65 % lower than the respective property of the mill annealed Ti64. 

6) FCGR was much higher in all fully CS specimens than the mill annealed Ti-64. For fully CS specimens, the 

lowest crack growth rate was in the STA condition.
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 Characterisation of Laser Assisted Cold 

Sprayed Ti-6Al-4V 

7.1 Introduction 

CS technology is becoming increasingly popular as a potentially feasible tool for repairing high-value 

structural components. The international CS community, on the other hand, has struggled to achieve 

fully dense and well-bonded coated layers suitable for repair applications. It is very challenging to 

deform the spraying particles sufficiently upon impact with the substrate surface due to the hexagonal 

close-packed α´ phase present in Ti64 powders. Moreover, the bonding mechanism involved is 

predominantly mechanical interlocking rather than metallurgical bonding, although there is some 

evidence of the latter manifested by localised adiabatic transient interfacial melting (see Chapter 6). 

Consequently, the resulting metallurgical and mechanical properties of the CS Ti64 deposits are not 

adequate for structural repair applications, even using the state-of-the-art CS system and process 

parameters. This will compromise the structural integrity of load-carrying parts.  

However, the recent advancement of LACS [34,185] is a promising tool for improving characteristics 

(porosity, adhesion, cohesion, etc.) of high strength alloy CS deposits such as Ti64. Previously, Perton 

et al. [65] have studied the effect of pulsed laser ablation (PLA) and continuous laser heating on the 

adhesion and cohesion of CS Ti64 deposits. They have found laser pre-heating beneficial in improving 

coating adhesion and cohesion, only when combined with the PLA process. The PLA process alone 

showed a negative effect on the same. Birt et al. [64] have performed a study on statistically guided 

development for microstructural control of LACS Ti64. They have achieved less than 1 % porosity for 

Ti64 coatings deposited via LACS using nitrogen as a carrier gas. According to the author’s best of 

knowledge, apart from these two studies [64,65], there are no further developments for LACS of Ti64 

that is available in the open literature. 

In this study, LACS Ti64 deposits were characterised in terms of DE, surface profilometry, 

microstructure, porosity, hardness, and residual stresses. 

7.2 Experimental methods 

7.2.1 Laser-assisted cold spray deposition trials 

Initially, single-track (deposits formed by a single deposition track) specimens were produced by 

depositing on to mill annealed Ti64 substrates, which were preheated (to 400, 600, and 800 ºC, 

respectively) by laser treatment prior to CS. As mentioned in section 3.7, to ensure that the laser was 

heating the specimen immediately preceding the CS deposited track, the laser spot position was aligned 

4 mm ahead of the CS nozzle. Moreover, the laser spot size (~ 4.4 mm) is much smaller than the CS 

deposition track (~10 mm). Therefore, only one half the substrate under the CS track gets preheated by 

the laser (section 7.3.2). Then, a suitable laser substrate preheating temperature was chosen for further 

investigation. In the second stage of deposition trials, single-layer (one layer of LACS deposits formed 
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by multiple deposition tracks overlapping with each other) specimens were produced for three different 

track spacings (i.e. 1, 2, and 3 mm, respectively) with laser substrate preheating temperature 600 ºC. 

Thus, a total of six specimens were produced, three single-track and three single-layer LACS 

specimens, as presented in Table 7.1. 

Table 7.1: Specimens details for LACS trials 

Sample no. 

Laser substrate 

preheating 

temperature (ºC) 

Track spacing 

(mm) 

Coating thickness 

(mm) 
Type of specimen 

LACS 400 400 - - 

Single-track deposition LACS 600 600 - - 

LACS 800 800 - - 

LACS 600-1 600 1 1.45 
Single-layer (multi-track) 

deposition with overlapping 

tracks. 

LACS 600-2 600 2 0.86 

LACS 600-3 600 3 0.60 
 

7.2.2 Characterisation of LACS deposits 

Surface profilometry of the LACS single-tracks were investigated to see the variation in surface 

morphologies at different laser substrate preheating temperatures, and to observe the difference between 

the laser-assisted and non-laser-assisted side of the tracks. Afterwards, the surface roughness of single-

layer (multi-track) LACS specimens deposited at three different track spacings was investigated to 

determine which track spacing produces more evenly distributed coatings. The surface morphology 

measurements were carried out using the Alicona Infinite Focus SL microscope (see section 3.6.2). 

To measure the DE, the weight of all three single-layer specimens was measured before and after 

spraying, following the procedure stated in section 3.6.1. 

For metallographic examination, single-track specimens were prepared (for metallographic preparation 

see section 3.6.3) to study the effect of laser preheating substrate temperature on the adhesion and 

cohesion characteristics of CS deposits, and also to see the difference in the laser-assisted and non-

laser-assisted region of the tracks. Further, cross-sections of the single-layer specimens were examined 

to observe the effect of the overlap of the laser spot with the CS spot to determine the optimal track 

spacing in terms of microstructure and porosity.  

Through-thickness microhardness measurements were performed (as stated in section 3.6.5.1) for 

single-layer specimens across the coating thickness, interface, and up to 5 mm in the substrate.  

7.2.3 Residual stress measurements using incremental centre-hole drilling 

Residual stress measurements were performed using incremental centre-hole drilling (ICHD) technique 

as per ASTM E837 [186]. The hole drilling is one of the most widely used technique for residual stress 

measurements, which involves drilling a small hole in the specimen through the centre of a strain gauge 

rosette (SGR), and then measuring the relieved surface strains as a result of relaxation of residual 

stresses in the surrounding material readjusting its stress state to re-attain residual stress equilibrium. 

Afterwards, the measured strain allows back-calculation of the previously existed residual stresses, 
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assuming the material is isotropic, linear elastic, and the variations of stress within the boundaries of 

the hole are small.  

In this study, residual stresses were measured for three single-layer specimens as shown in Table 7.2. 

Before hole drilling, coating surfaces were smoothened by minor polishing and degreased to allow the 

attachment of the strain gauge (FRS-2-11). Then, glued the SGR at the measurement location and 

attached the lead wires. The drill machine (MTS3000 Restan – SINT Technology) was aligned to the 

SGR, and a diamond drill bit with 2 mm diameter was used to drill up to a depth of 1 mm in 20 steps 

i.e. measured strain at each 0.05 mm increment up to 1 mm. The triple strain gauges within the rosette 

(aligned round the drilled-hole axis with a relative angular spacing of 45º) permitted measurement of 

the bi-axial residual stress state i.e. σL, σT and σLT, as shown in Figure 7.1. Then residual stresses were 

calculated using Reston evaluation software (EVAL – 7.11) software assuming E as 90 MPa for the 

LACS deposited material. 

 
Figure 7.1: Schematic of the ICHD technique [187] 

Table 7.2: Specimen details (rectangular coupons: 40×40 mm) for residual stresses measurements.  

Specimen name 
Track spacing 

(mm) 

Coating thickness 

(mm) 

No. of 

layers 

Substrate 

thickness (mm) 

Toolpath 

pattern 

Scanning speed 

(mm/s) 

LACS 600-1 1 1.45 

1 10.85 
Horizontal 

raster 
40 LACS 600-2 2 0.86 

LACS 600-3 3 0.60 
 

7.3 Results and Discussion 

7.3.1 Deposition efficiency (DE) 

The DE of LACS process was found to be 65±6.08 %, which is much lower than the DE of standard 

CS process (~100 %). Lower DE in the LACS as compared to standard CS process was also reported 

by Walker et al [185] in the case of IN718 alloy. The lower DE for LACS process might be due to very 

low scanning speed (40 mm/s) compared to standard CS process (typically 500 mm/s), and increased 

oxidation of the laser heating of the spraying particles in the gas stream. 

7.3.2 Surface profilometry 

The surface profile of LACS single-tracks specimens (deposited with three different substrate 

preheating temperatures viz. 400, 600, and 800 ºC, respectively) are presented in Figure 7.2a-c. The 
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laser spot of 4.4 mm diameter was found to be large enough to heat one half of the track. It can be 

observed from Figure 7.2a,b that the LACS track profiles were not symmetrical, the laser-assisted side 

of the tracks was more compact due to higher heat input and possessed lower thickness when compared 

to the non-laser-assisted side of the tracks. Figure 7.2c compares the height of the laser-assisted and 

non-laser-assisted side of the track (2 mm away from the centre of the track). The height of the laser-

assisted side was found to be >100 µm higher than the other side. 

 
Figure 7.2: Single-track LACS Ti64 profiles for three substrate preheating temperatures i.e. 400, 600, 

and 800 ºC, respectively: (a) surface profile maps, (b) surface profile trace across the width of single-

tracks, (c) track height from the 2 mm from its centre (A: laser preheated substrate side, and B: 

substrates with no laser pre-heating). 

The surface profile of the single-layer specimens with three different deposition track spacings (1, 2, 

and 3 mm, respectively) are shown in Figure 7.3a-d. Among the investigated case, the specimen 

deposited with 2 mm track spacing possessed the most evenly distributed deposits with lowest measured 

values for all of the three surface roughness parameters (Ra, Rq, Rz), as shown in Figure 7.3d. Moreover, 

there was some waviness (not shown here), particularly at the edges of the single-layer specimens due 

to the fluctuation in laser powder, which was found to be more serious for the specimen with 1 mm 

track spacing. Similar issue with the stability of the laser was also reported in [185]. 
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Figure 7.3: Surface roughness profile maps of single-layer LACS Ti64 specimens deposited with a 

track spacing of (a) 1 mm, (b) 2 mm, and (c) 3 mm; (d) comparison of surface roughness (Ra, Rq, 

Rz) values among coatings deposited by three different track spacings. 

7.3.3 Microstructure and porosity 

SEM microstructure of single-track LACS deposit-substrate cross-sections for three different laser 

substrate preheating temperatures (400, 600, and 800 ºC, respectively) are presented in Figure 7.4. It 

can be observed from Figure 7.4a-c that Ti64 deposits were successfully bonded with intimate contact 

to the Ti64 substrates with no sign of delamination. For all three cases, deposited particles were 

distributed more compactly as compared to CS deposits with no laser substrate preheating. Moreover, 

intimate contact at the interfaces (both deposit-substrate or adhesive, and particle-particle or cohesive 

interfaces) was observed, especially at 600 and 800 ºC substrate preheating temperatures. At 400 ºC 

preheating temperature, the deposit-substrate interface was appeared to be more or less similar to the 

standard CS process with clear distinction of microstructural feature between the deposited and 

substrate material. However, laser substrate preheating to 600 and 800 ºC increases deformability of the 

substrate through thermal softening resulting in extensive interfacial mixing between the deposited 

particles and substrate. Formation of recrystallised α plates was observed at the particle boundaries for 

specimens with laser substrate preheating to 600 and 800 ºC. 

Etched optical micrographs of single-layer LACS coatings deposited using three different track spacing 

(1, 2, and 3 mm) is shown in Figure 7.5. Figure 7.5a,c,e showing cross-sectional interfaces, and Figure 

7.5b,d,f showing cross-sections of LACS deposits. From the LACS interfaces, better coating-substrate 

adhesion was observed at a lower deposition track spacing. It was due to longer exposer time of the 

laser beam on the substrate at a lower track spacing. Consequently, higher heat/energy input of the laser 

beam melts the substrate locally, which makes the substrate smoother and softer, and hence promotes 

extensive deformation resulting in better adhesion with the sprayed particles. This phenomenon was 

found to be more dominant with the decrease in track spacing from 3 to 1 mm. Porosity values were 
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found to be 0.44, 0.37, and 0.42 %, for track spacing 1, 2 and 3 mm, respectively; which is around 62-

68 % lower than those achieved using He as a process gas (1.16 %) [99] and 81-84 % lower than the 

coating deposited using N2 as a process gas with no laser (i.e. 2.27 %, see section 6.3.1). However, there 

was no significant difference in cross-sectional area porosities of LACS coatings deposited with 

different track spacing (see Figure 7.5b,d,f and Figure 7.6). Deposited particles were closely bonded to 

neighbour particles with no interconnected porosity, unlike standard CS Ti64 coatings. Lowest 

measured porosity was 0.37 % with 2 mm track spacing, which make sense because surface 

profilometry measurements also showed more evenly distributed coating when deposited with 2 mm 

track spacing. Further, in-depth investigation required for understanding the microstructural evolution 

of LACS Ti64 coatings deposited on Ti64 substrates. 

 
Figure 7.4: SEM microstructure of single-track LACS deposit-substrate cross-sections with laser 

substrate preheating to (a) 400 ºC, (b) 600, and (c) 800 ºC 

 
Figure 7.5: Cross-sectional etched optical micrographs of single-layer LACS specimens deposited 

using three different track spacing, (a-b): 1 mm, (c-d): 2 mm, and (e-f): 3 mm 
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Figure 7.6: Cross-sectional area porosity in LACS Ti64 deposits (for three different track spacings) 

as compared to CS Ti64 deposits. 

7.3.4 Microhardness 

Microhardness of LACS deposits in comparison to standard CS deposits, feedstock powder and mill 

annealed Ti64 substrate is shown in Figure 7.7. Through-thickness hardness distribution is shown in 

Figure 7.8. Average hardness values in LACS deposits (388-403 HV) were found to be comparable to 

mill annealed Ti64 substrate (393 HV), but lower than the standard CS deposits (429 HV). However, at 

a deposition track spacing of 1 mm, hardness was relatively higher and values were less consistent when 

compared to 2 and 3 mm track spacing deposits. Higher scatter for 1 mm track spacing deposits was 

mainly due to very high hardness values, measured just above the coating side of the interface reaching 

~540 HV, which is an indication of the localised HAZ due to the formation of titanium oxide as a result 

of laser treatment. Li et al. [34] have reported the presence of two HAZ’s in laser-treated CS Ti deposits, 

one with lamellae of coarse grains and another with equiaxed with small grains caused by laser heat 

promoted recrystallization. However, for better understanding, further microstructural investigation 

required for LACS Ti64 deposit-substrate interfaces [58,128]. 

 
Figure 7.7: Hardness of LACS deposits in comparison to standard CS, feedstock powder, and mill 

annealed Ti64. 
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Figure 7.8: Trough-thickness hardness profile of single-layer LACS Ti64 deposit-substrate assemblies, 

deposited at three different track spacings: 1, 2, and 3 mm. 

7.3.5 Residual stresses 

Residual stresses in the LACS coatings (single-layer with three different track spacings: 1 mm, 2 mm, 

and 3 mm, respectively) measured using ICHD is shown in Figure 7.9. Figure 7.9a shows residual stress 

distribution (average of bi-axial stress components) in the coating, the dotted lines denote the best-fitted 

polynomial trendline, and the error bars represent a comparison of transverse and longitudinal stresses. 

Figure 7.9b shows a comparison of the average residual stresses in three different coatings for both 

transverse and longitudinal directions. Although measurements were performed up to a depth of 1 mm 

in the coating-substrate assembly, stresses were presented only up to 0.5 mm as there were higher scatter 

in the strain measurements at higher depths. Residual stresses were found to be tensile in nature for all 

three coatings and can be categorised as quenching dominant [48] (see section 4.4.2 and 4.4.3, Chapter 

4), which was due to higher process gas temperature/pressure (1100 ºC, 5 MPa) along with high heat 

input during laser preheating of the substrate to 600 ºC. However, an interesting trend in residual stresses 

was observed, i.e. higher the deposition track spacing the higher the magnitude of tensile residual 

stresses in the coating. The lower residual stresses at a lower track spacing (i.e. 1 mm) might be due to 

partial relieving of the induced quenching stresses by the annealing effect of the higher temperature in 

the specimen resulting from the combined effect of laser preheating and higher process gas temperature. 

Since the heat-induced through laser preheating was higher at a lower track spacing (due to long 

exposure to laser preheating), therefore, the opposing annealing effect on the induced quenching 

stresses was higher for specimens deposited at a lower track spacing. This results in lower tensile 

residual stresses in the coatings with a lower track spacing. The hypothesis of the opposing annealing 

effect of high gas temperature on the induced stresses was also reported by Ghelichi et al [188]. It was 

reported that there is a linear relation between annealing time and relieved stresses for coatings 

deposited at the same temperature. Hence, the lesser the spraying time and/or spraying temperature, 

lesser the annealing effect, and thus stress relieved will be less [188].  
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Figure 7.9: (a) Residual stress distribution (average of longitudinal and transverse) from the top LACS 

coatings up to 0.5 mm depth, (b) average residual stresses in the LACS coatings in the transverse and 

longitudinal direction. 

For the analytical prediction of residual stresses in single-layer specimens with for 3, 2, and 1 mm track 

spacings, the ‘k’ value in the Eqs. (4.12) and (4.14) was set as 191, 135, and 31 MPa, respectively, 

based on the measured residual stresses in the coating using incremental centre-hole drilling 

(longitudinal component). Other parameters used for calculations are based on Table 7.2. Figure 7.10 

shows a comparison among through-thickness distributions of residual stresses in LACS specimens, 

predicted using the quenching dominant analytical model as presented in Chapter 4. 

 
Figure 7.10: Through-thickness residual stress distribution (LD) predicted using the analytical model 

(quenching dominant) [48,131]. 

From residual stress results, it is obvious that 1 mm track spacing is best for producing multi-rack (might 

also be for multi-layer deposition) LACS deposits with minimal residual stress development. However, 

2 mm track showed slightly better performance for other measures stated earlier (sections 7.3.1-7.3.4), 

such as more evenly distributed deposits with the lowest measured porosity, very good interfacial 

mixing, and very consistent through-thickness hardness comparable to mill annealed Ti64. Therefore, 

considering all of these measures, a deposition track spacing in between 1 and 2 mm (e.g. 1.5 mm) 

might be best for depositing multiple LACS layers. 
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7.4 Conclusions 

To characterise LACS deposited Ti64 alloy, two types of specimens were produced: (i) single-track 

deposited on Ti64 substrates preheated to 400, 600, and 800 ºC, respectively, and (ii) single-layer 

(multi-track) deposited on Ti64 substrates preheated to 600 ºC with track spacing 1, 2, and 3 mm, 

respectively. Single-track specimens were studied in terms of surface profilometry and cross-sectional 

microstructure. Single-layer specimens were investigated in terms of DE, surface profilometry, 

microstructure, microhardness, and residual stresses using incremental centre-hole drilling. Key 

findings from this study can be summarised as follows: 

1. The DE of LACS deposits was found to be around 65 %, which is much lower than the DE of the 

standard CS process (~100 %). 

2. For single-tracks, surface profiles were asymmetrical, laser-assisted side of the tracks were more 

compact and possessed lower thickness when compared to the non-laser-assisted side. For single-

layer specimens, LACS deposits with 2 mm track spacing was most evenly distributed. 

3. Cross-sectional microstructures of the single-track deposits showed intimate contact at the 

interfaces, especially, extensive interfacial mixing for specimens with substrate preheating 

temperatures 600 and 800 ºC. For single-layer specimens, a better coating-substrate adhesion was 

observed at the lowest deposition track spacing (1 mm). 

4. Cross-sectional area porosity values were found to be 0.44, 0.37, and 0.42 %, for LCAS deposits 

with track spacing 1, 2 and 3 mm, respectively; which is around 81-84 % lower than those 

achieved using CS with no laser (2.27 %). 

5. Average microhardness values were found to be 403, 397, and 388 HV, for LCAS deposits with 

track spacing 1, 2 and 3 mm, respectively. They are comparable to mill annealed Ti64 substrate 

(393 HV), but lower than the standard CS deposits (429 HV). For LACS deposits with 1 mm 

track spacing, hardness values were very high near the interface, which might be due to the 

formation of a localised HAZ. 

6. Tensile residual stresses were found in all three LACS coatings, which was due to higher process 

gas temperature (1100 ºC) along with high heat input during laser preheating of the substrate to 

600 ºC. Average tensile residual stresses in the LACS coatings deposited with 1, 2 and 3 mm 

track spacings were found to be 31, 135, and 191 MPa, respectively. 
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 Conclusions and Recommendations 

8.1 Research summary 

The research carried out in this study aimed at assessing structural integrity performance of Cold Spray 

(CS) deposited Ti-6Al-4V (Ti64) alloy with a focus on residual stresses, adhesion strength, static 

mechanical properties, fatigue and damage tolerance performance, for repair and additive 

manufacturing (AM) applications. To begin with, a literature review was conducted on the state-of-

the-art developments in the field of CS Ti64 alloy, and then research gaps were identified accordingly. 

Optimum process variables were selected for specimen preparation, and an experimentation procedure 

was designed including designing specimens for CS repair geometries. 

A parametric study was performed on the through-thickness distribution of residual stress in CS 

deposit-substrate coupons (Ti64 deposited on Ti64), to study the effect of geometrical variables (i.e. 

layer thickness, number of deposited layers, and substrate thickness), scanning speed, and deposition 

track patterns on the distribution and magnitude of residual stresses. Moreover, measurements were 

performed to study the effect of machining and post-deposition solution treatment and ageing (STA) 

on the distribution of residual stresses. Experimental measurements were performed using the neutron 

diffraction (ENGIN-X, ISIS, and KOWARI, ANSTO) and the contour method. To interpret the 

experimental results, an analytical model was developed based on the concept of force and moment 

equilibrium requirements of the stresses induced by the additive deposition of material layers. 

An adhesive-free test method was developed based on Sharivker’s (1967) original design (named as 

Collar-Pin Pull-off (CPP) test) to overcome the limitations of existing test methods for evaluating 

interfacial adhesion strength of high strength coatings such as CS Ti64. A parametric study was 

performed in terms of the influence of coating thickness, scanning speed, toolpath pattern, track spacing 

and substrate surface preparation on the adhesion strength. Finite element (FE) analysis was performed 

to understand the stress distribution during the pull-off loading for the proposed test method. 

Effect of different post-deposition thermal treatments (PdTTs) such as STA, hot isostatic pressing 

(HIP), and HIP followed by STA (HIP+STA) on the microstructure and the mechanical properties under 

static and dynamic loading conditions were studied for fully CS Ti64 and CS Ti64 repair specimens. 

Investigations were carried out in terms of microstructure, hardness, tensile properties, high cycle 

fatigue (HCF), fracture toughness, and fatigue crack growth rate (FCGR). 

Finally, characterisation of laser-assisted cold spray (LACS) Ti64 deposits were carried out for single-

track, and single-layer (multi-track) specimens. Single-track specimens (deposited on Ti64 substrates 

preheated to 400, 600, and 800 ºC, respectively) were studied in terms of surface profilometry and cross-

sectional microstructure. Single-layer specimens (deposited on Ti64 substrates preheated to 600 ºC with 

track spacing 1, 2, and 3 mm, respectively) were investigated in terms of deposition efficiency (DE), 

surface profilometry, microstructure, microhardness, and residual stresses using incremental centre-

hole drilling (ICHD). 
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8.2 Key research findings 

8.2.1 Residual stresses 

1. Residual stresses were found to be highly tensile (175±88 MPa using the contour method) near 

the free surface of the Ti64 deposits and towards the bottom of the substrate, and compressive 

near the interface region. Stresses arising from the high thermal gradient and quenching was 

dominant over the peening stresses due to the high deposition temperature. 

2. The magnitude of residual stresses was lower for one or more of the following cases: fewer 

deposited layers, lower layer thickness (i.e. at higher scanning speed), higher substrate thickness, 

and using the cross-hatch toolpath pattern. 

3. A reasonably good agreement was achieved among the proposed model’s predictions and 

experimental measurements (neutron diffraction, contour method) from this study, as well as data 

from the literature (neutron diffraction, analytical and numerical models). Compared to existing 

analytical and numerical methods, the proposed model is simpler and can give a quick estimation 

of the through-thickness residual stress distribution, also allows parametric studies of geometrical 

variables. 

4. No relaxation of residual stresses was observed after the machining process. Post-deposition STA 

treatment resulted in full-relaxation of process-induced residual stresses. 

8.2.2 Interfacial adhesion strength 

1. The proposed adhesive-free CPP test method was found to be capable of measuring adhesion 

strength beyond the upper limit (70-90 MPa) of conventional test methods such as ASTM C633. 

The highest value of adhesion strength was measured as 122±2.8 MPa for Ti64 coatings 

deposited on a ground (320 grit paper) substrate. 

2. FE simulation showed non-uniform stress distribution at the test area (Pin-Coating interface), 

which may cause premature failure resulting in underestimation of the true adhesion strength, 

mainly for thinner coatings (<1.7 mm). 

3. The true adhesion strength for thinner coatings can be determined theoretically by extrapolating 

a linear trendline from the region of thicker coatings possessing true or close to maximum 

adhesion strength. 

4. The post-deposition STA significantly improved the adhesion strength by around 528 %, from 

122 MPa to >766 MPa (with cohesive failure) for Ti64 coatings deposited on a ground substrate. 

8.2.3 Mechanical properties and microstructure 

1. HIP and STA treatments have reduced porosity by 16-21 % from its as-deposited (AD) condition, 

minimum measured value was 1.78 % after HIP treatment. Presence of surface connected 

porosity in the CS Ti64 resulted in insufficient material densification during the HIP. Hardness 

values were lowered by 15-17 % due to microstructural change in the CS Ti64 material caused 

by static recovery mechanisms during high-temperature PdTTs. 
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2. For fully CS material, STA improved the ultimate tensile strength (UTS) most by 202 %, from 

287 MPa in the AD condition to 868 MPa after STA. The elastic modulus (E) in both STA and 

HIP treatment was increased by 42-43 %, from 77 GPa to 109-110 GPa. However, elongation 

(El) was much lower for all the investigated cases, the highest measured value was 1.23 % after 

STA. 

3. For CS repair specimens (repair ratio 2:5), both STA and HIP treatment have improved the UTS 

value by 209 %, from 308 to 951 MPa; El improved from 0.35 % to 3.01 % after STA, and to 

4.32 % after HIP treatment. 

4. For fully CS specimen, highest HCF life was measured for the STA condition at 53495 cycles, 

and for CS repair specimens the highest life in the HIP condition at 270616 cycles for an applied 

stress range of 300 MPa with stress ratio 0.1. 

5. Regarding fracture toughness properties, highest values were measured in the STA condition: KQ 

as 32.70 MPa.m1/2, J integral as 12.96 kJ/m2, and CTOD as 0.010 mm, which were around 47 %, 

74 %, and 65 % lower than the respective property of the mill annealed Ti64. 

6. For fully CS specimens, FCGR was much higher in all investigated conditions, as compared to the mill 

annealed Ti64. However, the lowest crack growth rate among CS specimens was measured in the 

STA treated specimens. 

8.2.4 Characterisation of LACS deposits 

1. The DE of LACS process was found to be around 65 %, much lower than the DE of the standard 

CS process (~100 %). 

2. Cross-sectional microstructures of the LACS deposits showed extensive interfacial mixing at 

higher substrate preheating temperatures (600 and 800 ºC). For single-layer specimens, a better 

coating-substrate adhesion was observed for the specimen deposited with 1 mm track spacing, 

and most evenly distributed coating was deposited with a 2 mm track spacing. 

3. Cross-sectional area porosity values were found to be around 0.37-0.44 % for single-layer LCAS 

deposits; which is around 81-84 % lower than those achieved using CS with no laser (2.27 %). 

4. Average microhardness values were around 388-403 HV, comparable to mill annealed Ti64 

substrate (393 HV), but lower than the standard CS deposits (429 HV). 

5. Average tensile residual stresses in the LACS coatings deposited with 1, 2 and 3 mm track 

spacing were found to be 31, 135, and 191 MPa, respectively.  

6. Considering all of the measures, a deposition track spacing in between 1 and 2 mm (e.g. 1.5 mm) 

can be considered for depositing multiple LACS layers.  
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8.3 Recommendations and Future work 

8.3.1 To minimise residual stresses using different scanning strategies 

The distribution and magnitude of residual stresses directly influence on the coating-substrate adhesion, 

and the maximum deposition thickness that can be achieved. The maximum thickness that can be 

achieved by spraying Ti64 on a Ti64 substrate is around 4-5 mm in optimum process conditions. Figure 

D1 (Appendix D1) shows coating delamination due to higher residual stress. For CS IN718/IN718, 

maximum achievable coating thickness is ~3 mm. Similarly, limitations on coating thickness as a result 

of process induce residual stresses also exist in Mg and Al alloy deposit-substrate assemblies. Therefore, 

it is crucial to mitigate residual stresses to achieve well-adherent CS deposits with higher thicknesses 

for deep structural repair and additive manufacturing of free-standing structures. 

From the contour measurements, it was found that the peak tensile residual stress in the coating region 

was lessened by ~20 MPa while depositing using cross-hatch toolpath pattern over horizontal raster 

toolpath (Figure D2a,b in Appendix D1) [48]. Subsequently, interfacial adhesion strength measured on 

specimens deposited using the cross-hatch toolpath was found to be around 42 % higher than that of the 

specimens prepared with horizontal raster toolpath (Figure D2 in Appendix D1). It was thought to be 

due to lower residual stresses near the interface region, the cross-hatch spraying pattern evens out the 

bending moment (and consequently the residual stress) originating from each layer deposited via 

alternating spraying direction normal to each other resulting in a net decrease in the residual stresses, 

which improved coating adhesion [133]. For LPBF processes, several studies have reported the 

homogenization of residual stresses within a layer by applying various deposition scanning strategies 

[189]. However, further investigation required to understand the mechanism behind the effect of 

deposition toolpath pattern on residual stresses in the case of CS, which can be explored using four 

different deposition toolpath patterns (pattern 1 to pattern 4) as shown in Figure D3 (Appendix D1). 

The expected magnitude of residual stresses using different toolpath patterns are in the following order: 

Pattern 1 > Pattern 2 > Pattern 3 > Pattern 4. 

8.3.2 To develop a test standard for the modified Collar-Pin Pull-off (CPP) test 

The proposed adhesive-free test method for evaluating interfacial adhesion strength of high strength 

coatings was found to be capable of measuring adhesion strength beyond the upper limit (70-90 MPa) 

of conventional adhesive based methods such as ASTM C633. However, it was found that the proposed 

method is only suitable for thick coatings, as this test underestimates the true adhesion strength for 

thinner coatings due to premature failure resulting non-uniform stress distribution at the test area. 

Nevertheless, the true adhesion strength for thinner coatings can be determined theoretically by 

extrapolating a linear trendline from the region of thicker coatings possessing true or close to maximum 

adhesion strength. To develop a test standard, further research needs to be carried out as follows: 

1. Benchmarking of the CPP test method with traditional methods such as ASTM C633 for coating-

substrate combinations with lower adhesion strength, which will provide a better comparison 

between two test methods. 
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2. Perform adhesion tests for a range of different coating-substrate combinations using different 

deposition methods. This will help to understand the validity of the test method in response to 

respective coating-substrate combinations. A few coating-substrate combinations having high 

adhesion strength (i.e. >70-90 MPa) that would be interesting to explore are: CS coated Cu on 

316L, Cu, and Al alloy substrates; CS coated Al-Al2O3 on Al7075; CS coated Ti on mild steel 

substrate; HVOF sprayed IN718 on IN718; LACS coated Ti64 on Ti64 substrate; LACS coated 

IN718 on IN718 substrate etc. 

3. The accurate extrapolation of true adhesion strength for thinner coatings, a large number of 

specimens need to be tested and the transition coating thickness (between zones “A” and “B” as 

shown in Figure 5.12, Chapter 5) need to be identified, which might be different for different 

coating-substrate combinations. 

4. Study the effect of coating thickness on the measured adhesion strength values and categorise them 

into different zones based on the validity or accurateness of the measured values and/or based on 

failure mechanisms. 

8.3.3 To improve the microstructure and mechanical performance further 

Mechanical performance of CS Ti64 was found to very low in AD condition, one of the main reason 

is highly deformed cold worked particles with weak inter-particle bonding among deposited particles 

along with the presence of porosity (~2.27 %), even after using state-of-the-art CS system and process 

parameters. Moreover, none of the thermal treatments performed in this study was successful in 

closing process-induced porosity, and therefore elongation of CS Ti64 material was very low (1.23 %, 

highest in the STA condition). To resolve the porosity issue there are some probable solutions and 

future works as follows: 

1. The standard HIP treatment used in this study, and also by Chen et al. [99] were not successful due 

to the presence of surface connected porosity. To solve this problem, “encapsulated HIP” treatment 

can be used, as shown in Figure D4 (Appendix D2). Encapsulated HIP can reduce porosity close 

to zero percent irrespective of the porosity content in the AD condition. There are two studies to 

support this, Bolse [25] has reduced porosity form 18-24 % to ~0 %, and more recently by 

Petrovskiy et al [98] have reduced from 7.5 % to 0.2 %, as a result, elongation improved to 14 % 

after the encapsulated HIP treatment. An alternative is to close surface connected porosity using 

laser surface remelting technique before standard HIP treatment. 

2. To reduced porosity close to zero percent in the AD condition, there are three probable solutions: 

(i) use He or He+N2 mixture as a process gas instead of N2 [60,82], (ii) use irregular morphology 

powders with equiaxed microstructure (manufactured by Armstrong process), as they are more 

deformable and possessed higher velocity due to higher drag force acting (see Figure D5, Appendix 

D2) [74], and (iii) use laser-assisted cold spray (see section 8.3.4). After achieving ~100 % density 

in the AD condition, further annealing treatment or STA or standard HIP treatment might be 

enough to improve mechanical properties close to the mill annealed Ti64. 
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3. Assess structural integrity performance of CS Ti64 both under static and fatigue loading conditions 

once 100 % density is achieved by applying the above-mentioned measures (for both fully CS and 

CS repairs). 

8.3.4 To develop the LACS process further for depositing Ti64 alloy 

From the initial trails, LACS was found to be a very promising tool for improving characteristics of the 

Ti64 deposits. Therefore, it would be very interesting to explore in the following areas to develop this 

technology for repair and AM applications: 

1. Optimise LACS process parameters further (in terms of track spacing, scanning speed, stand-off 

distance, process gas temperature and pressure, laser substrate preheating temperature, etc.) for 

multilayer deposition. 

2. Conduct a comprehensive study in terms of residual stresses, microstructural and mechanical 

properties under static and fatigue loading for both fully LACS and LACS repairs, similar to this 

study (Chapter 4, 5, and 6). 

3. Study the effect of various PdTTs on the microstructure and mechanical properties of LACS Ti64 

alloy. 
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Appendix A : Prediction of residual stresses  

 Limitations of existing analytical and numerical models 

Most of the current analytical models are based on the bending deformation method (also known as the 

deflection method or curvature method) [28,56,134–136,139,190–192], originally developed for 

evaluating residual stresses in thin coatings (e.g. thermal spray coatings, electrolysis film deposits) or 

shot-peened parts. In these methods, residual stresses were estimated from spraying or peening induced 

bending based on the relationship between the induced stresses and the magnitude of bending. 

Curvature based approaches are generally used for residual stress evaluation on narrow strips (suitable 

only for thin coatings with a few layers) to avoid multi-axial curvature and mechanical instability [141]. 

Also, the E value should be determined experimentally in order to achieve better evaluation 

[28,139,141]. The latest version of this method is known as the in-situ curvature method or continuous 

curvature measurement method for determining the through-thickness stress profiles by continuous 

monitoring the curvature and temperature changes during the deposition process, albeit some numerical 

and experimental challenges [28,135]. The main drawbacks of this method are: (i) it is impossible to 

retrace stresses in the specimens without recorded in-situ deflection and thermal history, and (ii) it 

works only for certain design and geometries [135]. Many researchers [134–137,192] have used an 

analytical model [156] for predicting the through-thickness residual stress distribution in CS deposit-

substrate assemblies. However, this method is very complicated as it involves more experimental 

measurements, such as E (both for the deposited and substrate material) and induced curvature changes 

(before deposition, after each successive layer deposition, and the final deposit-substrate composite 

after cooling down to room temperature). It also requires calculations for evaluating effective E, 

effective stiffness in-plane stress condition and neutral axis position, etc, to calculate stresses at the 

mid-point of each layer and the top and bottom of the substrate [131,156] 

Analytical methods based on the Hertzian contact and Taylor’s impact test were originally developed 

for predicting shot peening induced residual stresses. Methods based on Hertzian contact can be used 

to measure the maximum residual stress at the free surface of the deposits, and is strongly dependent 

on the elasto-plastic properties of the material (mainly on the yield strength) and spray kinetic 

conditions. Limitations of this method are stated in [135,136]. Taylor’s impact test can be used to 

measure the average strain rate and average impact pressure using estimated values of particle velocity, 

impact strain and impact duration [135,136]. Nevertheless, approaches based on the Hertzian contact 

and Taylor’s impact are not suitable for predicting through-thickness stress profiles induced by CS.  

Numerical methods are highly complicated, need large computational time and expertise in various 

physics-based theories and modelling techniques (e.g. fluid-dynamics, smoothed particle 

hydrodynamics, Gruneisen formulation, Lagrangian based FE techniques, kinematic hardening models, 

thermo-mechanical modelling, high strain rate plasticity models, etc.) [31,56,134,140,188,192–196]. 

Moreover, the number of particles used in numerical models were limited, as the particle to substrate 
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and particle to particle interactions were defined manually due to unavailability of user subroutines to 

define these interactions. Increasing the number of particles leads to an increase in particle interactions 

exponentially, resulting in manual modelling setup impracticable [131,195]. 

 Mathematical derivations for peening dominant cold spray process 

A2.1 Deposition of the first layer 

Let’s consider a substrate material of thickness ‘h’, due to the addition of the first CS layer of thickness 

‘∆h’, the stress increment distributes linearly in the substrate as: 

 ∆𝜎1(𝐻) = 𝑎1𝐻 + 𝑏1  (A1) 

The imposition of misfit strain due to the deposition of the first layer of deposited material generates a 

pair of equal and opposite forces in order to maintain an equilibrium condition. The equilibrium 

equation for the force in the LD (LD-axis) for a unit width is given by: 

 ∫ ∆𝜎1(𝐻)
ℎ

0
𝑑𝐻 + ∫ 𝑘

ℎ+∆ℎ

ℎ
𝑑𝐻 = 0   (A2) 

A pair of equal and opposite forces generate a bending moment; the equilibrium equation for the 

moment in the LD for a unit width is given by: 

 ∫ {∆𝜎1(𝐻)}
ℎ

0
𝐻𝑑𝐻 + ∫ (𝑘)

ℎ+∆ℎ

ℎ
𝐻𝑑𝐻 = 0   (A3) 

Solving Eq. (A2) and (A3): 

𝑎1 = −
6𝑘∆ℎ(ℎ+∆ℎ)

ℎ3 , 𝑏1 =
𝑘∆ℎ(2ℎ+3∆ℎ)

ℎ2   

Therefore, from Eq. (A1) the total stress increment in the substrate due to the addition of the first layer 

is given by: 

 ∆𝜎𝑇𝑆(1𝐿)
(𝐻) = ∆𝜎1(𝐻) = −

6𝑘∆ℎ(ℎ+∆ℎ)

ℎ3 𝐻 +
𝑘∆ℎ(2ℎ+3∆ℎ)

ℎ2   (A4) 

A2.2 Deposition of the second layer 

Let’s consider, due to the addition of the second CS layer of thickness ‘∆h’, the stress increment 

distributes linearly in the substrate as: 

 ∆𝜎2(𝐻) = 𝑎2𝐻 + 𝑏2  (A5) 

The equilibrium equation for the force after the addition of the second layer in the LD for a unit width 

is given by: 

 
∫ {∆𝜎1(𝐻) + ∆𝜎2(𝐻)}

ℎ

0

𝑑𝐻 + ∫ {𝑘 + ∆𝜎2(𝐻)}
ℎ+∆ℎ

ℎ

𝑑𝐻 + ∫ (𝑘)
ℎ+2∆ℎ

ℎ+∆ℎ

𝑑𝐻 = 0  (A6) 

The equilibrium equation for the moment after the addition of the second layer in the LD for a unit 

width is given by: 

∫ {∆𝜎1(𝐻) + ∆𝜎2(𝐻)}
ℎ

0
𝐻𝑑𝐻 + ∫ {𝑘 + ∆𝜎2(𝐻)}

ℎ+∆ℎ

ℎ
𝐻𝑑𝐻 + ∫ (𝑘)

ℎ+2∆ℎ

ℎ+∆ℎ
𝐻𝑑𝐻 = 0   (A7) 

Solving Eq. (A6) and (A7): 

𝑎2 = −
6𝑘∆ℎ(ℎ+2∆ℎ)

(ℎ+∆ℎ)3 , 𝑏2 =
𝑘∆ℎ(2ℎ+5∆ℎ)

(ℎ+∆ℎ)2   

Then, from Eq. (A5) the stress increment due to the addition of the second layer is given by: 

 ∆𝜎2(𝐻) = −
6𝑘∆ℎ(ℎ+2∆ℎ)

(ℎ+∆ℎ)3 𝐻 +
𝑘∆ℎ(2ℎ+5∆ℎ)

(ℎ+∆ℎ)2   (A8) 
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So, the total stress increment in the substrate due to the addition of two layers is given by: 

∆𝜎𝑇𝑆(2𝐿)
(𝐻) = ∆𝜎1(𝐻) + ∆𝜎2(𝐻)  

⇒ ∆𝜎𝑇𝑆(2𝐿)
(𝐻) = −6𝑘𝐻∆ℎ {

ℎ+∆ℎ

ℎ3 +
ℎ+2∆ℎ

(ℎ+∆ℎ)3} + 𝑘∆ℎ {
2ℎ+3∆ℎ

ℎ2 +
2ℎ+5∆ℎ

(ℎ+∆ℎ)2}   (A9) 

The total stress increment in the first layer due to the addition of the second layer is given by: 

∆𝜎𝑇𝐿1(𝐿2)
(𝐻) = 𝑘 + ∆𝜎2(𝐻)  

⇒ ∆𝜎𝑇𝐿1(𝐿2)
(𝐻) = 𝑘 −

6𝑘∆ℎ(ℎ+2∆ℎ)

(ℎ+∆ℎ)3 𝐻 +
𝑘∆ℎ(2ℎ+5∆ℎ)

(ℎ+∆ℎ)2   (A10) 

A2.3 Deposition of the nth layer 

Let’s consider, due to the addition of the nth CS layer of thickness ‘∆h’, the stress increment distributes 

linearly in the substrate as: 

∆𝜎𝑛(𝐻) = 𝑎𝑛𝐻 + 𝑏𝑛  (A11) 

The equilibrium equation for the force after the addition of the nth layer in the LD for a unit width is 

given below: 

= [{∫ {∆𝜎1(𝐻) + ∆𝜎2(𝐻) … … + ∆𝜎𝑛(𝐻)}
ℎ

0
𝑑𝐻} + {∫ {𝑘 + ∆𝜎2(𝐻) + ∆𝜎3(𝐻) … … ∆𝜎𝑛(𝐻)}

ℎ+∆ℎ

ℎ
𝑑𝐻} +

{ ∫ {𝑘 + ∆𝜎3(𝐻) + ∆𝜎4(𝐻) … … + ∆𝜎𝑛(𝐻)}
ℎ+2∆ℎ

ℎ+∆ℎ
𝑑𝐻} … . … + {∫ {𝑘 + ∆𝜎𝑛(𝐻)}

ℎ+(𝑛−1)∆ℎ

ℎ+(𝑛−2)∆ℎ
𝑑𝐻} +

{∫ (𝑘)
ℎ+𝑛∆ℎ

ℎ+(𝑛−1)∆ℎ
𝑑𝐻}] = 0               (A12) 

The equilibrium equation for the moment after the addition of the nth layer in the LD for a unit width is 

given below: 

= [{∫ {∆𝜎1(𝐻) + ∆𝜎2(𝐻) … … + ∆𝜎𝑛(𝐻)}𝐻
ℎ

0
𝑑𝐻} + {∫ {𝑘 + ∆𝜎2(𝐻) + ∆𝜎3(𝐻) … … ∆𝜎𝑛(𝐻)}𝐻

ℎ+∆ℎ

ℎ
𝑑𝐻} +

{ ∫ {𝑘 + ∆𝜎3(𝐻) + ∆𝜎4(𝐻) … … + ∆𝜎𝑛(𝐻)}𝐻
ℎ+2∆ℎ

ℎ+∆ℎ
𝑑𝐻} … . … + {∫ {𝑘 + ∆𝜎𝑛(𝐻)}𝐻

ℎ+(𝑛−1)∆ℎ

ℎ+(𝑛−2)∆ℎ
𝑑𝐻} +

{∫ (𝑘)
ℎ+𝑛∆ℎ

ℎ+(𝑛−1)∆ℎ
𝐻𝑑𝐻}] = 0               (A13) 

Solving Eq. (A12) and (A13): 

𝑎𝑛 = −
6𝑘∆ℎ(ℎ+𝑛∆ℎ)

{ℎ+(𝑛−1)∆ℎ}3 ,   𝑏𝑛 =
𝑘∆ℎ{2ℎ+(2𝑛+1)∆ℎ}

{ℎ+(𝑛−1)∆ℎ}2   

Therefore, from Eq. (A11) the stress increment in the substrate due to the addition of the nth layer is 

given by: 

 ∆𝜎𝑛(𝐻) = −
6𝑘∆ℎ(ℎ+𝑛∆ℎ)

{ℎ+(𝑛−1)∆ℎ}3 𝐻 +
𝑘∆ℎ{2ℎ+(2𝑛+1)∆ℎ}

{ℎ+(𝑛−1)∆ℎ}2   (A14) 

So, the total stress increment in the substrate due to the addition of ‘n’ layers is given by: 

∆𝜎𝑇𝑆(𝑛𝐿)
(𝐻) = ∆𝜎1(𝐻) + ∆𝜎2(𝐻) + ∆𝜎3(𝐻) … … … … + ∆𝜎𝑛−1(𝐻) + ∆𝜎𝑛(𝐻)  

⇒ ∆𝜎𝑇𝑆(𝑛𝐿)
(𝐻) = −6𝑘𝐻∆ℎ {

ℎ+∆ℎ

ℎ3 +
ℎ+2∆ℎ

(ℎ+∆ℎ)3 +
ℎ+3∆ℎ

(ℎ+2∆ℎ)3 … … … +
ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3} + 𝑘∆ℎ {
2ℎ+3∆ℎ

ℎ2 +
2ℎ+5∆ℎ

(ℎ+∆ℎ)2 +

2ℎ+7∆ℎ

(ℎ+2∆ℎ)2 … … … +
2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}   

⇒ ∆𝜎𝑇𝑆(𝑛𝐿)(𝐻) = −6𝑘𝑦∆ℎ ∑ {
ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3}𝑛
𝑛=1 + 𝑘∆ℎ ∑ {

2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}𝑛
𝑛=1   (A15) 

The total stress increment in the first layer due to the addition of the nth layer is given by: 

∆𝜎𝑇𝐿1(𝐿𝑛)
(𝐻) = 𝑘 + ∆𝜎2(𝐻) + ∆𝜎3(𝐻) … … … … + ∆𝜎𝑛−1(𝐻) + ∆𝜎𝑛(𝐻)  

⇒ ∆𝜎𝑇𝐿1(𝐿𝑛)
(𝐻) = 𝑘 − 6𝑘𝐻∆ℎ {

ℎ+2∆ℎ

(ℎ+∆ℎ)3 +
ℎ+3∆ℎ

(ℎ+2∆ℎ)3 … … … +
ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3} + 𝑘∆ℎ {
2ℎ+5∆ℎ

(ℎ+∆ℎ)2 +
2ℎ+7∆ℎ

(ℎ+2∆ℎ)2 … … … +

2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}                                                                              (A16) 
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The total stress increment in the second layer due to the addition of the nth layer is given by: 

∆𝜎𝑇𝐿2(𝐿𝑛)
(𝐻) = {𝑘 + ∆𝜎3(𝐻) + ∆𝜎4(𝐻) … … … … + ∆𝜎𝑛−1(𝐻) + ∆𝜎𝑛(𝐻)}  

⇒ ∆𝜎𝑇𝐿2(𝐿𝑛)
(𝐻) = 𝑘 − 6𝑘𝐻∆ℎ {

ℎ+3∆ℎ

(ℎ+2∆ℎ)3 +
𝑡+4∆𝑡

(𝑡+3∆𝑡)3 … … … +
ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3} + 𝑘∆ℎ {
2ℎ+7∆ℎ

(ℎ+2∆ℎ)2 +

2ℎ+9∆ℎ

(ℎ+3∆ℎ)2 … … … +
2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}  
(A17) 

Total stress increment in the (𝑛 − 1)𝑡ℎ layer due to the addition of the nth layer- 

∆𝜎𝑇{𝐿(𝑛−1)}(𝐿𝑛)
(𝐻) = 𝑘 + ∆𝜎𝑛(𝐻) 

 ⇒ ∆𝜎𝑇{𝐿(𝑛−1)}(𝐿𝑛)
(𝐻) = 𝑘 −

6𝑘∆ℎ(ℎ+𝑛∆ℎ)

{ℎ+(𝑛−1)∆ℎ}3 𝐻 +
𝑘∆ℎ{2ℎ+(2𝑛+1)∆ℎ}

{ℎ+(𝑛−1)∆ℎ}2   (A18) 

In order to write these equations (A16, A17, A18) in more simplified form, it can be assumed that there 

are 𝑚 layers below the nth layer; where, 𝑚 = 1, 2, 3, 4, … … … . (𝑛 − 1). For example: if 𝑛 = 7, 𝑚 =

1, 2, 3, 4, 5, 6. Therefore, the total stress increment in the 1𝑠𝑡 , 2𝑛𝑑 , 3𝑟𝑑 , … … (𝑛 − 1)𝑡ℎ layer respectively 

due to the addition of the 𝑛𝑡ℎ layer is: 

∴ ∆𝜎𝑇(𝐿𝑚)(𝐿𝑛)
(𝐻) = 𝑘 − 6𝑘𝐻∆ℎ ∑ {

ℎ+𝑛∆ℎ

{ℎ+(𝑛−1)∆ℎ}3}𝑛
𝑚+1 + 𝑘∆ℎ ∑ {

2ℎ+(2𝑛+1)∆ℎ

{ℎ+(𝑛−1)∆ℎ}2}𝑛
𝑚+1           (A19) 

By using equation (A19), the stress increment in each layer needs to be calculated individually up to 𝑚 

layers by keeping the value of 𝑛 constant. For example, if 𝑛 = 3, 𝑚 = 1, 2. Then, due to the addition 

of a 3rd layer, the total stress increment in the 1st layer needs to be calculated by using the value of 𝑛 =

3  and 𝑚 = 1  in equation (A19); similarly, the total stress increment in the 2nd layer needs to be 

calculated using the value of 𝑛 = 3 and 𝑚 = 2. 

 Mathematical derivations for thermal mismatch dominant cold spray process 

Mathematical derivations for the thermal mismatch dominant CS process is very similar to that of the 

peening dominant CS process, which has been demonstrated in Appendix A1. 

 Additional ‘k’ values and other geometrical parameters 

In addition to Table 4.4, a collated data set with measured ‘k’ values and other geometrical variables 

from the literature are presented in Table A1, which can be used to validate the proposed l. 

Table A1: Additional information on the measured ‘k’ values and geometrical parameters taken from 

the literature. 

Cases Substrate/deposits  
Assumed ‘k’ 

value (MPa) 

Substrate thickness 

‘h’ (mm) 

Assumed layer 

thickness ‘Δh’ (μm) 

Number of 

layers ‘n’ 

(a) KM Al/Mg (He, 132 °C) [136] -11.94 3.4 230 20 

(b) KM Al/Mg (He, 77 °C) [136] -15.58 3.4 230 20 

(c) 
KM Al/Mg (N2, 217 °C) 

[136] 
-13.74 3.4 185 20 

(d) CGT Ti/Cu [137] 48.50 3.0 235 20 
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Appendix B   Interfacial Adhesion Strength 

PhD Thesis – Dibakor Boruah B-1 Coventry University (2020) 

Appendix B : Interfacial Adhesion Strength 

 Existing test methods for measuring coating adhesion strength 

 

Figure B1: Schematic of various methods for measuring coating-substrate adhesion strength: (a) TAT 

as per ASTM C633 [124] (b) modified ASTM C633 specimen for round bar substrate having similar 

diameter as the test stud [23,94], (c) modified ASTM C633 specimen for square substrate or round bar 

substrate with higher diameter than the test stud [119], (d) PAT as per ASTM D4541 [168], (e) Double 

Cantilever Beam Test [170], (f) Scratch Test as per ASTM C1624 [171], (g) Interfacial Indentation Test 

as per BS ISO 19207 [172], (h) Peel test as per ASTM D3167 [173] and ASTM D903 [174], (i) Tie Bar 

Test [170], (j) Modified ASTM E8 [94], (k) Modified ASTM E8 [175], (l) modified adhesive-free 

ASTM C633 [162,163], and (m) LASAT [197]. 
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Adhesive-based test methods for determining coating adhesion strength includes: (i) Tensile Adhesion 

Test (TAT) as per ASTM C633 [124] or BS EN ISO 14916 [161] or modified versions of ASTM C633 

[23,94,119], (ii) Portable Adhesion Test (PAT) based on ASTM D4541 [168] or ISO 4624 [169], and 

(iii) Double Cantilever Beam (DCB) Test [170]. Adhesive-free methods comprises of: (i) Scratch Test 

as per ASTM C1624 [171], (ii) Interfacial Indentation Test as per BS ISO 19207 [172], (iii) Peel Test 

as per ASTM D3167 [173] and ASTM D903 [174], (vi) Tie Bar Test [170], (vii) modified ASTM E8 

[94,175] or modified ASTM C633 [162,163], and (vii) Laser Shock Adhesion Test (LASAT) [176,197]. 

Schematics of these test methods are presented in Figure B1. 

 FEA results: axial stress along the interface 

FEA stress analysis results showing axial stress distribution along the Coating-Pin interface versus the 

distance from the Collar-Pin-Coating junction towards the Pin centre (under the nominal applied stress 

of 52 MPa) for a 5 mm diameter Pin with three coating thicknesses 0.9, 4.3, and 6.0 mm (Figure B2a), 

and for a 15 mm diameter Pin with 4.3 m coating thickness (Figure B2b). 

 
Figure B2: FEA stress analysis results showing axial stress distribution along the interface from the tri-

part junction to the Pin centre for (a) 5 mm Pin diameter with 0.9, 4.3, and 6.0 mm thick coatings, (b) 

15 mm Pin diameter with a coating thickness of 4.3 mm. 
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 Elastic modulus (E) measured by Impulse Excitation Technique (IET) 

Figure C1 shows the E values for the mill annealed Ti64 and fully CS Ti64 (AD condition) as a function 

of Poisson’s ratio, ν, (0.25 to 0.35) measured by IET. For mill annealed Ti64 it was found to be in the 

range of 113.14-113.52 GPa, which is close to the standard E value (113.8 GPa) of mill annealed Ti64. 

This implies that the IET set up for the measurement of E was very accurate. For fully CS Ti64, E values 

are found to be in the range of 88.36 MPa to 88.56 MPa. For both the material, E values are found to 

be reasonably consistent irrespective of the ν values. However, it can be observed that the E values are 

increasing with the increase in ν values following a linear trendline. The E value of the CS Ti64 is found 

to be ~22 % lower than the mill annealed Ti64. 

 
Figure C1: E values of fully CS Ti64 (AD) and mill annealed Ti64 measured by the IET. 

 Tensile strength for specimens with different repair ratios 

Figure C2 compares the tensile properties of mill annealed Ti64, fully CS Ti64, and CS repaired 

specimens with two repair ratios (2:5 and 1:5). It was observed that the UTS of the 2:5 repair is very 

close to fully CS material, but in the case of 1:5, UTS value is higher. Which is due to the higher 

resistance provided by the thicker substrate material against the tensile loading. On the other hand, fully 

CS material did not have a substrate to support during tensile loading, resulting in lower tensile strength. 

 
Figure C2: A comparison of tensile properties among mill annealed Ti64, fully CS Ti64, and CS repairs 

(repair ratios 2:5 and 1:5) in AD condition: (a) strain-strain curves, (b) UTS values.
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 Properties of CS Ti-6Al-4V alloy in various testing conditions 

Table C1: Mechanical properties of mill annealed Ti64, fully cold sprayed Ti64, and cold spray repairs 

Testing conditions 

Tensile properties 

Microhardness 

(HV) 

Fracture toughness 

High cycle fatigue 

(cycles at failure) YS (MPa) UTS (MPa) % El 

E (GPa) 

KQ (MPa.m1/2) JQ (kJ/m2) 
CTOD, δQ 

(mm) 
Predicted from 

stress vs. strain 

data 

Measured by IET 

Mill annealed 926.63±3.03 1028.94±2.72 13.88±0.27 113.74±6.47 113.32±0.12 318±9 61.60±1.30 49.37±3.37 0.029±0.0013 > 1.0E+07 

Fully CS - AD No yield point 287.12±7.30 0.44±0.03 76.80±1.65 88.45±0.04 393±31 - - - - 

Fully CS - STA 882.95±17.05 867.65±44.49 1.23±0.27 108.69±1.00 - 335±39 32.70±0.05 12.96±1.12 0.010±0.0007 5.3E+04 (±7.9E+3) 

Fully CS - HIP No yield point 747.41±42.04 0.76±0.08 110.22±3.26 - 327±34 24.11±0.69 5.84±0.59 0.005±0.0004 3.0E+04 (±8.3E+3) 

Fully CS - HIP+STA No yield point 521.01±13.82 0.61±0.06 95.17±9.61 - 254±60 22.76±0.04 6.53±0.40 0.009±0.0004 3.9E+03 (±4.4E+2) 

CS repair 1:5 - AD No yield point 436.57±31.39 0.49±0.02 - - - - - - - 

CS repair 2:5 - AD No yield point 308.31±8.03 0.35±0.02 - - - - - - - 

CS repair 2:5 - STA 907.90±4.00 951.22±4.08 3.01±0.68 - - - - - - 1.4E+5 (±1.7E+3) 

CS repair 2:5 - HIP 890.71±11.85 951.40±12.50 4.32±0.14 - - - - - - 2.7E+5 (±1.8E+4) 

CS repair 2:5 - HIP+STA 759.48±4.23 784.35±8.17 1.37±0.13 - - - - - - 4.1E+4 (±2.1E+4) 
 

 Types of force versus clip gauge displacement: ASTM E1820 

 
Figure C3: Four different types of force vs. clip gage displacement records as per ASTM E1820 [129] 
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 Mitigating residual stresses 

 

Figure D1: CS Ti64 coating delamination due to high process-induced residual stresses: (a) an adhesion 

strength test specimen [133], (b) a specimen aimed to extract SENB’s for FCGR testing. 

 
Figure D2: Effect of toolpath pattern on (a) 2D residual stress profile measured by the contour method 

for CS Ti64 deposit-substrate assemblies [48], (b) average stresses extracted from figure (a) for 

comparison between horizontal raster and cross-hatch induced residual stresses [48], (c) interfacial 

adhesion strength [133]. 
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Figure D3: Proposed CS deposition toolpath patterns to investigate its effect on coating residual 

stresses: Toolpath-1 (straight raster), Toolpath-2 (90° two-way alternating raster), Toolpath-3 (45° 

three-way alternating raster), and Toolpath-4 (45° four-way alternating raster). 

 Improving microstructure and mechanical properties 

 
Figure D4: Schematic of (a) capsule-free HIP, and (b) encapsulated HIP [98] 

 
Figure D5: Two Ti64 powders and their respective CS deposits: (a-c) spherical, and (d-f) irregular 

morphology powder; (a, d) powder morphology, (b, e) powder microstructure, (c, f) CS deposits [74]. 
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