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Abstract: The surface of most metals is covered with thin native oxide films. It has generally
been believed that to achieve bonding, the oxide covering the surface of metallic particles or metal
substrates must be broken and removed by adiabatic shear instability (ASI), whether induced at the
particle–substrate interface or at the particle–particle interface. The aim of the present research is to
investigate the correlation between the remaining oxide amorphous layer and substrate-deformation
with the adhesion strength of cold-sprayed TiO2 coatings towards the bonding mechanism involved.
Relevant experiments were executed using stainless steel (SUS 304), subjected to various annealing
temperatures and cold-sprayed with TiO2 powder. The results indicate an increasing trend of coating
adhesion strength with increasing annealed substrate temperature. The influence of substrate plastic
deformation and atomic intermixing at the remaining amorphous oxide layer is discussed as the
factors contributing to the increasing adhesion strength of cold-sprayed TiO2 coatings.

Keywords: adiabatic shear instability (ASI); cold spray; titanium dioxide; bonding mechanism;
adhesion strength; substrate deformation; amorphous interface layer

1. Introduction

Cold spraying is a process in which the powder particles are used to form a coating by means
of ballistic impingement upon a suitable substrate. Powders range in particle sizes from 5 to 100 µm
and are accelerated by injection into a high-velocity stream of gas. The particles are then accelerated
by the main nozzle gas flow and impacted on the substrate. Upon impact, the solid particles deform
and create a bond with the substrate [1]. When solid particles are sprayed toward a substrate, there
are various phenomena that are generally observed on the substrate surface in relation to the process
parameters such as substrate hardness, ductility, velocity size, incident angle, etc. However, if the
velocity of particles is sufficiently fast, they can be embedded in the surface through a deposition
process [2]. Therefore, substrate properties such as hardness, temperature, and degree of oxidation
play a significant role in the bonding between particles and substrate [3].

It is well known that cold spraying of ceramic materials can be difficult because cold spraying
requires plastic deformation of the feedstock particles for adhesion to the substrate. The challenge lies
in the difficulty of plastically deforming hard and brittle ceramic materials, such as TiO2. Previous
studies have reported the possibility of cold spraying thick pure TiO2 [4] but the bonding mechanism
of cold sprayed TiO2 is not fully understood.
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Several experimental results have been published on the bonding mechanism of cold-spraying Ti
or TiO2 particles onto metal and ceramic substrates. Winnicki et al. used a low-pressure cold-spray
system for cold-sprayed amorphous, anatase, and rutile TiO2 powders with a particle size of 10–70 µm
and similar shape, which were prepared by the sol-gel process. The 100 µm TiO2 coatings were
prepared on aluminum and the mechanism responsible for powder deposition was the mechanical
interlocking of submicron powders with a local presence of agglomerates. They also indicate that the
key parameter for the process seems to be the working gas temperature [5]. The same author also
cold-sprayed amorphous and anatase TiO2 powder on the ABS substrate with varying gas temperatures
of 200 and 300 ◦C. The bond strength of the coating was tested using a tensile strength test machine
and the highest value was 2 MPa for TiO2 amorphous+anatase at 200 and 300 ◦C gas temperature [6].
Hajipour et al. cold sprayed two types of TiO2 powder; nanocrystal particles with a particle diameter
of about 100 ± 15.3 nm and agglomerating ultra-fine particle with a diameter of about 80 ± 11 µm
on aluminum substrate. The thickness of the coating is about 490 nm for nanocrystal particles and
15–20 µm for the agglomerating ultra-fine particle. They indicated that for a brittle material such
as TiO2, the first layer is achieved by plastic deformation of the ductile metallic substrate when
the particles are embedded into the substrate without any additional binding agent or calcination
procedure. The coating/substrate interface is relatively rough when the particle hits the substrate at a
high speed. As a result, the titanium dioxide particles are embedded in the Al substrate. Roughness
causes mechanical entanglement that might also play an important role in the buildup stage. They also
conducted a coating bond strength testing by ultrasonic cleanout of 185 W for 1 min. The adhesion
was assessed according to the spalling state of the coating. They identified that there was no spalling
of the coating after 1 min [7]. Schmidt et al. used 0.1–10 µm of TiO2 particles that were cold sprayed
onto the flat polished surface of the titanium substrate. They identified that the plastic deformation
of the substrate leads to a large continuous contact zone between the particles and the substrate and
thus to durable bonding. They also tested the bond strength of the coating by ultrasonic cleaning
with a maximum intensity of 40.8 W/cm2. No local changes in the number, positions, and volumes
of the particles could be observed after the cleaning cycle, indicating that the bonding of all the TiO2

particles to the substrate resists cleaning up to a maximum intensity of 40.8 W/cm2 in the ultrasonic
bath [8]. Kliemann et al. used 3–50 µm TiO2 agglomerates formed from 5 to 15 nm of primary particles
for continuous coating of steel, Cu, Ti, and AlMg3 substrates. They identified ductile substrates that
allow shear instabilities to happen as the primary bonding mechanism between the particles and the
substrate [9]. Gutzmann et al. obtained the impact morphology of single TiO2 particles and studied
the deposition of different particles on substrates with different temperatures. They showed that there
were concentric rings on the impacted substrates such as the shear instability zone. The deposition
of a single TiO2 particle could be achieved only when the substrate temperature was above a certain
value. The softer the substrate, the higher the deposition efficiency. It has been proposed that the
preheating of the substrates could make them soft and facilitate the substrate shear instability, thus
helping the deposit of the coating [10]. Gardon et al. reported that the mechanism responsible for
the deposition of TiO2 on the stainless steel substrate in the cold-spraying process is the chemical
bonding between the particles and the substrate. They have shown that the previous layer of titanium
sub-oxide prepares the substrate with the appropriate surface roughness needed for the deposition of
the TiO2 particle. In addition, the composition of the substrate is also important for deposition as it can
provide chemical affinities during the particle interaction after impact. Substrate hardness may also
ease the interaction between the particles and the substrate [11]. Salim et al. prepared 400 and 150 µm
TiO2 coatings on metal and tiles, respectively. They reported that the adhesion strength changed little
with the changing spraying parameters. It was discovered that the hardness and the oxidizability of
the substrate affected the adhesion strength of the TiO2 coatings. The adhesion strength of the TiO2

coatings could be improved by altering the surface chemistry of the substrate. It was proposed that the
chemical or physical bonding mechanism can the main bonding mechanism for ceramic coatings [12],
and that preheating could increase the oxidizability of the substrate, thus deteriorating the adhesion
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strength of the coating. The result seems to contradict Gutzmann’s experiment, which showed that the
preheating of the substrate improved the deposition of the TiO2 particle.

Clearly, there is still considerable uncertainty concerning the preheating of the substrate and
the influence of any remaining amorphous oxide layer present at the interface of particle/substrate
in relation to the bonding mechanism of cold sprayed TiO2. Therefore, to further understand the
bonding mechanism of cold-spraying TiO2 onto metal substrates, in this study, we investigated the
correlation between the remaining oxide amorphous phases after cold spraying, and their impacts
on the particle/substrate interface toward the adhesion strength of agglomerated nano-TiO2 coatings
on annealed metal substrates. Stainless steel (SUS 304) was chosen as the substrates to investigate
the bonding mechanism involved and subjected to heat treatment of annealing. An annealing is a
heat treatment that changes the physical and chemical properties of a material in order to improve its
ductility and reduce its hardness, making it more workable [13]. By increasing the ductility of stainless
steel after annealing at higher temperature, we expect better bonding between the TiO2 coating and
the SUS 304 annealed stainless steel.

2. Materials and Methods

2.1. Process

In all coating experiments, the cold-spraying equipment with a De-Laval 24TC nozzle (CGT
KINETIKS 4000; Cold Gas Technology, Ampfing, Germany) was used. Nitrogen was used as the process
gas with a 500 ◦C operating temperature, and a 3 MPa pressure. The spray distance was 20 mm with a
process traverse speed of 10 mm/s. The coatings were deposited on a grit-blasted annealed stainless
steel (SUS 304). The substrates were annealed with an electric furnace to preheat the grit-blasted
substrate to four different temperatures, respectively (i.e., 300, 500, 700, and 1000 ◦C) before spraying.
In all cases, the temperature of the annealed substrate during spraying was at room temperature.

2.2. Materials

As a feedstock, we applied agglomerated TiO2 powder (TAYCA Corporation, WP0097, Osaka,
Japan) containing a pure anatase crystalline structure with an average particle size of about 7.55 µm, as
shown in Figure 1. The material chemical composition of substrates used is presented in Table 1.
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2.3. Characterization

2.3.1. Tensile-Strength Testing

In accordance with JIS H 8402, specimens measuring Ø25 × 10 mm were used to assess the
coatings’ adhesion strength, given as the fracture load value measured by a universal testing machine
(Autograph AGS-J Series 10 kN, Shimadzu, Japan). We measured the adhesion strength over an
average of five specimens for each of the spraying conditions.

2.3.2. Coatings Evaluation

A scanning electron microscope (SEM: JSM-6390, JEOL, Tokyo, Japan) was used to observe the
TiO2 coating’s cross-sectional microstructures on annealed substrates. The observation sample of
the TiO2 coating was prepared by embedding a 25 mm × 10 mm sample into a hardenable resin.
The hardened sample embedded in the hardened resin was ground with silica papers to a #3000 grit
size and finally polished with 1 and 0.3 µm alumina suspension.

2.3.3. Micro-Vickers Hardness

To investigate the relationship between the annealed substrate surface hardness and the adhesion
strength of the TiO2 coating on the annealed substrate, the substrate hardness was measured using an
HMV-G micro-Vickers hardness tester (Shimadzu, Japan). The measurement showed a hardness of HV
0.1; the test load on the cross section was 98.07 mN. The final micro-hardness value was the average of
five tests taken at approximately the same points for each substrate.

2.3.4. Substrate Oxide Evaluations

X-ray photoelectron spectroscopy (XPS) is a versatile surface analysis technique used for
compositional and chemical state analyses. In this study, XPS analysis (ULVAC-PHI, PHI Quantera
SXM-CI, Kanagawa, Japan) using a monochromatic Al Kα source (15 mA, 10 kV) was performed. Wide
(0–1000 eV) and narrow scans of Fe 2p, Cr 2p, and O 1s for different annealed substrates were collected.
The measured binding energies were then corrected with C 1s at 285.0 eV. When pre-sputtering to clean
the surface was performed, the sample surface was reduced and the measurements were affected, so
XPS analysis was performed without pre-sputtering. Table 2 shows the XPS analysis conditions for
substrates oxide analysis.

Table 2. XPS parameter for substrate oxide layer analysis.

Measured Regions Fe 2p, O 1s, Cr 2p

Measured X-Ray output [W] 10
Probe diameter[µm] 50
Time per step [ms] 30

Pass energy 140
Cycle 30

2.3.5. Wipe Test

A CGT Kinetiks 4000 cold-spray system (Cold Gas Technology, Ampfing, Germany) with a
custom-made suction nozzle was used to perform the wipe test and coating using TiO2 powder onto
the annealed 1000 ◦C stainless steel substrates. The wipe test was conducted to study the deformation
behavior of a single particle on this substrate. Prior to deposition, the substrate was ground and
polished until a mirror finish surface was obtained. The temperature of the process gas and the pressure
used were 500 ◦C and 3 MPa, respectively. Nitrogen has been used as a process gas. The distance
between the exit of the nozzle and the substrate was fixed at 20 mm. The traverse speed of the process
was 2000 mm/s. Prior to spraying, the substrates were rinsed with acetone. The FEI Helios Dual
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Beam 650 field emission SEM (FESEM, FEI, Oregon, USA) and focused ion beam (FIB, FEI, Oregon,
USA) microscope was used to investigate the single particle TiO2 deposition on mirror polished
annealed substrate.

2.3.6. TEM Testing

Single titanium dioxide particles were deposited on a 25 mm × 25 mm 1000 ◦C annealed mirrored
steel substrate (SUS 304). In this cold-spray process, nitrogen gas was used as the process gas.
The distance between the exit of the nozzle and the substrate was fixed at 20 mm. The process traverse
speed was 2000 mm/s. Prior to spraying, the substrates were rinsed with acetone. Thin membranes for
transmission electron microscopy (TEM, JEOL, Tokyo, Japan) observation were carefully made from
deposited TiO2 particles onto annealed 1000 ◦C mirrored steel substrate by the focused ion beam (FIB)
milling equipment (FEI Helios Dual Beam 650, FEI, Oregon, USA). Without further sample preparation,
electron-transparent membranes were made and investigated by field emission gun (FEG) electron
microscopy using a JEOL JEM-2100F FE-TEM with a scanning mode at an applied voltage of 200 kV.
The elemental distribution of the membranes was acquired by means of STEM energy-dispersive X-ray
spectroscopy (EDX).

3. Results

3.1. Strength of Adhesion

The adhesion strength of the cold-sprayed TiO2 coating on annealed SUS 304 stainless steel are
shown in Figure 2. The TiO2 coating on the annealed hard substrates showed an increased trend of
adhesion strength from room temperature to 1000 ◦C, with values from 0.51 to 2.55 MPa.

Figure 3 shows the fracture coating of TiO2 on annealed SUS 304 from room temperature to 1000 ◦C
after adhesion-strength testing. The interface fracture occurred between the coating and substrate for
annealed SUS 304 substrates in all conditions, as shown in Figure 3a–e.

Coatings 2020, 10, x FOR PEER REVIEW 5 of 13 

 

Single titanium dioxide particles were deposited on a 25 mm × 25 mm 1000 °C annealed mirrored 
steel substrate (SUS 304). In this cold-spray process, nitrogen gas was used as the process gas. The 
distance between the exit of the nozzle and the substrate was fixed at 20 mm. The process traverse 
speed was 2000 mm/s. Prior to spraying, the substrates were rinsed with acetone. Thin membranes 
for transmission electron microscopy (TEM, JEOL, Tokyo, Japan) observation were carefully made 
from deposited TiO2 particles onto annealed 1000 °C mirrored steel substrate by the focused ion beam 
(FIB) milling equipment (FEI Helios Dual Beam 650, FEI, Oregon, USA). Without further sample 
preparation, electron-transparent membranes were made and investigated by field emission gun 
(FEG) electron microscopy using a JEOL JEM-2100F FE-TEM with a scanning mode at an applied 
voltage of 200 kV. The elemental distribution of the membranes was acquired by means of STEM 
energy-dispersive X-ray spectroscopy (EDX). 

3. Results 

3.1. Strength of Adhesion 

The adhesion strength of the cold-sprayed TiO2 coating on annealed SUS 304 stainless steel are 
shown in Figure 2. The TiO2 coating on the annealed hard substrates showed an increased trend of 
adhesion strength from room temperature to 1000 °C, with values from 0.51 to 2.55 MPa.  

Figure 3 shows the fracture coating of TiO2 on annealed SUS 304 from room temperature to 
1000 °C after adhesion-strength testing. The interface fracture occurred between the coating and 
substrate for annealed SUS 304 substrates in all conditions, as shown in Figure 3a–e. 

 
Figure 2. Adhesion strength of the TiO2 coating on annealed SUS 304. 

 
Figure 3. Fracture surface substrate and TiO2 coating after tensile strength testing on SUS 304. (a) 
Room temperature; (b) annealed at 300 °C; (c) annealed at 500 °C; (d) annealed at 700 °C; and (e) 
annealed at 1000 °C. 

 

 

0
0.5

1
1.5

2
2.5

3
3.5

RT 300  ˚C 500  ˚C 700  ˚C 1000 ˚C

A
dh

es
io

n 
str

en
gt

h 
[M

Pa
]

Annealed substrate temperature 

Figure 2. Adhesion strength of the TiO2 coating on annealed SUS 304.



Coatings 2020, 10, 991 6 of 13

Coatings 2020, 10, x FOR PEER REVIEW 5 of 13 

 

Single titanium dioxide particles were deposited on a 25 mm × 25 mm 1000 °C annealed mirrored 
steel substrate (SUS 304). In this cold-spray process, nitrogen gas was used as the process gas. The 
distance between the exit of the nozzle and the substrate was fixed at 20 mm. The process traverse 
speed was 2000 mm/s. Prior to spraying, the substrates were rinsed with acetone. Thin membranes 
for transmission electron microscopy (TEM, JEOL, Tokyo, Japan) observation were carefully made 
from deposited TiO2 particles onto annealed 1000 °C mirrored steel substrate by the focused ion beam 
(FIB) milling equipment (FEI Helios Dual Beam 650, FEI, Oregon, USA). Without further sample 
preparation, electron-transparent membranes were made and investigated by field emission gun 
(FEG) electron microscopy using a JEOL JEM-2100F FE-TEM with a scanning mode at an applied 
voltage of 200 kV. The elemental distribution of the membranes was acquired by means of STEM 
energy-dispersive X-ray spectroscopy (EDX). 

3. Results 

3.1. Strength of Adhesion 

The adhesion strength of the cold-sprayed TiO2 coating on annealed SUS 304 stainless steel are 
shown in Figure 2. The TiO2 coating on the annealed hard substrates showed an increased trend of 
adhesion strength from room temperature to 1000 °C, with values from 0.51 to 2.55 MPa.  

Figure 3 shows the fracture coating of TiO2 on annealed SUS 304 from room temperature to 
1000 °C after adhesion-strength testing. The interface fracture occurred between the coating and 
substrate for annealed SUS 304 substrates in all conditions, as shown in Figure 3a–e. 

 
Figure 2. Adhesion strength of the TiO2 coating on annealed SUS 304. 

 
Figure 3. Fracture surface substrate and TiO2 coating after tensile strength testing on SUS 304. (a) 
Room temperature; (b) annealed at 300 °C; (c) annealed at 500 °C; (d) annealed at 700 °C; and (e) 
annealed at 1000 °C. 

 

 

0
0.5

1
1.5

2
2.5

3
3.5

RT 300  ˚C 500  ˚C 700  ˚C 1000 ˚C

A
dh

es
io

n 
str

en
gt

h 
[M

Pa
]

Annealed substrate temperature 

Figure 3. Fracture surface substrate and TiO2 coating after tensile strength testing on SUS 304. (a) Room
temperature; (b) annealed at 300 ◦C; (c) annealed at 500 ◦C; (d) annealed at 700 ◦C; and (e) annealed at
1000 ◦C.

3.2. SEM Cross-Section Microstructure of TiO2 Coatings on Annealed SUS 304 Substrates

Figure 4a–e shows the TiO2 coating cross-sectional area on SUS 304 for various substrate annealing
temperatures. The figures show, in all conditions, a dense coating with a thickness of 300 µm, indicating
that a critical velocity was reached for this hard material. This suggests that the TiO2 coating adhered
well to the annealed SUS 304 substrate from room temperature to 1000 ◦C annealing.
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Figure 4. Cross-section microstructure of TiO2 coatings on SUS 304. (a) Room temperature; (b) annealed
at 300 ◦C; (c) annealed at 500 ◦C; (d) annealed at 700 ◦C; and (e) annealed at 1000 ◦C.

We can categorize the cold-spraying procedure into two stages: (1) Adhesion and (2) cohesion
bonding. Adhesion or the formation of the interface between the substrate and particle is the first
stage. The annealed substrates can clearly implement this stage, which forms the first coating layer,
particularly for the hard material, SUS 304.

3.3. Substrate Vickers Microhardness

Figure 5 shows the annealing substrate hardness of SUS 304 from room temperature to 1000 ◦C.
The stainless steel, SUS 304 showed a decreasing trend from 345.90 Hv for room temperature to
173.00 Hv for 1000 ◦C annealing.

Based on the iron-carbon phase diagram, when the austenite stainless steel, SUS 304 is annealed
at 1000 ◦C, which is above the eutectoid temperature of 727 ◦C and slow cooled in the furnace using
air medium, the phase transformation involved is austenite to pearlite (ferrite + cementite). This
microstructure transformation is associated with a reduction of substrate hardness for 1000 ◦C annealed
SUS 304 and it becomes softer [13].

The reduction of the hardness of SUS 304 may be one of the factors that contributed to the trend
of the increase in the TiO2 coating adhesion strength with increasing SUS 304 substrate annealing
temperature. As the substrate becomes softer at higher annealed temperatures such as 1000 ◦C and
when cold sprayed TiO2 impacts the substrate surface with a high impact velocity, it is associated
with substrate deformation that may contribute to the bonding. The mechanical anchoring factor is
discussed later in Sections 3.5 and 3.6.
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Figure 5. Annealed substrate microhardness of SUS 304 from room temperature to 1000 ◦C annealing.

3.4. Depth Profile of the Oxide Layer

The result of the depth analysis of room temperature substrate and annealed 700 ◦C by X-ray
photoelectron spectroscopy for the SUS 304 substrate is shown accordingly in Figure 6a,b. The atomic
composition of oxygen in the deepest part of the oxide layer increases significantly as the annealing
substrate temperature increases from RT to 700 ◦C. This shows that the oxide layer of stainless steel
grows thicker as the annealing temperature of the substrate increases. We also expect the oxide layer
to be thicker on the annealed 1000 ◦C SUS 304 substrate.
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3.5. FIB Splat TiO2 Particle on 1000 ◦C Annealed Substrates

Figure 7 shows the FIB result of the TiO2 particles on the 1000 ◦C annealed SUS 304. This wipe
test was conducted to further understand the bonding mechanism of the TiO2 particle on the annealed
SUS 304 substrate. Only the 1000 ◦C annealed SUS 304 was selected because it had a high adhesion
strength. The results obtained revealed that the TiO2 particle was found unchanged after the collision
and the substrate surface of the 1000 ◦C annealed SUS 304 experienced a deformation due to impacting
during the cold-spraying process, as shown by Figure 7. A previous study undertaken by Trompetter
et al. demonstrated that for a solid particle impacting on a substrate, the substrate hardness played a
significant role in the as-produced solid particles [14]. This condition can be understood by the fact that
SUS 304 experienced microstructure transformation during the annealing process at 1000 ◦C, therefore
the substrates hardness was reduced and it became softer.Coatings 2020, 10, x FOR PEER REVIEW 8 of 13 
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Figure 7. FIB cross-section of a single particle of TiO2 on 1000 ◦C annealed SUS 304. J indicates the
jetted-out region; B is the bonded region; R is the rebound region.

Referring to Figure 7, since the shear instability starts at a position away from the bottom center
of the TiO2 particle, the bottom region of the deposited particle can be divided into three regions along
the particle–substrate boundary: (i) The particle jetted out region (J) generated by the severe shear
plastic strain induced by adiabatic shear instability (ASI); (ii) the well-bonded region (B) where the
particle and the substrate are intimately bonded; and (iii) the rebound region (R) where the shear
instability did not occur and the accumulated elastic energy from the impact of a sprayed particle
detached the particle from the substrate. At the boundary of B and R, ASI is accompanied by severe
shear stress, and an abnormal increase in temperature can easily expel the particles, and consequently
the oxide covering the surface of particle or substrate can be broken and removed [3,15–20].

The adhesion strength of the TiO2 coating on annealed SUS 304 showed an increased trend as the
annealed substrate temperature is increased. This indicates that substrate deformation or mechanical
anchoring is one of the factors that influence the adhesion bonding of the annealed SUS 304 with TiO2

at the annealing temperature of 1000 ◦C. This result is supported by other reports of cold-sprayed TiO2

onto hard substrate such as titanium and stainless steel. Schmidt et al. used 0.1–10 µm of TiO2 particles
that were cold sprayed onto the flat polished surface of a titanium substrate. They identified that the
plastic deformation of the substrate leads to a large continuous contact zone between the particles and
the substrate and thus to a durable bonding [8]. Kliemann et al. used 3–50 µm TiO2 agglomerates
formed from 5 to 15 nm of primary particles for the continuous coating of steel substrate. They
identified ductile substrate that allows shear instability to happen as the primary bonding mechanism
between the particles and the substrate [9].
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3.6. TEM Analysis on Interface Oxide Layer between TiO2 Particle on 1000 ◦C Annealed Substrates

The TEM result is shown as the STEM image interface of the rebound region between single-particle
TiO2 and 1000 ◦C annealed SUS 304, as shown by Figure 8. It confirms the existence of the remaining
interface layer after the cold-sprayed TiO2 impacted, with a thickness of approximately 10 nm at the
rebound region interface, R and 15 nm at the bonded region, B between single-particle TiO2, and
1000 ◦C annealed SUS 304, as revealed in Figures 9 and 10. Kim et al. used kinetic spraying of single
titanium particles on mirrored steel substrates. They showed that some portion of a thin amorphous
oxide remained between the particle–substrate interface, and even a severe plastic deformation was
associated with the impacts of the particles onto the substrate. The remaining oxide provided a bond
between a particle or particle–substrate [21]. Our data also reported that the same, even interface
thickness in the bonded region B is thicker than in the rebound region, R.
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Figure 10. High-magnification images of the TiO2/1000 ◦C annealed SUS 304 interface at the bonded
region, B.

Further analysis of the EDS (JEOL, Tokyo, Japan) on the rebound region interface layer R showed
the elemental composition, as shown in Table 3 and Figure 11. The results showed that the oxide
layer that occurs at the interface rebound area, R of TiO2 particles and 1000 ◦C annealed SUS 304
consist of 96.33 at% oxygen, 2.35 at% titanium, 0.95 at% iron, and 0.38 at% chromium. In addition,
the EDS analysis of the interface layer in the bonded region B reveals the elemental composition, as
shown in Table 4 and Figure 12. The results show that the elemental composition was oxygen at 91.88
at%, titanium at 4.22 at%, iron at 2.77 at%, chromium at 0.83 at%, and nitrogen at 0.30 at%. This EDS
analysis showed that nitrogen is present in the bonded region B, which is a gas carrier that was used
during the cold-spraying process. In addition, at% of titanium, iron, and chromium in the bonded
region B was also slightly higher than the rebound region R.

Table 3. Chemical composition analysis by EDS for the interface at the rebound region, R of TiO2/1000 ◦C
annealed SUS 304.

Element Atomic%

O 96.33
Ti 2.35
Fe 0.95
Cr 0.38

Total 100
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Table 4. Chemical composition analysis by EDS for the interface at the bonded region, B of TiO2/1000
◦C annealed SUS 304.

Element Atomic%

O 91.88
Ti 4.22
Fe 2.77
Cr 0.83
N 0.30

Total 100
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Ko et al. cold-sprayed soft Al particles on the hard, but deformable substrate, Fe. They showed that
the atomic intermixing of Al/Fe occurring at an amorphous 10 nm oxide-layer interface could produce
a strong adhesive bond between Al and Fe due to some of the chemical adhesion forces [2]. They
were also cold-sprayed Cu particles on the AIN substrate and Al particles on the ZrO2. TEM images
show the formation of a 10 nm-thick amorphous layer at the Cu/AIN interface and approximately
5 nm amorphous layer at the Al/ZrO2 interface. Due to the restructuring of the interfacial layer upon a
high-velocity particle impact, the adhesion between the malleable cold-sprayed metals (Cu and Al) on
the brittle ceramic (AIN and ZrO2) substrate was attributed to the high-velocity collision, instead of
mechanical interlocking—resulting in limited amorphization and atomic intermixing. The degree of
this type of restructuring depends on particle velocity, hardness, and mechanical deformability that
is different between the particle and substrate [22]. Our experiments are consistent with the result
(Ko. et al. 2016 [22]) that TEM images showed the formation of an amorphous layer approximately
10-nm from the rebound area of the interface, R and 15 nm at the bonded area, B. The EDX results
confirm the elemental composition of the amorphous layer consisting of atomic mixing of Ti/Fe/Cr.
Therefore, atomic intermixing also contributed to the bonding mechanism between the TiO2/SUS 304
substrate due to some chemical adhesion forces. These findings provide considerable progress related
to the bonding mechanism of cold-sprayed TiO2 onto annealed SUS 304 at higher temperatures in
terms of explaining the increased adhesion strength of the TiO2 coating as the annealing temperature
of the substrate also increased. Substrate deformation and atomic intermixing at the amorphous layer
at interface TiO2/SUS 304 are the two factors involved here.

4. Conclusions

This study investigated the correlation between the adhesion strength of cold-sprayed TiO2 on
the SUS 304 stainless steel—annealed at temperatures ranging from room temperature to 1000 ◦C.
The results of the study lead to the following conclusions:
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• The annealing process plays an important role in the induced ductility of the austenitic stainless
steel, SUS 304 especially when annealed at a high temperature such as 1000 ◦C. This will lead to a
decrease in the hardness of the substrate and will make it softer. When the cold-sprayed TiO2

particle is impacted with a high velocity on the annealed 1000 ◦C SUS 304 surface, the plastic
deformation of the substrate occurs and provides a large continuous contact zone between the
particles and the substrate, resulting in bonding. Therefore, the adhesion strength of the TiO2

coating is high on the annealed 1000 ◦C SUS 304 substrate.
• The oxide layer of austenitic stainless steel, SUS 304 grows thicker as the annealed temperature of

the substrate increases. The TEM/EDX result shows that the existence of the remaining interface of
the amorphous layer is approximately 10 nm for the rebound region, R and 15 nm for the bonded
region, B between the TiO2 particles and 1000 ◦C annealed SUS 304. Due to the restructuring
of the interfacial layer upon a high-velocity particle impact, the adhesion between the brittle
TiO2 particle and the stainless steel SUS 304 metal was attributed to a high-velocity collision and
resulted in limited amorphization and atomic intermixing. Atomic intermixing of Ti/Fe/Cr at the
interface may produce a strong adhesive bond between them due to chemical adhesion forces.
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