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Abstract 

The adhesion strength and microstructure of single splats significantly influence the properties of 

cold sprayed coatings. Here, we compare the adhesion strength and microstructural changes of 

Ti6Al4V spherical powder (SP) particles with a martensitic microstructure and irregular powder 

(IP) particles with an equiaxed microstructure deposited by cold spray (CS). Splat adhesion tests 

were performed to determine the adhesion strength and electron channelling contrast imaging was 

done for microstructural analysis of splat cross-sections. IP splats formed a continuous bonded 

interface with the substrate resulting in a greater adhesion strength when compared to SP splats. 

IP splat cross-sections revealed ultrafine grains (UFG) near the interface followed by a highly 

deformed microstructure. SP splat cross-sections also showed UFG at the interface but largely 

retained the initial microstructure in the top portion of the splat due to poor deformability. The 

irregular morphology of the IP led to more adherent deposits while the equiaxed microstructure 

resulted in highly deformed post spray microstructures.  

Keywords:  Adhesion; Cold spray; Microstructure; Ti6Al4V; Armstrong powders; single splats 

 

1. Introduction 

The cold spray (CS) process involves the acceleration of powder particles to supersonic velocities 

for impact onto a substrate resulting in coating buildup [1,2]. The process is widely used for the 

repair of worn aerospace, automobile and marine components made of Ti and its alloys, due to its 

versatility and ability to deposit powder particles in solid state [3]. However, Ti6Al4V coatings 

deposited using plasma gas atomized (PGA) powder have high porosity. Techniques to reduce 

porosity include spraying with He, using mechanically blended powders or in situ shot peening 



assisted deposition [4–7]. These techniques are either complex, non-sustainable or non-economical 

for industrial applications.  

Since coating formation relies on deformation of powder particles to form a splat, microstructural 

changes in splats and adhesion in splat interfaces or splat-substrate interfaces largely affect coating 

properties [1]. Adhesion strength measurements and microstructural analysis at splat level forms 

a fundamental approach to understand the bulk coating characteristics [8–13]. Post spray 

microstructure and adhesion strength of Ti6Al4V splats deposited using PGA powders have been 

studied extensively [9,10,14]. Scanning electron microscope (SEM) and transmission electron 

microscope images of splat cross-sections have shown that deformation and recrystallization 

occurs only at the splat-substrate interface while the bulk of the particle retains its initial 

microstructure [8,10,15]. The low deformability of these powders results in poor bonding between 

the splats and porosity in the bulk coatings. 

Recently, Ti and Ti6Al4V powders with irregular morphology were manufactured using an 

Armstrong process, which is more economical compared to the PGA process [16,17]. Cold 

spraying these powders produces deposits that are more dense than deposits made with PGA 

powders [16,18]. In our previous study [18], the cohesive strength of coatings made with PGA and 

Armstrong powders was evaluated by multi-scale indentation. The improvements of decreased 

porosity and increased cohesive strength for coatings made from Armstrong powders were tied to 

increased in-flight particle velocity, due to irregular morphology, and deformability, due to particle 

microstructure. However, the relative importance of these two factors could not be fully 

determined in the previous work [18]. In the present study, to better understand the candidate 

mechanisms for improved deposition with Armstrong powder versus PGA powders, the adhesion 

and microstructural transformations are studied for single irregular powder (IP) and PGA Ti6Al4V 

particles sprayed onto Ti6Al4V substrates at similar spray conditions and particle velocities. Splat 

adhesion testing [12] was done to determine the adhesion strength  and electron channelling 

contrast imaging (ECCI) was performed on the splat cross-sections to characterize the post spray 

microstructures.  

2. Experimental 

Single splats were deposited on Ti6Al4V substrates (McMaster Carr, Canada) using a PCS 1000 

cold spray system (Plasma Giken, Japan) with nitrogen as the propellent gas. Ti6Al4V (Grade 5) 



powders with a spherical morphology (average diameter ~ 31 µm), manufactured using PGA, and 

irregular morphology (average diameter ~ 38 µm), manufactured using the Armstrong process, 

were used for depositing splats. The size distribution and detailed characterization of the powder 

particles are presented elsewhere [17]. For depositing splats using spherical powders, the gas 

pressure and temperature were fixed at 4.9 MPa and 950ᵒC whereas the IP splats were sprayed at 

two different temperatures, 600ᵒC and 950ᵒC respectively, keeping the pressure constant at 4.9 

MPa. The gun transverse speed was 1 m·s-1 and the in-flight particle velocity was measured using 

a time-of-flight particle diagnosis system (Coldspraymeter, Tecnar Automation, Canada). 

After deposition, the samples were cut and polished using SiC abrasive papers up to a grit size of 

1200 and subsequently with diamond suspension solution of 9 µm, 3 µm, 1 µm and finally using 

0.05 µm colloidal suspension. Polished IP splat cross-sections were ion-milled using a IM300 flat 

milling system (Hitachi High-Technologies, Japan) to remove edge rounding induced by polishing. 

To observe the splat microstructure, ECCI was performed using a cold field emission SEM 

(SU8230, Hitachi, Japan) equipped with a photo-diode back scattered electron detector.  

Adhesion strength of single splats was measured using a Micro-Combi scratch tester (CSM 

Instruments, USA) to perform splat adhesion testing [12]. A semi-circular tipped stylus of diameter 

100 µm was mounted on the scratch tester and the flat edge of the tip was used to scratch the splats 

off the substrate. Prior to testing, an optical image of the splat was captured using a light optical 

microscope attached to the scratch tester. For all the tests, the scratch length, speed and normal 

force (on the tip) were 100 µm, 150 µm·min-1, and 100 mN, respectively. During the entire test, 

the tangential force experienced by the stylus was continuously recorded. As the stylus 

encountered the splat, a rise in tangential force (FT Peak) was observed followed by a sudden drop 

at interface failure (FT Baseline). This data was used to determine the adhesion strength in shear i.e. 

in parallel to the splat-substrate interface using Eq. 1. [12]. At least 15 splats were tested to 

determine the average adhesion strength. 

            𝐴𝐴𝐴𝐴ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠ℎ  (𝑀𝑀𝑀𝑀𝑀𝑀) = 𝐹𝐹𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑚𝑚𝑚𝑚)− 𝐹𝐹𝑇𝑇 𝐵𝐵𝑃𝑃𝐵𝐵𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝑃𝑃 (𝑚𝑚𝑚𝑚)  
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑃𝑃𝑃𝑃𝑎𝑎 𝑃𝑃𝑜𝑜 𝑃𝑃ℎ𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑃𝑃 (𝜇𝜇𝑚𝑚2)

                     (1) 

3. Results and discussion 

The particle velocity and the adhesion strength of the splats are summarized in Table 1. At the 

same spray conditions (Table 1), the higher velocity of IP particles compared to spherical powder 



(SP) particles was due to the higher drag force acting on them [18,19]. The adhesion strength of 

IP splats was higher compared to SP splats at the same spray conditions as confirmed by an 

independent samples t-test (i.e. student’s t-test). However, at more similar particles velocities, their 

adhesion strength was not different. In the t-test, the null hypothesis was rejected if the p value 

was less than 0.05. The higher adhesion strength of IP splats, at identical spray conditions, was 

due to the irregular shape that lead to higher particle velocities. For Ti6Al4V, Goldbaum et al. 

showed that higher velocities leads to more conformal bonding and higher splat adhesion strength. 

[9]  

For Armstrong powders, the irregular surface morphology enables the particles to have a large 

number of localized contact points and greater strain localization during particle impact [20]. This 

results in localized jetting. The localized jetting can be seen in the side view images of the splat 

(see Fig. 1b and c). Contrarily, jetting along the entire periphery was observed from the top view 

in SP splat (Fig. 1a). This is a general characteristic of cold sprayed SP particle [2,10]. 

 

 

 

 

Powder Gas pressure 
(MPa) 

Gas temperature 
(ᵒC) 

Particle velocity 
(m·s-1) 

Adhesion 
strength (MPa) 

Spherical  4.9 950 782 ± 152 107 ± 53 

Irregular 4.9 950 865 ± 174 153 ± 48 

Irregular 4.9 600 752 ± 135 109 ± 51 

Fig. 1. SEM images of the splats deposited at 4.9 MPa and 950 ᵒC (a) Top view of the SP splat 
(b) side view of the IP splat (c) higher magnification image of IP splat; Arrow indicates jetting. 

(a) (b) (c) 

(c) 

Table 1. Particle velocity and adhesion strength of the splats 



Cross-sectional splat morphology also appeared to be significantly different for both powders 

(Figs. 2 and 3). SP splat cross-sections showed discontinuous bonding at the splat-substrate 

interface with very few bonded sites (Fig. 2b). IP splat showed more continuous bonding with a 

few interface voids (Fig 3b). As SP particles impact, the centre experiences the highest hydrostatic 

pressure leading to rebound and void formation [2,10]. Adiabatic shear instabilities at the outer 

edges result in bonding. [1,10] The formation of void at the centre of the spat-particle interface in 

SP splat can be seen in Fig. 2b.  

The microstructural changes occurring after impact were studied by comparing splat cross-

sectional microstructure and initial powder microstructures in ECCI images. Initially, SP had a 

martensitic lath microstructure (Fig. 2a) while IP had an equiaxed microstructure (Fig. 3a). SP 

splat cross-sections revealed three regions of different microstructures whereas IP splat cross-

sections showed two distinct microstructures. At the interface, both SP and IP splats had ultra-fine 

grains (UFG). Yet, the height of the UFG region differed for IP and SP splats (Fig. 2e and 3e). In 

SP splat, UFG were seen up to a distance of ~ 3 µm from the splat-substrate interface (Fig. 2e), 

followed by elongated submicron grains (Fig. 2d) and finally a retained martensitic lath 

microstructure at the top surface (Fig. 2c). The formation of submicron grains was due to the re-

orientation of an accumulated high density of dislocations during severe plastic deformation while 

UFG were formed due to the progressive deformation of the particle after the creation of submicron 

grains [10,13]. Thus, UFG were mainly observed near the splat-substrate interface where particles 

experience high strain rates resulting in continuous dynamic recrystallization. Contrarily, in IP 

splats, UFG were seen up to a distance of ~ 4.5 µm (Fig. 3d and 3e) followed by a heavily deformed 

microstructure up to the top surface of the splat (Fig. 3d and 3c). The initial microstructure was 

not completely retained due to the deformable equiaxed microstructure of IP in contrast to the hard 

martensitic lath microstructure of SP. The advantages of using these irregular powders for CS of 

Ti6Al4V are consistent with previous observation in full coatings. IP coatings had negligible 

porosity and better cohesive strength between splats compared to SP coatings [18].  

Substrates also had evidence of deformation in their microstructure. Near the particle-substrate 

interface, substrates had recrystallized UFG. Further away from the interface, highly deformed 

grains were observed. The formation of UFG in the substrate for SP and IP splats can be seen in 

Figs. 2f and 3e. A more continuous layer of UFG was observed in the substrate of IP splats 



compared to SP splats which could be due to the higher impact velocity and localized contact 

points of impact of the IP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) (c) 

(e) (d) (f) 
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Fig. 2. ECCI of SP (a) particle (b) splat deposited at 4.9 MPa and 950 ᵒC (c) top region of the 
splat (d) middle region showing sub micron grains (e) UFG region at the splat-substrate interface 
(f) splat-substrate bonded interface; Red dashed line indicates splat-substrate interface and white 
dashed line indicates the UFG and highly deformed region interface in the substrate.   

(c) 

(e) (f) 
(d) 
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Fig. 3. ECCI of IP (a) particle (b) splat deposited at 4.9 MPa and 950 ᵒC (c) top region of 
the splat (d) middle region showing UFG + deformation (e) bottom of the splat and splat-
substrate bonded interface. Red dashed line indicates splat-substrate interface and white 
dashed line indicates the UFG and highly deformed region interface in the substrate.   
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4. Conclusions 

Splat adhesion tests along with ECCI of splat cross-sections helped to understand the adhesion 

strength and microstructural changes that occur in both powders. IP splats showed higher adhesion 

strength than SP splats. This was due to their irregular morphology that accelerates them to higher 

velocities at similar spray conditions. However, when sprayed at the same particle velocity, the IP 

splats did not show an improvement in adhesion strength compared to SP splats. These results 

indicate that particle velocity has more profound effect on the adhesion strength rather than 

microstructure. ECCI of the splat cross-sections showed greater extent of grain refinement and 

microstructure transformations in IP compared to SP indicating their high deformability. Lastly, 

for IP, when sprayed at lower gas temperatures to attain similar particle velocities as SP, both 

splats showed similar adhesion strength. This indicates that Armstrong manufactured irregular 

powders can be used to deposit Ti6Al4V coatings on to heat sensitive components with adhesion 

strength comparable to that of PGA powders. 
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