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Abstract: The cold spraying of ceramic materials is widely acknowledged as a difficult process be-

cause it necessitates the feedstock powder particles experiencing a plastic deformation for deposi-

tion on a substrate. The problem arises due to the brittle properties of ceramic powder feedstock 

such as titanium dioxide (TiO2), combined with a lack of understanding of the bonding mechanisms. 

In this study, TiO2 coatings were deposited onto copper and aluminum substrates and the adhesion 

strength was evaluated to investigate the bonding mechanism. The influence of substrate hardness 

and remaining surface oxide layer was investigated by annealing the substrates with various tem-

peratures. The results showed that the adhesion strength of the coatings on the aluminum substrate 

was higher than the copper substrate. Furthermore, the adhesion strength was decreased with in-

creasing the annealing temperature on both substrate materials. These results indicate that a softer 

aluminum substrate was advantageous for adhesion. Annealing led to thermal softening the sub-

strate; however, the thickness of the surface oxide layer was increased. Therefore, bonding occurred 

between the cold-sprayed TiO2 particle and newly deform substrate surface, which yielded the 

higher adhesion strength. The main bonding mechanism is metallurgical, similarly to the cold-

sprayed metallic coatings. 

Keywords: cold spray; titanium dioxide; adhesion strength; bonding mechanism; pure copper; pure 

aluminum 

 

1. Introduction 

A de Laval nozzle accelerates powder feedstock towards a substrate to deposit a 

coating, which is known as the cold-spraying process. The sprayed powder impacts on 

the substrate and forms a thick coating in solid state conditions. The gas temperature 

should be kept below the melting point of the feedstock powder [1,2]. Thus, the cold 

spraying of metallic coatings, mechanical interlocking and metallurgical bonding are the 

most acceptable bonding mechanism theories. Although a substantial amount of work 

has been carried out to comprehend the bonding mechanism of metallic coatings on metal 

substrates [3–5], combinations between ceramics and metals are not yet well understood. 

In the cold-spraying process, two kinds of metal and ceramic coatings can be formed. 

To improve mechanical properties, metal matrix composites with ceramic reinforcements 

can be deposited [6–8]. 

Cold-spray ceramic metallization has been examined for a range of uses, such as Ti 

coatings on Al2O3 for implant applications, to tackle the ceramic’s low toughness [9]. Fur-

thermore, porous materials are used for a variety of applications, such as the dry-freezing 

method for the synthesis of TiN nanoparticles for Li–S battery applications [10]. The hex-

agon-like 2D structure of CoMoO4@CFC possesses mesoporous properties with abundant 

electroactive sites as a charge storage host [11], and for enhanced supercapacitor (SC) 
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electrode efficiencies, a simple hydrothermal approach has been employed to easily pro-

duce unique floral CoNi2S4 nanoneedle assemblies (CNS-NAs) on Ni foam [12]. 

However, the cold spraying of pure ceramic powder such as TiO2 without any binder 

on a metal substrate has not been extensively explored to date. The cold spraying of thick 

and pure TiO2 on metal substrates has been reported in previous investigations [13–17]; 

however, the mechanism of bonding of cold-sprayed TiO2 on metal substrates is un-

known. 

Several findings from experiments regarding the impact of the substrate properties 

on the mechanisms of bonding of cold spraying ceramic have been published. Winnicki 

et al. used amorphous and crystalline TiO2 powders cold-sprayed onto aluminum and 

steel substrates with varying surface roughness values. They discovered that the grit-

blasted substrate enabled them to reduce defects caused by differences in metallic sub-

strates and ceramic coating properties, which were influenced by the thermal expansion 

coefficient. The bonding mechanism relied on mechanical interlocking [18].  

TiO2 particles were cold-sprayed onto a polished titanium surface. Schmidt et al. dis-

covered that when a substrate is deformed plastically, a large unbroken unity area forms 

between the particles and the substrate, resulting in long-lasting bonding [19]. Kliemann 

et al. cold-sprayed TiO2 particles onto steel, copper, titanium and aluminum magnesium 

sulfate substrates. The dominant bonding system among the particles and the substrate 

was identified as a ductile substrate that allowed shear instabilities to occur [20]. Gutz-

mann et al. investigated the deposition of various particles on substrates of different tem-

perature and gained a better understanding of the impact morphology of single TiO2 par-

ticles. They demonstrated that concentric rings, such as in the shear instability zone, ex-

isted on the impacted substrates. Only when the substrate temperature exceeded a certain 

limit could a single TiO2 particle be deposited. It has been proposed that preheating the 

substrates softens them and facilitates substrate shear instability, thereby facilitating coat-

ing deposition [21]. Gardon et al. reported that between the particles and a stainless-steel 

substrate, chemical bonding caused TiO2 formation on the substrate during the cold-

spraying procedure. They demonstrated that the existing layer of titanium sub-oxide pro-

vides the substrate with the required surface coarseness for TiO2 particles to form a coat-

ing. Furthermore, the surface formation is critical for deposition because it can contribute 

chemical compatibility as particle engagement following an impact. The hardness of the 

substrate can facilitate particle–substrate synergy [22]. 

Based on previous reports, material properties have a crucial role in the formation of 

ceramic coatings with the cold spray method. However, specifications of the bonding 

mechanism are still unknown, which are essential to understand the bonding mechanism 

to improve the adhesion strength and reliability of the coatings. Therefore, this study ex-

amined the effect of substrate hardness and a surface oxide layer on the adhesion strength 

of TiO2 coatings. Pure copper and pure aluminum were chosen, which are often used as 

coating and substrate materials in the cold-spray process. 

2. Materials and Process 

2.1. Process 

Cold-spraying equipment with a De-Laval 24TC nozzle (CGT KINETIKS 4000; Cold 

Gas Technology, Ampfing, Germany) was utilized in all coating experiments. Nitrogen at 

a temperature of 500 °C and 3 MPa pressure was used as a gas. The spray distance was 20 

mm, with a process traverse speed of 10 mm/s. The powder feed rate was three grams per 

minute, and the pass number was one. 

2.2. Materials 

We used agglomerated TiO2 powder with a pure anatase crystalline structure 

(TAYCA Corporation, WP0097, Osaka, Japan) as a feedstock, which consisted of a pure 

anatase crystalline structure with an even grain size of 7.55 microns. 
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Pure copper (C1020) and pure aluminum (AA1050) were used as the substrates. The 

substrates were first grit-blasted, then annealed, to investigate the effect of surface oxida-

tion at each temperature. The annealing was carried out with an electric furnace at four 

temperatures (i.e., 100 °C, 200 °C, 300 °C, and 400 °C) under ambient atmospheric condi-

tions. Substrates were annealed in an electric furnace at different temperatures, with in-

creases of 15 °C/5 min; later, after soaking for five minutes, the substrates were cooled to 

room temperature in the furnace. A schematic diagram of the electric furnace and temper-

ature increments are shown below in Figure 1. Annealing is a heat treatment process that 

changes material properties to make it more workable by enhancing ductility and reduc-

ing hardness [23].  

 

Figure 1. Schematic of annealing temperature increment process. 

The annealed substrates were sprayed at room temperature in all experiments. Sub-

strates without annealing (room-temperature substrate) were also used in this study. For 

further understanding the influence of substrate oxidation, we also cold-sprayed a tita-

nium dioxide coating annealed at 400 °C with grit blasting to eliminate the oxide film 

grown on the substrate surface before the cold-spraying process. The material chemical 

distributions of the substrates used are given in Table 1. 

Table 1. Material chemical distribution [wt.%]. 

 Cu P Mn Zn Sn Ni Co Zr Ag 

C1020 Bal 0.04 1.1 0.1 0.72 0.06 0.21 0.05 0.04 

 Al Fe Si Zn Cu Mn Mg Ti Other 

AA1050 Bal 0.40 0.25 0.05 0.05 0.05 0.05 0.05 0.03 

2.3. Characterization 

2.3.1. Strength Testing 

In accordance with JIS H 8402, specimen areas of Ø25 mm × 10 mm were used to 

check the coatings’ adhesion strength, which was provided as the fracture load amount 

measured by a universal testing machine (Autograph AGS-J Series 10 kN, Shimadzu, Ja-

pan). For each spraying condition, we examined the adhesion strength with a median of 

five specimens. EDX was conducted on the fracture coating surface. 

2.3.2. Coatings Evaluation 

The cross-sectional microstructures of the TiO2 coating on annealed substrates were 

examined using a scanning electron microscope (SEM: JSM-6390, JEOL, Tokyo, Japan).  
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2.3.3. Micro Vickers Hardness 

The substrate hardness was examined with an HMV g micro Vickers hardness tester 

to study the relationship between the hardness of the annealed substrate surface and the 

coating strength (Shimadzu, Japan). The hardness examined was HV 0.1 with a test force 

on the cross section of 98.07 mN at a dwell time of 10 s. The representative micro-hardness 

value was the median of 5 tests conducted on each substrate at roughly the same point. 

2.3.4. Substrate Oxide Layer Evaluations 

The thickness of the substrate oxide layers was measured using X-ray photoelectron 

spectroscopy (ULVAC-PHI, PHI Quantera SXM-CI, Kanagawa, Japan). In this study, XPS 

data for Cu2 p3/2, Al 2p, and O 1s were collected using a monochromatic Al K source (15 

mA, 10 kV) with narrow scans (0–1000 eV) for various annealed substrates. Subsequently, 

the examined binding energies were corrected with C 1s at 285.0 eV and pre-sputtering to 

clean the surface and prevent it affecting the substrate surface and the measurements; XPS 

analysis was conducted without pre-sputtering. The XPS testing parameters for pure 

metal oxide films are shown in Table 2. 

Table 2. XPS parameter of pure metals oxide film testing. 

Measured Regions Cu2 p3/2, Al 2p, O 1s 

Examined X-ray output (W) 10 

Probe diameter (µm) 50 

Time per step (ms) 30 

Pass energy 140 

Cycle 30 

2.3.5. Oxide Surface Roughness 

NanoWizard® 3 Atomic Force Microscope (JPK Instruments, Bruker, Billerica, MA, 

USA) were used to analyzed oxide surface roughness with scan area of 5 µm using areal 

scanning method. 

2.3.6. Single-Particle Deposition 

Single-particle deposition was carried out to study the changes which occur on a 

high-velocity single particle impacted on different sort of substrates. To perform single-

particle deposition of TiO2 on pure materials annealed at 400 °C, a CGT Kinetiks 4000 cold-

spray system with a specially built suction nozzle was used. Before the deposition, the 

pure materials were ground and polished until they had a mirror finish. The temperature 

was 500 °C, and pressure of the process gas (nitrogen) was 3 MPa. The nozzle’s outlet 

length from the substrate was set to 20 mm. The process moved at a rate of 2000 mm/s. 

The sample was washed in acetone before spraying. To study the relationship between 

the single TiO2 particle bonding behavior and the annealed mirror-polished pure materi-

als, FEI Helios Dual Beam 650 field emission SEM (FESEM, FEI, Hilsboro, OR, USA) and 

focused ion beam (FIB, FEI, OR, USA) microscopes were used. 

2.3.7. Transmission Electron Microscopy Testing 

A single TiO2 particle was deposited on 25 × 25 × 5 mm3 room-temperature and mir-

ror-polished C1020 and AA1050 annealed at 400 °C. By using focused ion beam (FIB) mill-

ing equipment, thin membrane films for transmission electron microscopy (TEM) testing 

were thoroughly prepared from collected titanium dioxide particles at room temperature 

and mirrored pure metal substrates annealed at 400 °C (FEI Helios Dual Beam 650). In 

addition to sample preparation, a thin film was created and examined using field emission 

gun (FEG) electron microscopy on EOL JEM-2100F FE-TEM apparatus in scanning mode 

at 200 kV. TEM line analysis was used to investigate atomic concentration changes. 
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3. Results 

3.1. Titanium Dioxide Coating Microstructure on Annealed Pure Metals 

Figure 2a–d reveals the titanium dioxide coating cross-sectional microstructure on 

C1020 and AA1050 substrates after 400 °C annealing at room temperature. The images 

show that dense coatings with a thickness around 300 µm could be obtained on a room-

temperature substrate, meaning that a critical velocity was achieved for these materials. 

This explains that titanium dioxide coatings attached to the pure room temperature ma-

terials better than the annealed substrates. Large cracks between the coating and the an-

nealed substrates were observed, as shown in Figure 2b,d. However, cracks did not form 

on the room-temperature substrates at the interface. It can be considered that the substrate 

annealing prior to the spraying reduces the adhesion by the titanium dioxide coating cold-

spraying method and the pure metals. 

 

Figure 2. Cross-sectional microstructure of titanium dioxide coating on C1020 (a) at RT and (b) annealed at 400 °C. AA1050 

(c) at room temperature and (d) annealed at 400 °C. 

The spraying parameters were constant for all experiments. Therefore, the substrate 

material and annealing did not strongly affect the deposition efficiency of the titanium 

dioxide cold-spraying coating method. The cold-spraying procedure is divided into two 

phases, adhesion and cohesion bonding. The first stage is the deposition of an interlayer 

between the pure metals and the particle. This can affect the deposition behavior of the 

first layer, although the deposition efficiency of the coating is mainly affected by cohesion 

between the particles. The effect of the substrate conditions can be ignored.  
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3.2. Strength of Adhesion 

Figure 3 shows the coating strength of titanium dioxide upon C1020 and AA1050 

substrates at various annealing temperatures. Both pure metals revealed a decreasing ten-

dency of the coating strength with the increasing annealing temperature. Furthermore, 

the adhesion strength of the AA1050 substrate was higher than the C1020 substrate for all 

annealing conditions. The coatings sprayed upon the C1020 substrate at 400 °C automati-

cally peeled off during the specimen preparation. EDS mappings, illustrated in Figure 4, 

show that the elements present are copper (Cu), titanium (Ti), oxygen (O) and carbon (C) 

for the fractured coating of titanium dioxide on the annealed copper substrate. This EDS 

mapping showed that a small part of the copper substrate is embedded on the TiO2 coat-

ing. Figure 5 shows that the elements present are aluminum (Al), titanium (Ti), oxygen 

(O) and carbon (C) for fractured coating of titanium dioxide on annealed aluminum sub-

strate. This EDS mapping showed that also a small part of aluminum substrate is embed-

ded on the TiO2 coating. 

 

Figure 3. Coating strength of the TiO2 on C1020 and AA1050 from RT to a 400 °C annealing temperature. 
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Figure 4. EDX elemental mappings of TiO2/annealed C1020 fracture coating: (a) SEM; (b) titanium; (c) oxygen; (d) copper; 

(e) carbon; (f) map sum spectrum. 
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Figure 5. EDX elemental mappings of TiO2/annealed AA1050 fracture coating: (a) SEM; (b) titanium; (c) oxygen; (d) alu-

minum; (e) carbon; (f) map sum spectrum. 

Increasing the annealing temperature for C1020 and AA1050 from RT to 400 °C indi-

cated the massive deposition of an oxide film on the pure metal surface, changing the 

substrate hardness. It is vital to understand how this factor influences the trend in the 

coating strength upon these substrates to find out more regarding the bonding mechanism 

involved. 

3.3. Depth Profile of the Oxide Layer 

Figures 6 and 7 show the XPS evaluations of the in-depth room temperature sub-

strates and substrates annealed at 400 °C for C1020 and AA1050 substrates, respectively. 

In situ argon ion beam sputtering can be used to analyze the distribution as a function of 

depth. Figure 6a–e shows that the atomic concentration of oxygen in the innermost part 

of the oxide film was raised significantly as the temperature of the annealing material rose 

from room temperature to 400 °C. Figure 7a–e shows that oxygen levels in the deepest 

part of the AA1050 increased from room temperature to 400 °C. 

(f) 
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Figure 6. Depth profile analysis of C1020 (a) at RT, (b) annealed at 100 °C, (c) annealed at 200 °C, (d) annealed at 300 °C, 

and (e) annealed at 400 °C. 
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Figure 7. Depth profile analysis of AA1050 (a) at RT, (b) annealed at 100 °C, (c) annealed at 200 °C, (d) annealed at 300 °C, 

and (e) annealed at 400 °C. 

This indicates that as the annealing temperature rises, the oxide layer of both pure 

materials thickens. Referring to Li et al., as the oxide film thickness increases, greater ki-

netic energy is required to remove the oxide layer, and bond formation also requires a 

higher flow rate of particle. Alternatively, under the same particle impact conditions [24], 

the effective bonding area decreases [24]. The particle velocity remained unchanged 

throughout all conditions in this process, which might clarify why the bonding strength 

of a TiO2 coating on the heat-treated surfaces of both materials significantly reduced as 

the temperature was increased from room temperature to 400 °C. 
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3.4. Oxide Surface Roughness 

Figures 8 and 9 show the 2D oxide surface roughness of C1020 and AA1050 at RT 

and materials annealed at 400 °C. Both pure metals showed an increasing trend in oxide 

surface roughness as the annealing substrate temperature was increased: 13.89 nm (RT) to 

45.02 nm (400 °C) for C1020, and 20.56 nm (RT) to 121.9 nm (400 °C) for AA1050. The 

influence of substrate surface roughness in terms of oxide roughness can be summarized 

as follows: in softer substrate materials such as copper and aluminum, a larger surface 

roughness gives higher adhesion strength inversely to annealing temperature increases. 

 

Figure 8. Oxide surface roughness of C1020 (a) at RT and (b) annealed at 400 °C. 

 

Figure 9. Oxide surface roughness of AA1050 (a) at RT and (b) annealed at 400 °C. 

Metallic interlocking is involved in coating deposition, substrate coarseness and in-

creases deposition qualities, as per some studies conducted [5,25–27]. According to re-

ports, grit-blasted substrates have a greater adhesion capacity because they have a wider 

surface contact and mechanical interlocking [25]. The surface roughness of annealed sub-

strates in terms of oxide roughness is not directly influenced by the titanium dioxide coat-

ing adhesion strength to heated base materials. Therefore, other stimuli may exist and 

need to be clarified to understand the bonding mechanisms involved. 
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3.5. Pure Metal Vickers Microhardness 

Figure 10 shows the heat-treated pure metal hardness values of C1020 and AA1050 

from RT to 400 °C. C1020 showed a declining tendency from 103.2 Hv (RT) to 45.96 Hv 

(400 °C), and AA1050 also showed a decreasing trend from 45.36 Hv (RT) to 27.7 Hv (400 

°C), which is almost a 50% reduction in the substrate hardness.  

 

Figure 10. Heat-treated pure metal hardness of both pure materials from RT to 400 °C. 

Annealing heat treatments alter the characteristics of materials. The primary goal of 

annealing is to increase the ductility of a metal while decreasing its hardness [23]. The 

kinetic progression of pure copper micro-hardness after isothermal recrystallization pro-

ceeds at 250, 300, and 380 °C. The recovery process causes a modest decrease in micro-

hardness during the incubation period. Then, a large fall in HV from HV = 100 (at the 

initial cold-rolled phase) to HV = 50 (at the fully recrystallized phase) confirms recrystal-

lization [28]. 

C1020 and AA1050 recrystallization at 400 °C and prolonged cooling in an electric 

furnace with air as a medium allows grains to grow bigger and reduces substrate hard-

ness, leading to softer pure materials. Annealed substrates become softer at 400 °C due to 

the recrystallization process; therefore, when high-velocity cold-sprayed TiO2 impacts the 

substrate surface, substrate deformation is expected and will lead to the increased adhe-

sion bonding of TiO2 coatings; however, the coating strength of titanium dioxide on both 

pure materials was lowest at the 400 °C annealing temperature. As a result, substrate de-

formation (mechanical anchoring) is not one of the most essential aspects influencing ti-

tanium dioxide coating adhesion bonding on annealed C1020 and AA1050. 

3.6. Focus Ion Beam Single Particle Titanium Dioxide on Pure Metals Annealed at 400 °C 

The top view and cross-sectional images of the titanium dioxide particles impacting 

on C1020 and AA1050 annealed at 400 °C are shown in Figure 11a–d. The objective of this 

wipe test was to study more about how TiO2 particles adhere to annealed pure metal sub-

strates. Only C1020 and AA1050 annealed at 400 °C were selected because they had the 

thickest oxide film. As demonstrated in Figures 11a,b, the TiO2 particle remained intact 

following the collision, whereas the base surface of the C1020 annealed at 400 °C deformed 

due to impacting during the cold-spraying process.  

0

20

40

60

80

100

120

RT 100˚C 200˚C 300˚C 400˚C

H
v

 [
0

.1
]

Substrate annealing temperature

C1020 Al 1050



Coatings 2021, 11, 1349 18 of 25 
 

 

 

Figure 11. SEM images of the TiO2 particle on (a) C1020 annealed at 400 °C, (b) AA1050 and cross-sectional images of 

titanium dioxide particle on (c) C1020 and (d) AA1050 heat-treated at 400 °C.  

Moreover, on soft substrates such as aluminum, TiO2 particles deformed. The TiO2 

particles collided with the substrate with minimum deformation and rebounded, produc-

ing craters on the surface. The arrow in Figure 11 depicts this. For soft surfaces, impacting 

energy generated during the spraying process is also utilized for surface deformation, ac-

cording to Ernst et al. [29]. The craters were deeper and suffered severe damage because 

of the decreased hardness of aluminum annealed at 400 °C due to recrystallization, as 

indicated in the SEM images in Figures 11b–d. 

Both substrates underwent substrate deformation after being impacting by high-ve-

locity, cold-sprayed TiO2 particles, as shown by the red dotted line in the figure below. 

The adhesion strength of the coatings showed a decreasing tendency as the temperature 

of the heat-treated base material was increased. This implies that substrate deformation 

or mechanical anchoring are not factors influencing the adhesion bonding of C1020 and 

AA1050 annealed at 400 °C with a TiO2 coating. Ichikawa et al. reported that a thicker 

oxide film hinders the establishment of a new surface, and oxide layers serve as a deposi-

tion barrier for cold-sprayed CoNiCrAIY on an Inconel 625 substrate. Oxide films have a 

major impact on the deposition process [30]. The same author also reported that the south 

pole is the middle of a single crater, which is covered by an oxide film coating, and hence, 

is not bonded. At the tip of each crater, however, an oxide-free metallic region can be 

observed, allowing a strong bond to form between cold-sprayed copper deposited on the 

aluminum substrate [31]. Our experiment is consistent with the results of Ichikawa et al., 

where substrate deformation existed on both pure metals annealed at 400 °C, but the ad-

hesion strength was lowest at this annealing temperature due to the oxide film remaining 

on the substrate surface after impact from cold-sprayed TiO2 particles. 

3.7. Transmission Electron Microscopy Investigation of the Oxide Film Interface between TiO2 

Particles and Substrates at Room Temperature and Annealed at 400 °C 

Figure 12 is TEM images of the interface between a single TiO2 particle and C1020 

and AA1050 annealed at 400 °C. These confirm the existences of a remaining interlayer 

oxide with a thickness of approximately 5 nm for C1020 and AA1050, after the high-ve-

locity cold-sprayed TiO2 impacted the substrates. 
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Figure 12. Remaining oxide films at the interface between the TiO2 particle and (a) C1020 and (b) 

AA1050 annealed at 400 °C. 

To further understand how the oxide layer remaining on substrate surface plays a 

role in the bonding mechanism involved between TiO2 particles and pure metal sub-

strates, TEM line analysis on the single TiO2 particle on pure metals at room temperature 

and samples annealed at 400 °C was conducted. Figure 13 is the TEM line analysis results 

of a single TiO2 particle on C1020 at room temperature and after 400 °C annealing. These 

confirm the existence of atomic Ti on room-temperature C1020. On the other hand, for 

C1020 annealed at 400 °C, the intermixing of Cu, Ti and O is present in the particle area, 

and there is no trace of atomic Ti on the substrate surface. This may explain why there 

was no successful coating on C1020 annealed at 400 °C, because of the thicker oxide layer 

on the substrate surface. 

Figure 14 is the TEM line analysis results of a single TiO2 particle on AA1050 at room 

temperature and after 400 °C annealing. These confirm the existence of the intermixing of 

atomic Ti and O on room-temperature AA1050. On the other hand, in AA1050 annealed 

at 400 °C, only a higher atomic percentage of O was present, due to the annealing process. 

This created a more inactive area for TiO2 particles to bond on the substrate surface. At 

the atomic level, metallurgical bonding is thought to be the result of a chemical reaction 

of particles or particle/substrate at the oxide-free contact [7,32–34]. Metallurgical bonding 
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could occur when two fresh metallic areas come into atomic interaction. Therefore, bond-

ing necessitates at least some breaking up of the native oxide film, meaning that the thick-

nesses of this layer may influence the critical velocity. Dedicated studies are required to 

develop a straightforward relationship between oxide film thickness and the critical ve-

locity [35]. According to the findings of this study, the main factor is the atomic reaction 

between sprayed TiO2 particles and newly formed substrate material of pure copper and 

pure aluminum; this is metallurgical bonding, which is similar to the cold spraying of 

metallic materials. 

 

 

Figure 13. TEM line analysis of the TiO2 particle on C1020 (a) at RT and (b) annealed at 400 °C. 
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Figure 14. TEM line analysis of the TiO2 particle on AA1050 (a) at RT (b) annealed at 400 °C. 

3.8. Adhesion Strength on Substrate Annealed at 400 °C Surface Condition 

Figure 15 shows the cold-sprayed titanium dioxide coating bond strength on C1020 

and AA1050 substrates annealed at 400 °C with and without an oxide on the substrate 

surface. No oxide layer here means that the C1020 and AA1050 were subjected to anneal-

ing in electric furnace, then grit-blasted before the cold-spraying process. Grit blasting is 

a surface treatment for cleaning or roughening. Both soft substrates annealed at 400 °C 

with no oxidation exhibited an increasing trend in the adhesion strength of cold-sprayed 
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TiO2 coatings compared to an oxidized substrate, which was N/A to 1.44 MPa for C1020 

and 2.61 to 4.93 MPa for AA1050. From this result, it clearly indicates that the main factor 

which influences the bond strength of cold-sprayed titanium dioxide coatings is the re-

maining substrate oxidation which is not fully removed after strong impacts from cold-

sprayed TiO2. At the atomic level, metallurgical bonding is thought to be the result of a 

chemical reaction of particles or particle/substrate at the oxide-free interface [7,32–34]. Re-

ferring to the findings, the chemical reactions among cold-sprayed TiO2 particles and the 

new surface of pure metal substrates which are oxide-free are thought to be the most im-

portant factor. Overall, the adhesion strength of the TiO2 coating on AA1050 was higher 

compared to C1020 in all conditions, due to aluminum’s reduced hardness when com-

pared to copper. Oxide forms were also different on both pure metals, which may have 

influenced the coating strength of the cold-sprayed titanium dioxide coating on both sub-

strate materials. Figure 16 shows a schematic image of cold-sprayed TiO2 deposition onto 

soft substrate materials, with a thin oxide layer at room temperature and thick oxide layer 

after annealing. 

 

Figure 15. Cold-sprayed titanium dioxide coating bond strength on C1020 and AA1050 annealed at 400 °C. 
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Figure 16. Schematic image of cold-sprayed TiO2 deposition onto soft materials with thin and 

thick oxide layers. 

4. Conclusions 

Herein, we examined the impact of the bond strength of cold-sprayed titanium diox-

ide on pure copper (C1020) and pure aluminum (AA1050) through substrate properties 

that are annealed in an electrical furnace temperature range from ambient temperature to 

400 °C. The following is a summary of the study’s findings: 

1. The annealing process contributed to the induced ductility of C1020 and AA1050, 

especially when annealed at a recrystallization temperature of 400 °C. The substrate’s 

hardness was reduced as a result, and it became softer. When the high-velocity cold-

sprayed TiO2 particle struck the pure metals annealed at 400 °C with an oxide film, 

plastic deformation of the substrate is present, but some of the oxide layer remained, 

as shown by the TEM results, which prevented metallurgical bonding from occurring 

in between the TiO2 coating and pure metals; 

2. Metallurgical bonding of cold-sprayed TiO2 particles and newly created oxide-free 

pure metal surfaces is the primary bonding mechanism. 
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