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Abstract

Current attention has focused on the preparation of thick ceramic coating using nanostructured
materials as feedstock materials using thermal spray process. Cold spray method has appeared as
a promising process to form ceramic nanostructured coating without significantly changing the
microstructure of the initial feedstock materials due to its low processing temperature. However,
deposition of ceramic powders by cold spray is not easy due to brittle characteristics of the material.
Moreover, the bonding mechanism on how the ceramic coating was formed on the substrate is still
unclear as cold spray process requires plastic deformation of particles upon the impact onto the
substrate and it only apply for metal materials. On top of, the adhesion strength of pure TiO»

coating is low, thus, hindering the adoption of this new technology breakthrough into the society.

Therefore, in this study, focused have been made on the substrate properties which were annealing
throughout of the study. The relationship between coating adhesion strength and annealing
substrate properties on soft and hard metals substrate were investigated to identify the factors that
influence bonding mechanism involved. The following results which obtained by this study were

summarized here:

1. Apparent affect of surface roughness was not recognized in the present study both on soft and
hard metals substrate.

2. The annealing process contributed to the induced ductility of soft metals substrate especially
when annealed at a recrystallization temperature of 400°C. The soft metals substrate hardness
was reduced as a result, and it became softer. When the high-velocity cold sprayed TiO»
particle impacted the soft metals substrate surface with thick 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 soft
metals substrate. The primary bonding mechanism of TiO; particle and soft metal substrate
is metallurgical bonding which required free oxide surface.

The primary bonding mechanism of TiO; particle and stainless steel substrate is inter-oxide
bonding, which is provided by a chemical reaction of TiO>-OH", where OH" is provided by
chromium oxide, Cr203, which is thermodynamically preferred in SUS304. Only certain
substrate oxide compositions on certain materials, such as stainless steel, have chemically
induced inter-oxide bonding. Other oxide compositions of the substrate, such as Fe;O3 on

structural steel must be removed in order for TiO»-substrate to form a bond.
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1 Introduction

1.1 Surface engineering

Surface engineering involves design and modification of the surface of the substrate to provide
specific engineering advantages like improved wear resistance, corrosion resistance, oxidation
resistance, electronic properties and etc. The surface can be modified using metallurgical,
mechanical or chemical methods or by applying a layer of metallic or non-metallic coating using

PVD, CVD, plating and spraying.

1.1.1 Thermal spraying

Thermal spraying is a generic term for applying metallic and non-metallic coatings in which the
molten or semi-molten particles are deposited onto a substrate [1]. In thermal spraying, the
particles are heated and accelerated towards a substrate onto which a coating is formed. The
combination of high particle temperature and high particle velocity results in forming a deformed
splat on the substrate. Deposition of successive splats causes a coating thickness from a few
microns to few millimeter to be built up on the substrate. Thermal spray processes can be grouped
into three broad categories: flame spray, electric arc spray and plasma arc spray [1]. Different
energy sources (i.e flame, electric arc and plasma) are used to melt the coating materials in powder,
wire or rod form and propel them towards the substrate. The key advantage of thermal spraying is
that material or composites which partially melt without decomposing can be sprayed. Flame spray
includes low velocity powder flame, wire flame and high velocity oxy-fuel (HVOF) methods

where the gas temperature is relatively low. In rod flame, the coating material is aspirated into the



oxy-fuel stream, heated and carried by the flame towards the substrate [1]. In arc wire spray process,
two consumable wire electrodes are fed into the gun. This creates an arc between them which melts
the tip of the wire. The molten metal is then atomized by a gas stream and propelled towards the
substrate. The velocity of the particles is around 100-200 m/s and the temperature is higher than
flame spray processes [1]. However, in plasma spray process, the powder heating regions is from
2500°C to 14000°C, significantly above the melting point of any known material. Typically argon
or argon-hydrogen mixture is heated by a dc arc to produce the plasma [1]. A range of materials
including ceramics can be sprayed using plasma spray. In contrast to all thermal spray processes,
cold spray is a material deposition technique where the particles are accelerated to a velocity of
300-1200 m/s with nitrogen or helium gas at a relatively low temperature of the gas, generally
below the melting point of material and for metals such as titanium and copper temperatures in the

range of 400-800 °C can be used.

1.1.2 Cold spraying

Cold spraying is a high strain-rate material deposition technique, in which powder particles
(typically 10-40 pm in size) are accelerated to speed of between 300-1200 m/s and upon impact
with a substrate or previously deposited particles, deform plastically and adhere [2-5]. The process
is also referred to as cold gas dynamic spray because the process utilizes gas dynamic principle of
helium or nitrogen as an accelerating gas. Deposition rates up to 14 kg/h have also been reported
in the literature [1]. There are two types of cold spraying; high pressure cold spraying (HPCS) in
which the working gas is nitrogen or helium at pressure above 1.5MPa, a flow rate of more than 2
m?>/min. In low pressure cold spraying (LPCS), the working gas is a compressed gas with pressure

0.5-1.0 MPa, flow rate 0.5-2 m*/min [1].



In the cold spraying process, the gas and particle temperatures remain well below the melting
temperature of the spray materials and therefore the particles are in solid state and formation of
coatings occurs due to the kinetic energy of the particles on impact [2]. Unlike thermal spraying,
where the particles are molten or semi molten, the deposition of particles in the solid state by cold

spraying has various advantages. Some of the key advantages of cold spray are mentioned as

follow [6].

® High deposition efficiency, values as high as 100% for titanium [7] and copper have been

reported.

® Substrate preparation by grit-blasting is not required for ductile materials as the process can

be viewed as combination of grit-blasting, spray coating and shot peening [6].

® [ow porosity coating because of visco-plastic deformation of the particles during deposition

[5]. Also the particles from the trailing edge of the moving plume sputter away any loosely

bonded particles and shot-peen the underlaying layer to reduce porosity.

® Minimal thermal input to the substrate because of the absence of any high temperature jet to

heat the substrate.

® Compressive residual stress in the coating because of plastic deformation in the solid state

which enhances fatigue properties of the coating.



Less oxidation and no grain growth due to a lack of heating of the powders compared with

thermal spray.

High thermal and electrical conductivity of coatings can be produced from metals like

copper due to a low porosity and negligible oxide [8].

High strength and hardness of the cold sprayed coatings compared to the bulk material

because of the high degree of plastic deformation of the particles [9].



1.1.2.1 Gas dynamic principles in cold spraying

The key component of a cold spray process is a convergent-divergent nozzle (or de laval nozzle)
which accelerates the gas supersonically and gives the particles their required velocity to deposit
onto a substrate. In a de laval nozzle, there are two sections: a convergent section and a divergent
section. The area of the nozzle between the convergent and divergent section is called the throat.
Figure 1.1 shows the schematics of a de laval nozzle used in cold spraying. In a de laval nozzle
the flow can be accelerated or decelerated by changing the flow areas [10-11]. The compressible
nature of a gas allows the laval nozzle to operate. At the throat of the nozzle, the gas reaches sonic
condition (M,? =1). At the divergent section of the nozzle, the gas continues to accelerate to
supersonic velocities. As the gas accelerates in the divergent section of the nozzle, the temperature
and pressure decrease from their original stagnation values [10]. The particles accelerate as they

pass along the nozzle gaining kinetic energy from the supersonic gas [12].
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Figure 1.1 : Schematic of a cold gas dynamic spray de Laval nozzle [10-11].



1.1.2.2 Flow in a convergent-divergent nozzle

The key equations for compressible flow inside a de laval nozzle, it is assumed that the gas flow
is isentropic (adiabatic and frictionless), one dimensional, a perfect gas with a constant specific
heat and external forces (i.e gravitational effects) are negligible [10,12-13]. The following equation

shows the relationship between change in area with the change in velocity of an isentropic fluid

dA 2 A .
= (M,% - I)V equations 1.1

Where 4 is the cross-sectional area, V' is the velocity of the gas and M, is Mach number. Because
A and V are positive, it may be concluded from the equation that:

If M, <1, the flow is subsonic, i.e, decreasing the area increases the velocity. The flow in the
convergent section of the nozzle.

If M, >1, the flow is supersonic, i.e, increasing the area increases the velocity. The flow in the
divergent section of the nozzle.

If M, =1, then dA/dV = 0, has to be minimum, i.e., at the throat of the nozzle.

If it is assumed that the exit area of the nozzle is known and then the Mach number at the exit of

the nozzle (M..) has the following relationship with the throat area (4.*)

y+1

( A ) 1 [ 2 ( y—1 2)]2()/—1) equations 1.2
ae

1+———M
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Where y is the ratio of specific heat. When the exit Mach number is known, the other gas
parameters can be obtained using the isentropic gas flow equations and have the following final

form with stagnation conditions (o) where 7 is temperature, P is pressure and p is density.

o - tions 1.3
s el
N \ tions 1.4
[1 + (V;l) M 2])% equations 1.
2 a
- Po
N [1 + (V__l)M z]y% equations 1.5
2 a

The velocity can be obtained using the following equation

V =M,/ YRT equations 1.6

1.1.2.3 Particle acceleration model

In cold spraying, the adequacy of the cold spray process is determined by velocity of the particles
not the gas stream. It is assumed that the two-phase flow (gas and particle) is dilute enough. The
mass times the acceleration of the particle can be equated to the drag force of the particle [10,14]

as follows

2
aVe _ Codpp(V — V) equations 1.7




Where V}, is the particle velocity, 4 is the cross-sectional area of the particle, Cpis co-efficient of
drag, m, is mass of the particle, t is time and x is the axial distance travelled by the particle. The
equation can be integrated if the gas velocity and density are held constant and the drag coefficient

is assumed constant. After integration

log (V - Vp> N 14 1 = CpAppx equations 1.8
v ) Tvo, 2M,

For low values of spray particle velocity compared to gas velocity, the equation can be simplified

Voo CpA,py equations 1.9
14 Mp

This relationship states that the spray particle velocity is proportional to square roof of the distance

as follows [10]

travelled over the particle diameter. It should be noted that the drag coefficient and gas density
vary over the length of the nozzle [14-15]. In addition, it has been shown [16-18] that the particle
velocity increases with the decrease of particle size and a particle of lower density under the same
conditions will reach a higher velocity. However, this high velocity of smaller particles does not
necessary contribute to deposition in cold spray due to plate shocks, external to the nozzle which

will be explained in section 1.1.2.5.

1.1.2.4 Role of gas pressure and temperature

The velocity of the particles in cold spraying is affected by the type of gas used, gas pressure and

gas temperature. In the previous section, we have seen how the gas properties depend on the Mach



number. However, Mach number is nothing but the ratio of the speed of an object in the medium

to the speed of sound in that medium. The equation for speed of sound (a) is expressed as follows

where y is the ratio of specific heats, R is the gas constant, 7T is the gas temperature, M,, is the
molecular weight of the gas. The gas velocity will increase if a gas with lower molecular weight

is used, such as helium or the gas temperature is increased as stated in equations 1.10;

a =/ (yRT / M) equations 1.10

Van Steenkiste et al. [ 19] reported that when the pressure downstream of the convergent divergent
nozzle is equal to 52.8% of the pressure upstream, in the case of air, the throat of the nozzle is
choked (sonic condition). Increase in pressure at upstream will not result in an increase in gas
velocity through the throat of the nozzle as a result of this. However, increase in pressure will
result in an increase in density, and mass flow rate is a function of density. The mass flow rate will

increase linearly as a result of pressure increase while the gas velocity remains constant.

1.1.2.5 Effect of stand-off distance and bow shock

Interaction of particles with the substrates from a fluid mechanics point of view in the cold spraying
has been subjected to much research [14,17,20-24]. Computational fluid dynamics (CFD) codes
and Schlieren images were both used to study the gas and particle properties beyond the nozzle
exit. Yin et al. [24] reported a complex wave structure at the nozzle exit which are composed of
oblique shock due to overexpansion, expansion waves as a result of interaction with atmospheric

boundaries and bow shock due to interaction with the substrate.
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Figure 1.2: (a) Schematic diagram of the supersonic impingement zone at the substrate (b)

Schlieren images of bow shock at 10 mm standoff distance from the nozzle [21].

Shockwaves occur as a result of the adjustment of a supersonic flow to downstream conditions;
which in cold spraying is the substrate [21]. Figure 1.2 (a) shows the schematic diagram of the
interaction zone between the substrate and the supersonic flow. When the gas molecules impact
the substrate, there is a change in energy and momentum, and the pressure waves form a normal
shock wave. The subsonic flow downstream of shock wave adjusts by taking the form of a radial
jet of the primary jet flow. Since the substrate is perpendicular to the gas flow, the deflection angle
is greater than maximum deflection angle for an oblique shock waves and as a result the shockwave

is curved and detached- which is called a bow shock [21].

The pressure in the bow shock region is well confined which leads to a sharp increase of pressure

and temperature in front of the substrate [24]. The bow shock formed at the interaction zone
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reduces the velocity of the gas and that of the entrained particles. If the particles are too small and

light, they might acquire a high velocity but may be decelerated in the bow shock zone [14,25].

In addition, as the standoff distance is increased, the free gas jet shows a continual reduction in
velocity away from the nozzle and viscous effects of the gas periphery cause the gas velocity to
decrease and eventually turn into a subsonic stream [21]. The gas velocity is highest at the center
of the jet and can be imagined as a cone emanating from the nozzle exit. As the standoff distance
is increased, the interaction area of this cone and substrate is decreased and the effect of bow shock
is also decreased. With increasing standoff distance the bow shock disappears and deposition
performance is increased. However, if the standoff is increased beyond an optimum distance the

deposition efficiency is decreased due to a decrease of particle velocity [17].

1.2 Bonding mechanism of metal in cold spray

The mechanism of bonding in cold spraying is a matter of some debate. A number of hypotheses

have been proposed concerning the mechanism by which bonding takes place in cold spraying.

1.2.1 Experimental investigations

1.2.1.1 Shear lip formation and cratering of substrates

Early observations of particle-substrate interactions in cold spraying showed shear lips formation
at the interface of deposited particles and crater formation of the substrate from the rebounded
particles. Papyrin et al [26] studied the interaction of individual aluminum particles with the copper

substrate at different velocities to investigate the transition from rebound to adhesion of particles.
11



At a lower particle velocity there were individual craters formed by the particle impact and there
were no deposited particles. With increasing the particle velocity, particles started adhering to the
substrate. These experiments showed that beyond a threshold velocity of the particles, critical
velocity, a transition from substrate erosion to deposition occurs. The jet type morphology of shear
lips around the deposited copper particles onto copper substrate was reported by Assadi et al [2].
This jet type morphology was not noticed on the craters at the substrate left by non-adhering
particles. Moreover, in a study of cold spraying of copper particle onto steel substrate, Dykhuizen
et al [10] reported that the crater formation is dependent on the particle velocity, i.e with increasing

the velocity the depth of the crater also increases.

1.2.1.2 Role of surface deformation and surface oxide

It has been proposed that the first layer of coating buildup, deposition of particles onto the substrate
involves, substrate surface cratering and activation of the surface by removing any surface
contamination [1,26,27-28]. Papyrin et al. argued that the first impinging particles increase the
chemical activity of the surface by elevating the dislocation concentrations on the very top layer
[28]. During the particle deformation phenomena, the oxide shells on the interacting surfaces are
broken and clean surfaces are pressed together and thus bonded. It has also been proposed that the
interfacial material jet produced from adiabatic shear instability phenomena helps in removing the
oxide films from the surface and thus enable an intimate metal-to-metal contact to be established
[2,5,27,29]. In addition, Grujicic et al. [3] argued that adhesion might also be a mechanism for

particle bonding. Adhesion on the nano scale involves atomic interactions between the contacting
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clean interface and high contact pressure to make the surface mutually conforming. The removal
of surface oxide by a material jet produced by adiabatic shear instability can in principle, provide

clean surface for adhesion between two mutually conforming regions.

Kang et al. [30] and Li et al. [31] studied the role of oxide content of the powder on critical velocity
for deposition. It was argued that the critical velocity of material does not only depend on material
properties but also on oxidation condition. It was found that increasing the oxide content of the
copper powder from 0.02 wt.% to 0.38 wt.%, the critical velocity increased from 300 m /s to 610
m /s [31]. In addition, Kang et al. [30] studied the role of oxide content of aluminum feedstock
powder on critical velocity. It was reported that increasing the oxide content of the same powder
size distribution from 0.001 wt.% to 0.045 wt.% increased the critical velocity from 742 m / s to
867 m / s. It was suggested that the critical velocity also depended on the oxide scale thickness.
The thicker the oxide scale is, the more energy is required to remove the oxide and less plastic
deformation energy is dissipated into the particle. Moreover, an increase in oxide content resulted
in a decrease in particle flatting ratio. It is believed that the adiabatic shear instability at the particle-
substrate interface can disrupt the oxide film; however, some part of the oxide remains at the

interface which hinders particle-substrate adhesion as shown by Figure 1.3.
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Figure 1.3: FE-TEM micrographs: bright field image of interface between aluminum powder and

substrate showing aluminum oxide layer [30].

In recent years, a number of TEM investigations of the interface of cold sprayed copper particles
onto aluminum substrates have been published [25-32]. In one study, it was argued that the
bonding occurred between cold sprayed copper splats because of the two oxide films, which were
on two separate particle surfaces, fused together to form one continuous layer. In addition, the
particle surface could reach a very high temperature resulting in releasing of oxygen which could
get trapped in the liquid film. At the copper particle-aluminum substrate interface a number of

different phases including nano-crystallized phases and intermetallics were present within a

thickness of ~20nm, except the bottom of the splat. The authors argued that the thickness of the

intermediate phases suggest that diffusion occurred in a liquid state than in a solid state [24-34]. It
was hypothesized that transient melting might act as a mechanism in Cu-Al interaction. King et al.
[35] also reported melting of aluminum substrate at the crater wall where the copper particle slid
past aluminum. It was suggested that adhesion was promoted from the solid material jetting and

molten material jetting, which also contributed to mechanical interlocking [32].
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1.2.1.3 Characterization of bond formation

Price et al. [12,36] proposed a method to characterize the bonding between aluminum and copper
particles following deposition by cold spraying. A blended copper-aluminum powder was cold
sprayed and subsequently heat treated at 400 °C to form a layer of intermetallic where the true
metal-to-metal contact had occurred, Figure 1.4 shows the BSE image of a heat treated copper-
aluminum cold sprayed deposit showing formation of intermetallic where the metal-to-metal

bond had established. In other regions, metal-to-metal contact was inhibited by a thin layer of
surface oxide film. It was reported that by increasing the particle in flight velocity, a greater degree
of particle deformation and hence a greater metal-to-metal contact between particles was

established.

Det WL |—| 1 oy

BSE 10.0 T103-3 400C

Figure 1.4: BSE image of heat-treated Cu-Al deposits showing intermetallic layers as an indicator

of metal-to-metal bond formation [36].
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1.2.1.4 Interfacial curvature and instability phenomena

The nano-micro scale mechanical material mixing at the cold sprayed coating substrate interface
was observed by several researchers [37-40]. They attributed this mixing phenomenon to Kelvin-
Helmbholtz instability mechanism. In the kelvin- Helmholtz instability phenomenon, when tow
fluids in contact are moving at different velocities parallel to each other, instability can occur (due
to non-zero curvature of the interace) and one fluid flows around the other, a centrifugal force is

generated. This centrifugal force might also promote amplification of the interfacial perturbation.

Champagne et al. [39] provided the following equation to estimate particle velocity required for

interfacial material mixing

B'\1%5
vp = (7.5 X 10%) (_>] equations 1.11

Pp

Where v, is the particle velocity, B is the Brinell hardness number of the substrate and pp is the

density of the coating material. This equation shows that the interfacial material mixing depends
on substrate hardness and coating material density. This interfacial material may also be

responsible for mechanical interlocking of the coating and substrate [38]. In addition, Klinkov et

al. [38] proposed a mechanism called- “sticking’’, the particle first sticks to the substrate due to
Van Der Waals or electrostatic forces, and strong adhesion is only formed when incoming particles

impact onto sticking particles.
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1.2.1.5 Coating build up mechanisms

Van Steenkiste et al. [27] studied the formation of cold sprayed aluminum coating with a relatively
large powder particles (>50 um) and proposed a model to explain the coating build up process.
The model was composed of four basic stages: in stage 1 the substrate surface is activated by
substrate cratering and a first layer of coating is built up by fracturing the surface oxide layer, in
stage 2 the particles deform and realign as a result of successive particle impact, in stage 3 metallic
bond is formed which also result in a reduction of porosity and in the final stage the coating is

further densified and work hardened. The four stage of coating build up is schematically shown in

Figure 1.5.
Stage 4: Bulk deformation (cracking,
¢ work hardening or particles, removal
Stage 1: Substrate cratering and of previously bonded particles).
first layer build-up of particles« Excess kinetic energy required for

this stage.<’

Stage 2: Particle deformation
and realignment«”’

Substrate«’

Stage 3: Metallurgical bond
formation and void reduction<

3 voids«
Particle rotation & alignment direction<
Q)  Particles<

Figure 1.5: Stages in coating formation in kinetic spray process [27].
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1.2.1.6 Role of substrate surface preparations

Marrocco et al. [41] explored the effect of different surface preparation techniques in controlling
the bond strength of a cold sprayed titanium coating on Ti6Al4V. They proposed that grit-blasting
of the Ti6Al4V substrate caused work hardening, which subsequently limited its deformation by
impact of a titanium particle during cold spraying; it was argued that this restriction of substrate
deformation resulted in less effective removal of surface oxide and thus led to lower bond strengths
being observed. Wu et al. [42] studied an Al-Si coating, cold sprayed onto both polished and grit-
blasted mild steel. Micro-pores and defects were found in the grit-blasted surface while an
“intimate” interface was found following deposition onto a polished substrate; it was argued that
the micro-pores on the grit-blasted surface resulted in lower bond strengths being observed. They
also reported higher bond strengths with increasing particle incident velocity. In contrast to the
work of Marrocco et al. [41] and Wu et al. [42] Makinen et al. [43] found higher bond strengths
for a copper deposit cold sprayed onto a grit-blasted copper surface compared to that observed for

deposition onto an as-received surface.

The effect of substrate surface preparation on the deposition efficiency of the process has also been
assessed. Sakaki et al. [44] reported a slight increase in the deposition efficiency of cold spraying
copper and titanium by increasing substrate surface roughness (grit-blasted substrate compared to
polished substrate). Richer et al. [45] also reported an increase in deposition efficiency in spraying
an aluminium alloy particle onto a coarser grit-blasted surface when compared to a finer grit-
blasted surface. However, the substrate surface roughness has an effect only on the first few layers
of coating deposited and the effect on deposition efficiency may be small, depending on the

significance of the initiation stage of the coating in the total time for the development of the coating.
18



1.2.2 Bonding mechanisms

1.2.2.1 Metallic bonding

In cold spray, the particle or substrate or both materials will experience intensive plastic
deformation due to the high-velocity impact. At the interfacial region, extremely localized
deformation results in the occurrence of adiabatic shear instability, ASI and the consequent thermal
softening. Metals therefore behave like a viscous flow to form the outward jet-like features [46-
47]. The oxide film originally on the particle and substrate surfaces will be disrupted and removed
in this process and a large area of fresh metals thus expose, which allow the intimate metal to metal
contact. This process is roughly comparable to that in the explosive welding [48] or shock wave
powder compaction [48], which has been considered as a pre-condition for the metallic bonding

in cold spray [2-4].
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1.2.2.2 Mechanical and metallurgical bonding

Mechanisms responsible for cold spray adhesion are related to the high plastic deformation and
high strain rates of the powder particles during impact. Comprehensive computational analysis has
been conducted to examine the bonding between the particles and the substrate [49,46]. The most
extended theory to justify cold spray bonding is the adiabatic shear instability (ASI) mechanism,
which is controlled by the plastic deformation of the particles with velocities above critical velocity
(Vc). ASI occurs due to the combination of strain hardening during impact, attributed to the high
plastic deformation developed on the powder particles, and softening induced by the heat released

at the particle/substrate interface owing to high strain rate deformation during impact.

Bonding mechanisms have been experimentally and numerically studied. From an experimental
point of view, the morphology of the impacted particles has been analyzed using scanning electron
microscopy (SEM) [50,49,51,2,46]. Results show in figure 1.6 is the formation of a ring with a jet-
type morphology around the impacted particle bonded to the substrate. In contrast, non-adhering
particles leave a crater on the surface with no signs of jetting. The adhesion of the splats is
controlled by the ductility of the powder and the substrate. When the ductility of the particle and
the substrate are similar, both materials plastically deform. Deeper embedment is achieved using
softer materials. If the powders are harder than the substrate, the powder particles will embed in
the surface. Depending on the resistance of the substrate to embedment, the particles can be slightly
or not at all deformed. Finally, if the powders are softer than the substrate, they will be mainly

deformed and adhered to the surface.
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Figure 1.6: SEM images of the Cu particles cold-sprayed on a Cu substrate. (a) Overview. (b)

Detailed view showing jet formation [2].

Plastic deformation occurs in a thin region close to the particle—substrate interface. Maximum
plastic deformation is concentrated at the contact area border, where a jet of highly plastically
deformed material is formed. These findings agree with the experimental observations and validate
the idea that the ASI mechanism is responsible for cold spray bonding. Jetting occurs due to the
extrusion of material from the interface. The onset of ASI at the particle—substrate interface is

considered a key factor in promoting the adhesion of particles to the substrate during cold spray.
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As mentioned above, two mechanisms compete. Owing to the high powder impact velocity, both
the substrate and the particles plastically deform at very high strain rates, facilitating work
hardening. With an increase in temperature, material softening occurs because of friction and
dissipation mechanisms. Effective plastic deformation and temperature increase depend on the
particle velocity and the initial particle temperature. Therefore, ASI takes place at a critical particle
velocity, which is related to Vc [50,49,51,2,46,52—-54]. The two mains internal micro mechanisms
responsible for bonding are mechanical interlocking and metallurgical bonding, both of which can
be activated by ASI [49,56-57]. Mechanical interlocking does not include any chemical reaction
and involves mechanical trapping of particles by the substrate, resulting in a mutual geometric
interlocking. In contrast, metallurgical bonding takes place via chemical reactions or atomic
diffusion at the interface was considered as the main bonding mechanism [58-59], which can
provide strong adhesion strength. The formation of intermetallic phase at the interface has been
widely accepted as a sign of metallurgical bonding [60-61]. Alternatively, dimple-like features on
the ductile fractured surface were also regarded as an evidence for metallurgical bonding.
Currently, such dimple-like features on the inter-coating fractured surface have been widely

reported, providing strong evidence of metallurgical bonding inside the coating [62-63].
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1.2.2.3 Mechanical anchoring bonding

The actual mechanism by which the solid particles deform and bond during the cold-spray process
is still not well understood. The most prevailing theory for cold-spray bonding postulates that,
during impact, the solid particles undergo plastic deformation, disrupt thin (oxide) surface films
and, in turn, achieve intimate conformal contact with the target surface. The intimate conformal
contact combined with high contact pressures promotes bonding. This theory is supported by a
number of experimental findings such as: (a) a wide range of ductile (metallic and polymeric)
materials can be successfully cold-sprayed while non-ductile materials such as ceramics can be
deposited only if they are co-cold-sprayed with a ductile (matrix) material; (b) the mean deposition
particle velocity should exceed a minimum (material-dependent) critical velocity to achieve
deposition which suggests that sufficient kinetic energy must be available to plastically deform the
solid material and/or disrupt the surface film; and (c) the particle kinetic energy at impact is
typically significantly lower than the energy required to melt the particle suggesting that the
deposition mechanism is primarily, or perhaps entirely, a solid state process. The lack of melting
is directly confirmed through micrographic examination of the cold-sprayed materials [64].

During the collision, the interfacial deformation was responsible for the bonding of the particle
and the substrate. The degree of deformation can be used as a tool to classify the bonding
mechanism into three natures. In general, the mechanical bonding can be an interfacial mixing [65-
67], an embedment in the substrate [68-71] or anchoring of particles on the substrate surface [72-
74]. Complex deformation makes the interfacial mixing possible. Within the Interfacial affected
zone, the intermixing of the powder particles and the substrate occur at the vertices as shown in
Figure 4a. The generation of bulk deposit/substrate intermixed by swirling kinematic is due to this
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kind of specific morphology. Deposition of Cu/Al as particle/substrate is evidence of interface
material mixing techniques. To produce interfacial mixing, substrate condition specification was
presented by Champagne et al. [65] before the particle deposition can occur. The interfacial
complex kinematics was not accounted for directly using this approach. However, the distinction
from the contribution of an interlocking by embedment becomes tricky since a penetration of the
particle in the substrate would create such a mechanical bonding. This mechanism of adhesion
(mechanical embedment) has played a vital role in combinations of several materials as
particle/substrate such as metallic/metallic [70], ceramic/metallic [69], oxide/polymer [74], as well
as metallic/polymer [69,67,74]. An open surface that produces a metallic bonding through metallic
powders partial embedment in the case of a non-similar combination of materials generates

Metallic coating formation figure 1.7.
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Figure 1.7: Intermixing of complex material at Cu powder particles and Al substrate interface

during (a) Cold spraying of Cu/Al surface [76], and (b) embedment of Cu/Al surface [77].
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Weak penetration at the bonding interface is enough to generate an interlocking between the
substrate and the particle without significant penetration. Metallic/glass combination is a typical
example of this phenomenon [78,73]. It has been discovered that metal powders can impact and
adhere to the roughened or smooth surface of a glass substrate. This had made angular particles
such as copper powders to be mechanically onto a smooth glass surface or silicon rough substrate
surface [73]. Some investigations on this bonding phenomenon covered in the literature described
the adhesion of metallic powders and non-metallic particles (ceramics) [78,73,79-80]. It is worth
noting that the apparent adhesion at the interfacial bonding zone of particle/ substrate experiences
a variation of mechanical anchoring. At the bonding interface, it can be depicted that continuity in
the material structure is observed suggesting a mechanical anchoring of the deposit within the
imperfect surface structure of the substrate [68,66]. This deposit/substrate mechanical
accommodation was perfect for combining polymer particle and metallic substrate [80,82],
metallic/ceramic [79], and metallic/polymer [68,78,74,83]. In the case of polymer/metal
combination, complete adhesion can be achieved when the deposition is heat treated. The build-

up coating on the metal substrate was facilitated by the layer of the melted polymer [82].
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1.2.2.4 Chemical bonding

Few researchers have proposed chemical bonding as a bonding mechanism in the cold spray
process especially ceramic cold spray like TiO2 where a TiO2 coating was produced from a
recombination of broken up crystallite’s links during the cold spray process, which was initiated
by the porous structure of the agglomerated powders. They proposed that chemical bonding may
allow thick coatings to be deposited by cold spray process. The agglomerated powder in nano-
scale primary particles which also contains nano porosity were fractured, leaving an unstable
surface with a dangling bonds structure. To reobtain a stable surface, the fractured particles
decoupled and formed a surface with improved stability, which lead to bonding of the newly

impacting particles and in turns building up of the coating [84].

Salim et al [84] prepared TiO> coatings of 400 um and 150 um on metal and tile respectively. It
was observed that adhesion strength changed little with the change of spraying parameters. This
indicated that mechanical interlocking was not the main bonding mechanism in this case, so was
the substrates’ shear instability. It was discovered that both the hardness and the oxidizability of
the substrates affected adhesion strength of TiO2 coatings. The adhesion strength of TiO: coatings
could be improved by changing the surface chemistry of the substrates. It was proposed that the
chemical or physical bonding mechanism was the main bonding mechanism of ceramic coating.
TEM images proved the existence of chemical bonding between TiO: particles. By the way,
preheating could increase the oxidizability of the substrate, thus deteriorating the adhesion strength

of coatings. The result seems to be in agreement with the chemical bonding mechanism.
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Gardon et al. [85] reported that the mechanism responsible for the deposition of TiO; 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 TiO> particle on

substrate surface.
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1.2.3 Influence of substrate hardness on bonding mechanisms

In cold spray, deformation of the substrate facilitates ASI and jet formation [86-87]. The formation
of jets results in mechanical and metallurgical bonding at the interface. Soft substrates (e.g., Al,
Cu) are susceptible to higher deformation than hard substrates (e.g., ceramics, steels), hence,
results in a better adhesion strength [88-89]. Studies have been made to attain good adhesion
strength for hard substrates, out of which, substrate pre-heating is the most common strategy.
However, Singh et al. [89-90] found that electroplating of the SS 316 substrate with a softer
material such as Ni improved the adhesion strength of cold spray Cu coatings. Furthermore, Perton
et al. [91] applied laser heat treatment prior to CS to improve the adhesion strength by reducing
the substrate hardness. Wang et al. [92] found that a hard steel substrate induced high deformation
onto the striking Al particles, which improved the cohesive strength in the coating nearer to the
substrate. However, hard particles (Al2O3) were embedded inside the soft Al substrate, which led
to strong interfacial bonding. Therefore, it can be concluded that the substrate hardness influences
the coating properties significantly in the vicinity of the interface. Wang et al. [93] found that softer
substrates resulted in higher deposition efficiency, better cohesion strength, higher hardness and
lower porosity; all of which were attributed to the higher impact temperature of the particle-
substrate interface. The higher interfacial temperature facilitated metallurgical bonding that was

identified from development of ~5 pm adiabatic shear bands along the interface.

The feedstock material has a significant influence on the deposition mechanism of the particles.
Soft particles deform more severely than hard particles and result in better adhesion strength. Hard
particles cause erosion of the substrate, while soft particles deform over the substrate without

causing erosion [94]. Additionally, the hardness of the substrate also plays a significant role in the
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adhesion mechanism. For instance, a soft-on-soft interface results in a better adhesion strength that
is attributed to jet formation. A schematic of different particle substrate hardness combinations is

represented in Figure 9 [95].

Hard Feedstock Soft Feedstock Hard Feedstock Soft Feedstock
Soft Substrate Soft Substrate Hard Substrate Hard Substrate

—. Op— €D —

Figure 1.8: A schematic represents the impact behavior of different particle-substrate hardness

combinations [95].

In the cold spray deposition process, the particle/substrate interaction can be classified into four
impact cases according to the physical and mechanical properties of the processed materials:
soft/soft, hard/hard, soft/hard, and hard/soft. In order to investigate the particle impact behaviour
under the mentioned different impact conditions, Bae et al. [96,115-116] analysed four
representative particle/substrate combinations, namely Al/Al (soft/soft), Ti/Ti (hard/hard), Al/mild
steel (soft/hard), and Ti/Al (hard/soft). In the case of AI/Al, as shown in Figure 1.9(a), a relatively
large deformation was observed as compared to the Ti/Ti case (Figure 1.9(b)), due to the lower
strength of the processed material. Moreover, the Al/Al condition shows a wider high temperature
region in the substrate than that of Ti/Ti owing mainly to its relatively high ductility, high thermal
softening effect, and low strain hardening. As for the impact cases of dissimilar materials Al/mild

steel and Ti/Al, Figure 1.9 (c and d), a different impact behaviour was observed with respect to the
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previous cases. In particular, the initial kinetic energy of the particle is mostly dissipated into
plastic deformation of the softer counterpart; therefore, a much higher temperature on the soft side
is achieved. The simulation outcomes point out that the soft/hard case results in pronounced
flattening of the softer particles with a slightly deformed substrate (Figure 1.9 (c¢)). On the other
hand, in the hard/soft case the substrate experienced a significant deformation with a less deformed
particle that deeply penetrated into the softer counterpart (Figure 1.9 (d)). In addition, relatively
low critical velocities of 365m s—1 for Al/mild steel and 665m s—1 for Ti/Al were numerically
found. It was also proved that at the interface between particles and substrate the temperatures can
reach the melting point of the softer material in the dissimilar cases. The region at melting
temperature can spread over a very large area on the soft side. A close view of this zone shows
that the thicknesses of the ‘thin-molten-layer’ is greater for Ti/Al system, resulting in

better/reliable metallurgical bonding.

soft / soft hard / hard

soft / hard hard / soft

(c)

Figure 1.9: Impact process simulation for different material combination: (a) Al/Al (soft/soft), (b)

Ti/Ti (hard/hard), (c) Al/mild steel (soft/hard), (d) Ti/Al (hard/soft) [96,115-116].
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1.3 Cold spraying of titanium dioxide

1.3.1 Bonding mechanisms of titanium dioxide

It is well known that cold spraying ceramic materials can be difficult because cold spraying
requires plastic deformation of the feedstock particles for adhesion to the substrate. The difficulty
lies on difficult to plastically deform hard and brittle ceramic materials,such as TiO,. However,
previous studies reported the possibility of cold spraying thick pure TiO; but the bonding

mechanism of cold sprayed TiO> is not fully understand [83].

Environmental pollution has drawn attention in the world today due to the need of safe and clean
environment. Industrial activities and transportation are some examples that contribute to the
unhealthy surroundings especially in the urban areas. The technologies recently use to reduce the
pollution in our environment are by the applications of photocatalysts. TiO> have attracted much
attention to be used as photocatalyst materials among the photocatalytically active materials due

to its availability, low cost, chemical stability and nontoxic properties [12].

The drawback of the conventional thermal spray process to prepare TiOz coating is the irreversible
phase transformation of TiO> structure from anatase to a less photocatalytic rutile phase at 500-
600°C under normal conditions. Therefore, the alternative option is to prepare TiO; coating by

cold spraying process.
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1.3.2 Influence of titanium dioxide properties on bonding mechanism of titanium
dioxide
Winnicki et al. used a low-pressure cold-spray system for cold-sprayed amorphous, anatase, and
rutile TiO> powders with a particle size of 10—70 pm and similar shape, which were prepared by
the sol-gel process. The 100 um TiO> 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 [97].

Hajipour et al. cold sprayed two types of TiO> 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 um on aluminum substrate. The thickness of the coating is about 490 nm for nanocrystal
particles and 15-20 pm for the agglomerating ultra-fine particle as shown by Figure 1.10 and 1.11.
They indicated that for a brittle material such as TiO, 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 shown by Figure 1.12-1.13.
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 [98].
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Figure 1.10: FESEM micrograph of the TiO> coating deposited with powder A: (a) cross-sectional

image, (b) zoom up image [98].

Figure 1.11: Interface the TiO2 coating by powder B and Al substrate: (a) SEM images of cold-

sprayed TiO: coating, (b) FESEM of interface [98].

33



Figure 1.12: Surface roughness of the Al substrate before coating [98].

Figure 1.13: Surface roughness of the Al substrate after cold spray process with ; (a) powder A,
(b) powder B [98].



Moreover, study by Yang et al. proposed that nanoporous TiO; film which about thickness of 10-
15 um was deposited by cold spray method using agglomerated TiO2 powder with primary particle
size of 200 nm and polyvinyl alcohol was used as a binder during the agglomeration as shown by
Figure 1.14 [99]. They suggested that the sprayed TiO, powders was deformed under high transient
impact pressure due to the polymeric binder that used during the agglomeration of TiO»
nanoparticles, which lead to deformation that comparable to the deformation of metallic powders

by cold spray process.

i L0 pm,

Figure 1.14: SEM image of (a) the spray TiO> powder agglomerated from nanoparticles using
polymer binder and (b) the cross-section of TiO> coating deposited by cold spray process [99].

Later on, study conducted by Yamada et al. shows that process gas conditions, either using helium
(He) or nitrogen (N2) as the process gas is not the main factor to form TiO; coating using cold
spray process as both type of the gas was possible to build up coating layer on the substrate [83].
They also reported that deposition efficiency of sprayed particles can be controlled by the
temperature of the process gas as shown in Figure 1.15 and Figure 1.16 using He and N> gas at

different temperatures, respectively.
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Figure 1.15: Cross section microstructure of coatings sprayed with He. Spraying with gas

temperature of (a) 200 °C, (b) 300 °C, and (c) 400 °C [83].

Figure 1.16: Cross section microstructure of coatings sprayed with N». Spraying with gas

temperature of (a) 200 °C, (b) 300 °C, and (c) 400 °C [83].

The same authors also reported that a TiO» coating was produced from a recombination of broken
up crystallite’s links during the cold spray process, which was initiated by the porous structure of
the agglomerated powders [100]. They proposed that chemical bonding may allow thick coatings
to be deposited by cold spray process. The authors described that during the process, the
agglomerated powder in nano-scale primary particles which also contains nanoporosity were

fractured, leaving an unstable surface with a dangling bonds structure. In order to reobtain a stable
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surface, the fractured particles decoupled and formed a surface with improved stability, which lead
to bonding of the newly impacting particles and in turns building up of the coating (Figure 1.13-
d). They did believe that starting feedstock materials play important role for the deposition of TiO>

coating by cold spray process. Figure 1.17 shows the morphology of the feedstock powders that

have been used to prepare TiO> coating.

Figure 1.17: Morphology of TiO: feedstock powder; (a) SEM image, (b) FE-SEM image, (c) TEM

image and schematic image of adhesion mechanism of cold-sprayed TiO> particle [83,100].
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Toibah et al. have been successfully synthesized TiO> powders by a simple hydrolysis method
without the addition of binder and/or inorganic salt. The method that has been employed
successfully produced agglomerated anatase TiO, powders which were able to be used directly as
feedstock powder for cold spray process. However, only as-synthesized TiO> and TiO, powders,
that calcined at 200°C and 300°C showed the successful deposition of TiO; coating on the ceramic
tile substrate by the cold spray method as shown by Figure 1.18. The calcined TiO2 powders
indicated a better crystallinity and thicker coating compared to the as-synthesized powder. A
higher calcination temperature of 400°C do not only promotes grain growth and the crystallite size
of the as-synthesized TiO> powders, but also reduces the porosity present in the agglomerated
powder by densification of the particles. The presence of a certain amount of porosity in the

ceramic feedstock powder is crucial in order to build up the coating during deposition [101].
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Figure 1.18: Cross-sectional view of the nanostructured TiO> coating deposited on a ceramic tile

substrate by a CS process using: (a) as-synthesized powder (Ti02-0), (b) TiO2 powder calcined at

200°C (TiO2-2), and (c¢) TiO2 powder calcined at 300°C (Ti02-3) [101].
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1.3.3 Influence of substrate properties on bonding mechanism of titanium dioxide

Schmidt et al. used 0.1-10 um of TiO» 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 as shown by Figure 1.19. They also tested the bond strength of the coating by ultrasonic
cleaning with a maximum intensity of 40.8 W/cm?. 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 TiO; particles to the substrate resists cleaning up to a maximum intensity of 40.8 W/cm? in

the ultrasonic bath [102].
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Figure 1.19: SEM images with a magnification of 20kX of the rectangular notch of about 17 um
x 2 um size and a depth > 5 um, prepared by FIB milling. The images show the bring protective
platinum layer, the Ti substrate and some of the TiO; particles transected by the FIB milling (a)

and (b) show details with magnification of 100kX and (c) shows a particle cut with a magnification

of 200kX [102].
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Kliemann et al. used 3—50 pm TiO; agglomerates formed from 5 to 15 nm of primary particles for
continuous coating of steel, Cu, Ti, and AIMg; substrates as showed by Figure 1.20. They
identified ductile substrates that allow shear instabilities to happen as the primary bonding

mechanism between the particles and the substrate as shown by Figure 1.21 [103].

Figure 1.20: SEM images of cold-sprayed TiO: coatings on AIMgs substrate. (a) Sprayed as one

pass with 800 °C process gas temperature and 40 bar pressure and (b) sprayed with 10 passes under

the same process parameters [103].
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Figure 1.21: Top view morphology of several TiO; single particle impacts on stainless steel. The

ring-like shape of the remaining TiO; is the dominant pattern in this case [103].

Gutzmann et al. obtained the impact morphology of single TiO: 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 TiO; 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 [104].

Gardon et al. [85] reported that the mechanism responsible for the deposition of TiO; 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 TiO; particle as

shown by Figure 1.22. In addition, the composition of the substrate is also important for deposition
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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 [86]. Proposed bonding

mechanism of cold sprayed TiO»- stainless steel showed by Figure 1.23.

Figure 1.22: SEM micrograph of the CGS coating cross-sectional area (a) CGS nano-TiO; layer,
(b) APS TiO»-coating and (c) steel [85].
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Figure 1.23: Possible mechanism of bonding between CGS nano-TiO; particles and APS TiOx«
bond coat [85].

Clearly from the previous discussed studies conducted the results show that cold spray coating of
Ti0O:> is not easy to be obtained but it is not impossible and there is still considerable uncertainty
concerning the bonding mechanism involved for pure TiO, powder with soft and hard substrates

in order to increase coating adhesion strength.
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1.4 Objectives

The adhesion strength of cold spray coatings with the substrate is not only based on mechanical
interlocking. It is determined also by adiabatic shear instability, plastic deformation of the colliding
materials and static recrystallization [105-109]. All these factors are attributable to substrate
conditions such as hardness, material chemistry, surface roughness and temperature of the
substrate. In cold spray, deformation of the substrate facilitates adiabatic shear instability and jet
formation [87-88]. The formation of jets results in mechanical and metallurgical bonding at the
interface. Soft substrates are susceptible to higher deformation than hard substrates, hence, results
in a better adhesion strength [89-90]. Therefore, objective of this work to understand bonding
mechanism for ceramic cold spray, pure TiO2> powder on two cluster of materials, soft metals and
hard metals, in order to increase coating adhesion strength. To accomplish this objective, 4 sub-

objectives are addressed. This study embarks on the following objectives:

1. To prepare the substrates with hardness and oxide properties by heat treatment in electric
furnace, air medium for varying annealing temperature. 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.

2. To examine the effects of cold spray TiO: coating on soft and hard metals annealed substrates
by tensile strength testing and cross-sectional microstructure by SEM.

3. To characterize the properties of annealed soft and hard metals substrate that influence bonding
mechanism such as surface roughness, hardness, oxide thickness and oxide chemical

composition by several methods such as Vickers hardness and XPS.
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4. To investigate the mechanism of single particle bonding by wipe test on soft and hard metals
substrates by FIB and TEM. Factors that contribute to the formation of the cold spray TiO>
coating has been investigated based on the substrate properties of soft and hard metals.
Mechanism of the deposition has been discussed based on the soft and hard metals substrate to

form the TiO> coating by cold spray method.
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1.5 Thesis organization

This thesis consists of 7 chapters, which include the introduction, experimental, 3 content chapters,
the overall conclusion and also chapter on the contribution of this study to the research/academic
and industrial field. Chapter 1 discusses brief idea, philosophy and the objectives of the study
which lead to this research focus. This chapter also focuses on the review of main theories and
describes previous works related to this research, including the material and process that chosen

in this study to fabricate the coating in order to achieve the objectives of this study.

Chapter 2 presents the experimental process used to prepare the substrates for the cold spraying
process. Generally, this chapter describes the substrate preparation method that can be used to
study the substrate properties like surface roughness, hardness and substrate oxidation
characteristic by annealing process. The characterization of the annealed substrates and coating

also included in this chapter.

The bonding mechanism of cold sprayed titanium dioxide coating on soft metals substrate is
discussed in Chapter 3. As a substrate, pure aluminum and pure copper were chosen and annealed
before being cold sprayed with titanium dioxide powder. Surface roughness, hardness, oxide
thickness, and oxide composition of soft metals were discussed in relation to the bonding
mechanism involved. The bonding mechanism in cold sprayed TiO»/soft metals substrate is

metallurgical bonding, which requires oxide free on the substrate surface.

The bonding mechanism of cold sprayed titanium dioxide coating on hard metals substrate is
discussed in Chapter 4. As a substrate, stainless steel and structural steel were chosen and annealed

before being cold sprayed with titanium dioxide powder. Surface roughness, hardness, oxide
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thickness and oxide composition of hard metals were discussed in relation to the bonding
mechanism involved. The bonding mechanism in cold sprayed TiO2/SUS304 substrate is chemical
bonding by inter-oxide reaction of TiO>-OH". Inter-oxide reaction occurs between hydroxyl, OH-,
which originates from chromium oxide, Cr,O3, which is thermodynamically preferred in SUS304,
and TiO2, which has a high affinity to steel oxygen. In order to confirm the role of Cr203 in the
bonding mechanism, a pure chromium substrate was also investigated in this chapter. Only certain
substrates and oxides play a role in bonding, such as SUS304, whereas others, such as structural

steel, require an oxide-free surface to form bonding between TiO2/substrate surface.

Chapter 5 provides a summary of the bonding mechanism of cold sprayed titanium dioxide on soft
and hard metals, as well as a comparison to the bonding mechanism of cold sprayed metallic
material. Cold sprayed ceramic (TiO2) on soft metals substrate demonstrated a similar tendency to
metallurgical bonding in cold sprayed metallic materials. Cold sprayed ceramic (TiO2) on hard

metals substrate especially for SUS304, showed a chemical bonding involved.

General conclusions and recommendation of further work are summarized in chapter 7.
Contribution of the study to the research / academic and industrial field have been discussed briefly

in Chapter 8.
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2 General Experimental Procedures

2.1 Introduction

Two specific interaction types exist in cold-spray deposition, which must be distinguished: first,
particle-to-substrate interaction, necessary for the initial particle-formation layer, and pertinent to
the strength of adhesion of the substrate’s final coating; and second, the interaction between
particles, related to the coating’s accumulation and the deposit’s cohesive strenth [110-111]. This
indicates the substrate type’s and surface conditions’ strong influence in terms of the strength of
the adhesion. Research that exemplifies the substrate material’s impact on the properties of the
coating in the process of cold spraying is provided in references [112-117]. Klinkov [38] reported
that temperature influences the process of cold spray in different ways. First, with the temperature
of stagnation increasing, the velocity of the process gas is increased and therefore also the velocity
of impacts of the particles. Second, the elastic and plastic properties of materials depend on the
temperature. The temperature of the materials can be changed both by using a higher gas
temperature and by preheating the substrate. An increased temperature of the materials could
enhance thermal softening which is important for the bonding mechanism proposed by Assadi et
al. [118]. Furthermore, it is well known that chemical reactions and diffusion also strongly depend
on the temperature. Chemical reactions and / or diffusion can support the adhesion between the

particles and the surface.

This study to change substrate property in each material by annealing was conducted. The substrate
preparation is very crucial to adhesion bonding of first layer cold sprayed TiO: coating and

substrate surface. Figure 2.1 shows overview of substrate preparation and characterizations.
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Figure 2.1 : Overview of substrate preparations and characterizations.
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2.2 Substrate preparations

2.2.1 Material composition

Table 2.1 shows the chemical composition of the substrates used. This range of materials is used
as a substrate to better understand the bonding mechanism. Over a decade, pure aluminum and
pure copper have been extensively investigated in the cold spray area, and they have been used as
fundamental to understand bonding mechanisms in this study. As a substrate, stainless steel and
structural steel were used. The substrate was made of a hard material to eliminate the possibility
of a substrate metal jet forming due to particle impact, to give better understanding of bonding

mechanism involved.

Table 2.1: Materials chemical composition [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
Fe C Mn P S Si
SS400 Bal | 0.30 | 1.00 | 0.04 0.05 0.28
Fe Cr Ni Mo S P Mn Si C
SUS304 Bal 18 11 - 0.030 0.045 2.00 1.00 0.08
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2.2.2 Blasting process

The surface of the substrate was blasted using an air blast device (Shinto Brater Co., Ltd., Myblast
MY-30B) as a pretreatment substrate prior to the annealing process in an electric furnace. Fe-based
projection material (SB Steel Grit GH-10, manufactured by Shinto Kogyo Co., Ltd.) was used in
the blasting process and the projection pressure was 0.3 MPa and the projection time was 60

seconds.

2.2.3 Electric furnace annealing process

Substrates were annealed with an electric furnace at different temperatures respectively, referring
to each material as shown in Table 2.2. The increment was 15°C/5 minutes, and after a five-minute
soaking, the substrates were cooled to room temperature in the furnace. The schematic diagram of

the electric furnace and temperature increment are shown below in Figure 2.2 and 2.3.

Soaking
3 : :
2 : :
% Cooling
5) : :
Q. : :
: s 5
= : :
30 35 1440
Time [min]

Figure 2.2: Schematic of annealing temperature increment process.
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Table 2.2: Materials vs annealed temperatures

Materials

Annealed temperature

Pure copper, C1020

Room temperature, 100°C, 200°C, 300°C and 400°C.

Pure aluminum, Al 1050

Room temperature, 100°C, 200°C, 300°C and 400°C.

Structural steel, SS 400

Room temperature, 400°C, 700°C and 1000°C.

Stainless steel, SUS 304

Room temperature, 400°C, 700°C and 1000°C.

Pure Chromium

Room temperature, 400°C, 700°C and 1000°C.

Heater  Insulation ]
\ / Alir heat

insulating layer

~ Sample

/

Door

Figure 2.3: Schematic of electric furnace.
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2.3 Properties of titanium dioxide powder

Agglomerated TiO2 powder (TAYCA Corporation, WP0097) containing pure anatase crystalline
structure with an average particle size of about 7.55 pm was used as the feedstock powder for the

coating deposition. Figure 2.4 shows the morphology of the agglomerated powder particles.

Figure 2.4: Morphology of titanium dioxide powder.
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2.4 Overview of cold spray equipment

2.4.1 Cold spraying with the cold spray system

In this experiment, the coating was formed using a commercially available cold spray device (Cold
Gas Technology, KINETIKS 4000). A schematic diagram of this system is shown in Figure 2.5
and its specifications are shown in Table 2.3. This equipment consists of a gas cylinder, a heater
for gas heating, a nozzle, and a feedstock powder supply device. Commercially available nitrogen
was used as a carrier gas for this experiment. In this equipment, the carrier gas supplied from the
gas cylinder is heated by a gas heater, and supersonic speed is achieved at the De-Laval part of the
nozzle. At the same time, the feedstock powder is injected into the pressurized carrier gas from the
axial direction of the nozzle. The particles in the feedstock powder are accelerated by the carrier
gas and are finally projected onto the substrate to form a coating. A custom-made De-Laval nozzle
(Cold Gas Technology, 24TC) was used as a nozzle. The cross-sectional shape of the nozzle is
shown in Figure 2.6. This nozzle has a tapered and wide shape with a throat diameter of 3 mm. It
was used because it has a long expansion part and is advantageous for particle acceleration. The
carrier gas temperature and pressure used as process conditions were the temperature and pressure
at the nozzle inlet. Therefore, the actual temperature of the carrier gas downstream of the nozzle

is lower than the set carrier gas temperature.
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Figure 2.5: Schematic diagram of cold spray system.
Table 2.3: Specifications of cold spray system.
Model Number Kinetics 4000
Process Gas N2
Maximum Process Gas Temperature [°C] 800
Maximum Process Gas Pressure [MPa] 4.0

Inlet
21.2°

Figure 2.6: Cross sectional shape of nozzle.
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2.4.2 Cold spray deposition conditions

Coating experiment was conducted to evaluate the adhesion strength of annealed substrates. A

schematic diagram of the coating experiment is shown in Figure. 2.7 and the experimental

conditions are shown in Table 2.4. The substrate was fixed using a jig, and the coating was formed

by controlling the nozzle fixed to the tip of a 6-axis robot arm (M-710iC, manufactured by

FANUCQC). Spray distance-
20mm.

1

£

Nozzle

Substrate

Figure 2.7: Schematic diagram of coating experiment.

Table 2.4: Coating experiment conditions

Process gas pressure [MPa]

3.0

Process gas temperature ["C]

500°C

Powder TiO2 (Agglomerated, ¢p7.55um)

Powder supply system High pressure feeder system

Substrate Al 1050, C1020, SS 400, SUS 304 and Pure Cr
Traverse speed [mm/s] 10

Traverse pitch [mm] 2.0

Spray distance [mm)] 20
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2.5 Overview of characterization testing

2.5.1 Adhesion strength TiO:2 coating testing

In accordance with Japan Industrial Standard, JIS H 8402, specimens of dimensions of ¥ 25 mm
x 10 mm as shown by Figure 2.8, assessed the adhesion strength of the coating given as the fracture
load value as measured by the universal testing machine (Auto graph AGS-J 10kN Shimadzu) and
subsequently divided by the cylindrical coating area. The epoxy-based strong adhesive was used
to bond the pin and coating (Huntsman Advanced Materials Company: Aralkyl Standard) as shown
by Figure 2.9. The strength test was performed after the glue was cured for a period of 24 hours.
For each substrate parameter, the tensile strength was repeated 5 times to obtain the average

adhesion strength value.

Pin bar
TiO; coating v
Substrate Substrate
Glue
Figure 2.8: Specimen with TiO; coating.
Pin bar

Figure 2.9: Sample preparation for tensile strength testing.
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2.5.2 EDX on fracture coating

The FE-SEM & VP-SEM microscope (JSM-IT300LV, JEOL) was used to conduct EDX on

fracture coating samples as shown by Figure 2.10.

Substrate

Figure 2.10: EDX on fracture coating
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2.5.3 SEM cross-sectional observation

Scanning electron microscope (SEM: JSM-6390, JEOL) was used to observe cross-sectional
microstructures of the coating. The observation sample of the TiO2 coating was prepared by
embedding the 25mm x 10mmx 5mm sample into a hardenable resin. The hardened sample in
hardened resin was grinded with silica papers to a #3000 grit size and was finally polished with

Ium and 0.3um alumina suspension.

2.5.4 Substrate surface roughness testing

To investigate the oxide roughness in nanoscale, atomic force microscopy (NanoWizard 3, Bruker)

is conducted on annealed substrate surface by areal analysis at scanning area of Sum.

2.5.5 Substrate Vicker’s hardness testing

To investigate the relationship between substrate’s surface hardness after oxidation and adhesion
strength, substrate’s hardness was measured using micro-Vickers hardness tester (HMV-G,
Shimadzu). The measurement showed a hardness of HV 0.1 and the test load on the cross section
was 980.07 [mN]. The final micro-hardness value was the average of 5 tests taken at approximately

the same points for each substrate.
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2.5.6 Oxide composition of substrate evaluation by X-ray photoelectron spectroscopy,
XPS

X-ray photoelectron spectroscopy (XPS) is a versatile surface analysis technique used for
compositional and chemical state analyses. In this study, XPS analysis (PHI Quantera SXM-CI,
ULVAC-PHI) using a monochromatic Al Ka source (15 mA, 10 kV) was performed. Wide and
narrow scans (0—1000 eV) of Fe 2p, Cr 2p, Al 2p, Cu 2p and Ols 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 2.5

shows the XPS analysis conditions for substrates oxide analysis.

Table 2.5: XPS parameters for substrate oxide layer analysis.

Measured regions Fe 2p, O Is,
Cr 2p, Al2p, Cu?2p
Measured X-ray output [W] 10
Probe diameter [pum] 50
Time per step [ms] 30
Pass energy 140
Cycle 30
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2.5.7 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 TiO> powder
onto the annealed substrates. The wipe test was conducted to study the deformation behavior of a
single particle on this substrate. Prior to deposition, substrate was ground and polished until a
mirror finish surface was obtained. The process gas temperature and pressure used were 500°C
and 3 MPa, respectively. Nitrogen was used as the 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.
We change the traverse speed from 10 mm/s to 2000 mm/s due to the collection of particles and
the prevention of the formation of full coating. Prior to spraying, the substrates were rinsed with
acetone. A field emission SEM (FESEM) and focused ion beam (FIB) microscope (Helios Dual
Beam 650, FEI) was used to investigate the single particle TiO> deposition onto mirror polish

annealed substrate.

2.5.8 High resolution transmission electron microscopy, TEM

Thin membranes for transmission electron microscopy (TEM) observation were carefully made
from deposited TiO> particles onto annealed mirrored polish substrate by focused ion beam (FIB)
milling equipment (Helios Dual Beam 650, FEI). Without further sample preparation, electron-
transparent membranes were made and investigated by field emission gun (FEG) electron

microscopy (JEM-2100F, JEOL) with a scanning mode at an applied voltage of 200kV.
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3 Bonding mechanism of cold sprayed TiO, coating on soft metals substrate

3.1 Introduction

Aluminum is the most commonly used material for cold spraying due to its availability and ductile
properties [119-125]. The role of a stable oxide film of aluminum in bond formation in cold
spraying, on the other hand, has been widely debated. It was argued that the oxide shell fracture is
consistent with the coating formation threshold velocity. Aluminum coating was found to exhibit
anistropic behavior in bond formation and particle deformation. Zhang et al. [123] investigated the
effect of different substrates on bond formation in cold spraying of aluminum and concluded that

metallic substrates harder than aluminum particles promoted deposition in general.

Over the last decade, the microstructure of cold sprayed copper coatings has been extensively
studied using optical microscopes, scanning electron microscopes, focused ion beam (FIB) lift out,
transmission electron microscopes, and a variety of other techniques [127-135,108,137-138]. The
cold sprayed copper coating's microstructure is made up of highly deformed "pancake shaped"
splats with near zero porosity as measured by electrochemical tests, making this face centred cubic
(FCC) copper an ideal candidate for cold spraying [131].

The mechanism of bonding in cold spraying is still being debated. A set of hypotheses have been
proposed regarding the mechanism of bonding in cold spraying. The bonding mechanism for
metallic cold spray is believed to be the result of an adiabatic shear instability at the interface
during impact, which occurs as a result of high strain rate deformation processes and produces a
metal jet [138-141]. It is proposed that the formation of this metal jet results in the removal of the
surface oxide layer, allowing true metal-to-metal contact to be established.
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Numerical simulations of particle impact in cold spraying provide valuable information about the
high strain rate deformation behavior of materials, but are unable to provide a clear indication of
the conditions under which intimate metallic bonding is established. Prince et al. [142] proposed
a method to characterize the inter particle bond formation in cold spraying is a blended of copper
and aluminum particles was cold sprayed and subsequently annealed at 400°C. It is known [143-
144] that the formation of intermetallic phases during annealing of aluminum-copper diffusion
couples indicates that the surface in contact are free of oxide layer and thus utilized the formation
of such intermetallic between copper and aluminum particles within the coating as indicator of
metal-to-metal bonding where surface oxide films had been removed during spraying.

Cold spraying can be used to metallize ceramics, in which aluminum (Al), titanium (T1) and copper
(Cu) coatings were used as the coating materials and alumina (Al>O3), aluminum nitride (AIN),
silicon nitride (Si3N4), silicon carbide (SiC), magnesium fluoride (MgF»), zirconate titanate (PZT)
and zirconia (ZrO;) were employed as the substrates [145]. Ko et al.[146] reported the
amorphization and atomic intermixing phenomena at the interface of Cu/AIN and Al/ZrO bonding
couples. The authors attributed bonding between metal and ceramic to chemical adhesion.
Wiistefeld et al.[147] reported local heteroepitaxial growth phenomena in the bonding couple of
Al/AIN. Local heteroepitaxy between Al and AIN was attributed to the increase of the substrate
temperature and the recrystallization or melting of Al coatings. However, the heteroepitaxial
growth was not found for other ceramics. Drehmann et al.[148] attributed the bonding to
mechanical interlocking in several bonding couples, e.g. Al/SiC, Al/SizNa, AI/MgF>. Kromer et al.
[149] pre-treated rough surfaces on SiC and Al,O; ceramics using laser surface texturing before
cold spraying, which promoted mechanical anchoring between metal and ceramic. In addition,

King et al.[150] reported that mechanical adhesion took place by penetrating aluminium into the
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open pores on the smooth PZT substrates. Another interesting issue should be noted that the
bonding strength of the metallic coatings on these ceramics did not present quite different no matter
whether the heteroepitaxial growth phenomenon was reported or not.

In the case for cold spraying pure ceramic, a brittle ceramic would not go through plastic
deformation but instead break. Several studies have shown the ability to fabricate a pure ceramic
coating such as TiO; by cold spray process [83,100-101]. The objective of this chapter to
investigate the interfacial bonding mechanism between cold sprayed TiO» coating with an
aluminum and copper substrate in term of substrate properties; surface roughness, hardness, oxide

thickness and oxide composition.
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3.2 Preliminary study of substrate and titanium dioxide coating
characterization on room temperature substrates

3.2.1 Substrate hardness testing for room temperature substrates

Figure 3.1 shows the substrate hardness of AA1050, C1020, SS400 and SUS304. AA1050 had the
lowest substrate hardness at 45.36 Hv, followed by 103.2Hv for C1020 and for both hard steel, SS
400 was 175.0 Hv and SUS304 was 345.9 Hv. 1050 aluminum is work hardened by rolling to half
hard. Work hardening involves modification of the structure due to plastic deformation. It increases

the mechanical resistance and hardness but decreases ductility [119].

400
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AA1050 C1020 SS400 SUS304

Room temperature substrate

Figure 3.1: Room temperature substrate hardness for different type of materials.
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3.2.2 Adhesion strength testing on room temperature substrates

Figure 3.2 shows the coating adhesion strength on different types of substrate. This figure showed
highest coating adhesion strength is 3.88 MPa on pure aluminum and lowest is 0.36 MPa on
stainless steel. Correlation between Figure 3.1 and coating adhesion strength indicate that, softer
substrate gives highest coating adhesion strength at room temperature conditions. Therefore, we
proceed to do annealing on substrates to change substrate property in each material and study the

relationship with coating adhesion strength.
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Figure 3.2: Coating adhesion strength on different types of substrate materials.
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3.3 Substrate and titanium dioxide coating characterization on annealed substrates

3.3.1 Adhesion strength testing and fracture surface analysis on annealed soft metals
substrate

Figure 3.3 shows the adhesion strength of the cold-sprayed TiO> coating on pure aluminum (AA
1050) and pure copper (C1020). The soft-annealed substrates showed a decreased trend of the
adhesion strength cold-sprayed TiO» coatings as the annealed substrate temperature was increased
from room temperature to 400°C, 3.88 to 2.05 MPa for AA1050 and 1.35 to 0.49 MPa (300°C) for
C1020. The coatings sprayed upon the pure copper substrate at 400°C; in the course of the
specimen preparation automatically peeled off. Consequently, no coating succeeded at this

temperature.

A recent study by Winnicki et al. cold sprayed pure amorphous and anatase TiO> 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 TiO> at 200

and 300°C gas temperature [151].

Figure 3.4 and 3.5 shows the image of the fractured surface of substrate and TiO; coating after
tensile strength test was conducted. This image confirms that the fracture was interfacial fracture
of substrate and coating, thus, proving that strong cohesive bond between TiO; particles had been

achieved during the coating formation process.
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Figure 3.3: Adhesion strength of the TiO2 coating on AA1050 and C1020 from room temperature

to 400°C annealed.
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Figure 3.4: Fracture surface substrate and TiO; coating after tensile strength testing on AA1050.
(a) Room temperature (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 3.5: Fracture surface substrate and TiO» coating after tensile strength testing on C1020. (a)
Room temperature (b) annealed at 100°C (c) annealed at 200°C and (d) annealed at 300°C.
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EDS mappings as illustrated in Figure 3.6 showed that elements present are aluminum (Al),
titanium (T1), oxygen (O) and carbon (C) for fractured coating of titanium dioxide on annealed

aluminum substrate. This EDS mapping showed that large part of aluminum substrate is embedded

on TiO; coating.
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Figure 3.6: EDX on fracture coating (a) SEM image (b) Aluminum (c) Titanium (d) Oxygen (e)

Carbon.

74



EDS mappings as illustrated in Figure 3.7 showed that elements present are copper (Cu), titanium
(Ti), oxygen (O) and carbon (C) for fractured coating of titanium dioxide on annealed copper

substrate. This EDS mapping showed that large part of copper substrate is embedded on TiO»

coating.
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Figure 3.7: EDX on fracture coating (a) SEM image (b) Copper (¢) Titanium (d) Oxygen (e)

Carbon.
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3.3.2 SEM microstructure cross-section on annealed substrates

Figure 3.8 and 3.9 shows the TiO; coating cross-sectional area on AA1050 for room temperature
and 400°C annealed substrates. Substrates at room temperature and 400°C were chosen for
observation to clarify the interface adhesion between substrates which yielded the highest and
lowest adhesion strength. Figure 3.8 (a) show that the TiO: coating adhered well on AA1050 room
temperature but for 400°C annealed, where crack is present between TiO» coating and substrate as
indicated in Figure 3.8 (b). This conditions also occurs on C1020. Meanwhile, the interface area
of substrates at 400°C shows visibly cracks occur on AA1050 and C1020. This shows that the
400°C annealing process has major impact on the interface adhesion between substrate and TiO»
coating. To further understand this situation, annealed soft metal substrates properties will be

further investigated.
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Figure 3.8: Cross-section microstructure of TiO; coatings on AA1050. (a) Room temperature and

(b) 400°C annealed.
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Figure 3.9: Cross-section microstructure of TiO; coatings on C1020. (a) Room temperature and

(b) 400°C annealed.




3.3.3 Substrate surface roughness testing on annealed substrates

The annealing process made an oxide growth on the surface of the substrate. In order to understand
the influence of oxide surface roughness, atomic force microscopy, AFM result of oxide surface
roughness for room temperature and 400°C annealed AA1050 and C1020 shown in Figures 3.10
3.11, 3.12 and 3.13 below. The result shown an increase of oxide surface roughness from 20.56nm
(RT) to 121.9nm (400°C) as indicate by Table 3.1 and 3.2, respectively for AA1050, 13.89nm
(RT) to 45.02nm (400°C) as shows by Table 3.3 and 3.4, respectively for C1020. This clearly
shows that oxide surface roughness has no significant effect on coating adhesion strength on
annealed soft metal substrate. When our feedstock powder, agglomerated TiO, powder containing
pure anatase crystalline structure with an average particle size of about 7.55 um, is impacted on
annealed soft metal substrates covered with oxide surface roughness in nanoscale, it has negligible
surface roughness impact on coating deposition. Richer et al reported that the effect of using
different grit sizes for the substrate preparation is limited to small changes in the deposition
efficiency of only the first few layers of deposited material. The substrate surface roughness has

no significant effect on the macrostructure and microstructure of the coating [152].
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Figure 3.10: Oxide surface roughness for room temperature pure aluminum (a) 2D (b) 3D.

Table 3.1: Oxide surface roughness analysis for room temperature pure aluminum.

Physical size (um) 5.000 x 5.000
Average value -6.245x 107

Average roughness Ra (nm) 20.56

RMS roughness Rq (nm) 26.12
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Figure 3.11: Oxide surface roughness for 400°C annealed pure aluminum (a) 2D (b) 3D.

Table 3.2: Oxide surface roughness analysis for 400°C annealed pure aluminum.

Physical size (um) 5.000 x 5.000
Average value -1.561x 1071®

Average roughness Ra (nm) 121.9

RMS roughness Rq (nm) 138.7
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Figure 3.12: Oxide surface roughness for room temperature pure copper (a) 2D (b) 3D.

Table 3.3: Oxide surface roughness analysis for room temperature pure copper.

Physical size (um) 5.000 x 5.000
Average value -5.378 x 1077

Average roughness Ra (nm) 13.89

RMS roughness Rq (nm) 17.85
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Figure 3.13: Oxide surface roughness for 400°C annealed pure copper (a) 2D (b) 3D.

Table 3.4: Oxide surface roughness analysis for 400°C annealed pure copper.

Physical size (um) 5.000 x 5.000
Average value -1.561 x 10716

Average roughness Ra (nm) 45.02

RMS roughness Rq (nm) 54.03

84



3.3.4 Substrate hardness testing on annealed substrates

Figure 3.14 shows annealed substrate hardness of AA1050 and C1020 from room temperature to
400°C. AA1050 also shown a decreased trend from 45.36 Hv (RT) to 27.7 Hv (400°C) and 103.2
Hv (RT) to 45.96 Hv (400°C) for C1020. The optimal recrystallization regime for AA1050 is given
by a temperature between 390°C and 410°C and the holding time at this temperature range is 15-
20 min [153]. AA1050 experienced recrystallization process at starting at 390 to 400°C and slow
cooling in the electric furnace with air as a medium; allow the grains to growth larger and reduce
the substrate hardness and become softer. The kinetic evolution of the microhardness of the pure
copper obtained after isothermal recrystallization treatments carried out at 250, 300 and 380°C.
During the incubation time as light decrease of the microhardness is observed due to the recovery
process. Then, a large drop from Hv= 100 (at the initial cold rolled state) to Hv= 50 (at the
completely recrystallized state) indicates the 399°C occurrences of the recrystallization [153]. Our

annealed substrate hardness result are good agreement with research report above.
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Figure 3.14: Annealed substrate hardness of AA1050 and C1020 from room temperature to 400°C.

86



3.3.5 Substrate depth profile of oxide layer by XPS on annealed substrates

The results of the depth analysis of room temperature substrate and 400°C annealed by X-ray
photoelectron spectroscopy for AA1050 and C1020 substrates is shows accordingly in figure 3.15
and 3.16, respectively. The composition as a function of depth can be analyzed by in-situ argon
ion beam sputtering, found on most surface analytical equipment. In depth profiling measurement
with XPS, the sputtering etching rate of SiO> used to estimate a sputtered depth from an elemental
depth profile.

Figure 3.15 (a) to (e) and figure 3.16 (a) to (e), shown that the atomic composition of oxygen
in the deepest part of the oxide layer increases as the annealing substrate temperature increases
from room temperature to 400°C. This indicate that the oxide layer of pure aluminum and pure

copper grows thicker as the annealing substrate temperature is increased.
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Figure 3.15: Depth profile analysis of AA1050 (a) room temperature (b) 100°C annealed (c) 200°C

annealed.
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89



(@ 100 e —
90
80
70 —Cu
60 —
50
40
30
20
10

0 P .

0 10 20 30 40 50 60 70 80
Si0, equivalent depth [nm]

—
s Cu
—O
e
0 10 20 30 40 50

60 70 80

Atomic concentration [%]

(b

N

—_
D I X0 O O
S O O O O

N W b
oS O O

Atomic concentration [%]
()]
(e

[S—
(e

(e}

SiO, equivalent depth [nm]

0 10 20 30 40 50 60 70 80

Si10, equivalent depth [nm]

~
(]
~
—
S
(=)

DN N 0 O
S O O O

N W b
S O O

Atomic concentration [%]
(V)]
(e

—_
(e

(e)

Figure 3.16: Depth profile analysis of C1020 (a) room temperature (b) 100°C annealed (c)
200°C annealed.
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Figure 3.16: Depth profile analysis of C1020 (d) 300°C annealed and (¢) 400°C annealed.

91



3.3.6 Substrate chemical composition of oxide layer by XPS

X-Ray photoelectron spectroscopy (XPS) is a versatile surface analysis technique that can be
used for compositional and chemical state analysis. Outermost surface oxide composition
changes are plotted in Figure 3.17 (a) to (c) and 3.18 (a) to (c) for AA1050 and C1020,
respectively. In this experiment, total of 30 cycles is involved and to plot binding energy
graph versus intensity to study the chemical state changes, outermost surface referring to the
1t cycle data, mid-layer referring to the 15™ cycle data and deepest part referring to the 30™
cycle data for each substrate conditions as indicate by figure 3.17 (b) and (c) for AA1050 and
figure 3.18 (c) for C1020.

The peak position of the aluminum oxide layer, A1>O3 on room temperature, 100 and 200°C
annealed AA1050 indicate at 74.8 eV [155] shown by Figure 13.7 (a). The peak position of
the Ols shown by Figure 13.7 (b) also support the present of aluminum oxide layer, Al,O3
on outermost surface at 531.3 eV [155] and slightly presented of aluminum in hydroxide on
mid-layer and deepest part given by 532.4 eV [155], supported that substrate mostly Al metal
state for mid layer and deepest part at room temperature substrate. Meanwhile, at the
annealing temperature of 400°C for AA 1050 substrate, figure 13.7 (c), the peak position of
aluminum oxide layer, which was at approximately 74.8 eV [155], was detected at the
outermost surface, mid-layer, and deepest part of the substrates. This indicate AA 1050
substrate experienced chemical composition changes from Al metal state in room temperature

substrate to aluminum in hydroxide condition in 400°C annealed.
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Figure 3.17: XPS spectra for (a) Al 2p AA1050 (b) O1s room temperature AA1050 (c) O1s 400°C
annealed AA1050.
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Figure 3.18 (a) show XPS spectra of Cu 2p3/2 for C1020 for room temperature substrate to
400°C annealed. The Cu 2P atomic orbital satellite peak was used to evaluate the chemical
state for copper. The peak position of the copper metal for pure copper at approximately 932.5
eV [156] was prominently present in the outermost surface in the room-temperature substrate
and all annealing substrate temperature. The Ols peaks shown in figure 3.18 (b) are
530.3,531.3 eV indicated the presence of Cu2O and CuO and hydroxide species physically
adsorbed on the Cu surface [157]. The peak at 529.3eV was the CuO sub-peak, when the Cu
substrate contained two oxidized states, each Cu peak and corresponding O peak were
detected. Figure 3.17 (c) to confirm the oxide present and the shake-up satellite peak position
of CuO [157], which was at approximately 944 to 940 eV, was detected at the outermost
surface, mid-layer, and deepest part of the substrates. This indicate C1020 experienced
chemical composition changes from Cu metal state in room temperature substrate to cupric

oxide, CuO condition in 400°C annealed.
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Figure 3.18: XPS spectra for: (a) Cu2ps,»2 C1020
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3.4 TiO: single particle deposition on annealed substrates

3.4.1 FIB splat TiO: particle on 400°C annealed soft metal substrates

Single particle impact morphology, which is also known as the wipe test, was conducted to study
the bonding mechanism of TiO2 powders on mirror polish of different types of substrates. Figure
3.19 (a) and (b) shown result of the TiO» particle impacting on 400°C annealed AA1050 and figure
3.20 (a) and (b) for annealed C1020. Trompetter et al [158] demonstrated that for solid particles
impacting on a substrate, the substrate hardness played a significant role in the as-produced solid
particles. Soft substrate such as aluminium and copper, the TiO; particles were impacting the
surface with minimal deformation, and the particles rebounded after the impact, leaving craters on
the surface of the substrate [159]. Since aluminium has lower hardness in comparison with copper,
the depth of the craters were deeper and experienced heavy damage as seen in the figure 3.19 (a).
K.-R.Emst et al [160] also mentioned that for soft substrate, the impact energy that was generated
during the spraying process was also used for deformation of the substrate as shown by red-dotted

line in figure 3.19 (b) and 3.20 (b).

The adhesion strength of the TiO2 coating on annealed soft metals showed a decreased trend as
the annealed substrate temperature is increased. This indicates that substrate deformation or
mechanical anchoring is not the factors that influence the adhesion bonding of the 400°C annealed

soft metals with TiO; coating.
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AA1050

Figure 3.19: TiO; particle on 400°C annealed AA1050 (a) top view (b) cross-sectional.
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Figure 3.20: TiO; particle on 400°C annealed C1020 (a) top view (b) cross-sectional.
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3.4.2 TEM analysis on interface oxide layer between TiO: particle on 400°C soft
metal substrates

Figure 3.21,3.22,3.23 and 3.24 are the STEM and TEM result at interface between single TiO»
particle and 400°C annealed AA1050 and C1020. Referring to FFT pattern that confirming the
amorphous region occur at interlayer, it represent the existences of the remaining oxide layer with
a thickness of less than 10nm for AA1050 and approximately 10 nm for C1020, after the high
velocity of cold-sprayed TiO> impacted the substrates. Ko et al reported that the formation of a
10nm thick amorphous layer at the cold sprayed Cu/AIN interface was confirmed using the

corresponding fast Fourier transform (FFT) pattern [146].
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AA1050

Figure 3.22: High-magnification images of the TiO, / 400 °C annealed AA1050 at the interlayer

area and a FFT image on the oxide interlayer.
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TiO; particle

Figure 3.23: STEM of the TiO2 / 400°C annealed C1020 at the interlayer area.

Figure 3.24: High magnification images of the TiO2 / 400°C annealed C1020 at the interlayer

area and a FFT image on the oxide interlayer.
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343 TEM line analysis on TiO2 particle on room temperature and 400° C

annealed soft metal substrates

Figure 3.25 and 3.26 are the TEM line analysis result of single particle TiO2 on room temperature
and 400°C annealed AA1050. It confirms the existence of Ti and O intermixing atomic on the room
temperature of AA1050. On the other hand, 400°C annealed AA1050 has a higher atomic percent
of O due to the remaining oxide layer as shown by figure 3.22. Assadi et al. [161] and Balic et al.
[162] reported that the interfacial bonding mechanism is an atomic length scale phenomenon and
its occurrence is controlled by the presence of clean surfaces and high contact pressures to make
the two surfaces mutually conforming. It could explain the decreased trend of adhesion strength
of annealed substrate of soft metals from room temperature to 400°C, because the present of

remaining oxide interlayer between TiO2/Al.
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Figure 3.25: TEM line analysis of the TiO2 on room temperature AA1050.
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Figure 3.26: TEM line analysis of the TiO; on 400°C annealed AA1050.
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Figure 3.27 and 3.28 are the TEM line analysis result of single particle TiO2 on room temperature
and 400°C annealed C1020. It confirms the existences of the atomic of Ti on room temperature of
C1020. On the other hands, 400°C annealed C1020, intermixing of Cu, Ti and O is present on
particle area and no trace of Ti atomic on substrate surface. Ko et al. reported that the increasing
of quantity of high oxidation state in copper feedstock can produce large amounts of rebounding
particles which do not accumulate but tamping of the surface of the coating [156]. This explain
why intermixing of Cu,Ti and O is present on particle area for 400°C annealed C1020 as shown in

figure 3.28.
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Figure 3.27: TEM line analysis of the TiO; on room temperature C1020.
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Figure 3.28: TEM line analysis of the TiO2 on 400°C annealed C1020.
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3.5 Coating adhesion strength on oxide free 400°C annealed soft metal substrates

Figure 3.29 shown the adhesion strength of the cold-sprayed TiO: coating on 400°C annealed AA
1050 and C1020 substrate with and without oxide on the substrate surface. No oxide here means,
the AA1050 and C1020 were subjected to annealing in electric furnace then grit-blasted before
cold spraying process. The grit-blasted is surface treatment for surface cleaning or roughening.
Both soft- 400°C annealed substrates on no oxide condition showed an increase trend of the
adhesion strength cold-sprayed TiO> coatings compared to oxide substrate, which is 2.61 to 4.93
MPa for AA1050 and N/A to 1.44 MPa for C1020. From this result, it clearly indicates that main
factor that influence the adhesion strength of the cold-sprayed TiO: coating on soft metals is

remaining substrate oxidation that not fully removed after high impacted by cold sprayed TiO».
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Figure 3.29: Coating adhesion strength on 400°C annealed AA1050 and C1020.
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3.6 Discussion

Cold sprayed TiO: coatings on the soft metals substrates revealed a decreased trend in coating
adhesion strength with the increasing annealing temperature. Furthermore, the coating adhesion
strength of the AA1050 substrate was higher than the C1020 substrate for all annealing conditions
as shown in figure 3.3. Figure 3.4 and 3.5 shows the image of the fractured surface of substrate
and TiO> coating after tensile strength test was conducted on AA1050 and C1020. This image
confirms that the fracture was interfacial fracture of substrate and coating, thus, proving that strong
cohesive bond between TiO: particles had been achieved during the coating formation process.
EDS mapping on fracture coating on annealed AA1050 and C1020 showed that a small part of the

aluminum is embedded on the TiO: coating and it same goes with C1020.

In order to further understand coating adhesion strength trend on soft metals substrate,
microstructure investigation is conducted via SEM analysis as shown by figure 3.8 and 3.9. The
images show that dense coatings with a thickness around 300um could be obtained on a room
temperature substrate of AA1050 and C1020, meaning that a critical velocity was achieved for
these materials. This explans that TiO2 coating attached to the soft metals room temperature are
better than the annealed substrates. Large cracks between the coating and the annealed substrate
were observed and it can be considered that the substrate annealing prior to the spraying reduces
the adhesion by the titanium dioxide coating. 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 process is
divided into two phases, adhesion and cohesion bonding. The first stage is the deposition of an

interlayer between the substrate and the particle. This can affect the deposition behavior of the first
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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 [78].

The adhesion strength value represent the adhesion bonding occuring between the first layer of
TiO: coating and the surface of soft metals substrate. Therefore, analysis of substrate properties
were conducted to further understand the bonding mechanism involved. The substrate conditions

significantly affect the bonding features and properties of the cold-sprayed coatings[163-164].

The oxide surface roughness of the annealed soft metals showed an increased trend from room
temperature to annealed at 400°C, by 20.56 to 121.9nm for AA1050 and 13.89 to 45.02nm for
C1020, respectively. Singh et al. reported that substrate roughness significantly affects the
deformation behavior of particle interaction with substrate surfaces, showing reduced localized
plastic deformation and interfacial mixing of material for substrates of lower roughness for cold-
sprayed Inconel 718. They suggested a minimum substrate roughness requirement for improved
bonding prior to deposition by plastic deformation, and that the interfacial mixing of material is
prominent if the powder particle interacts with the rougher substrate surface, which enhances the
mechanical bonding between the powder particles and the substrate [165]. Richer et al. studied the
effect of different grit size silica particles, where they found that the substrate preparation can only
influence the deposition efficiency of the first few layers, and that later it is independent of the
surface preparation [152]. Ziemian et al. also found that a substrate with higher surface roughness
shows excellent coating adhesion when compared to a less rough surface in the case of cold-
sprayed pure-Al coating [166]. Our findings showed a reversed trend as oxide surface roughness
is increased, coating adhesion strength is decreased with the increasing annealing temperature.
One of the reason to explain this situation is our feedstock powder, agglomerated TiO> powder
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containing pure anatase crystalline structure with an average particle size of about 7.55 pm, is
impacted on annealed soft metals substrate covered with oxide surface roughness in nanoscale.
The large different between TiO; particle and oxide surface roughness on soft metals substrate,
made the effect of oxide surface roughness is negligible. Therefore, mechanical interlocking that

contributed from surface roughness factor is not the main bonding mechanism here.

Figure 3.14 shows the heat-treated soft metals value of AA1050 and C1020 from room temperature
to 400°C. AA1050 and C1020 showed a declining tendency from 45.35 Hv (room temperature) to
27.7 Hv (400°C) for AA1050 and 103.2 Hv (room temperature) to 45.96 Hv (400°C) for C1020,
respectively. 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 [167]. The kinetic
progression of pure copper micro-hardness after isothermal recrystallization proceeds at 250,300
and 380°C. The recovery process causes a modest decrease in microhardness 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 recrystallization [153]. AA1050 and C1020 recrystallization
at400°C [153,157] and prolonged cooling in an electric furnace with air as a medium allows grains
to grow bigger and reduces substrate hardness, leading to softer pure materials. Annealed soft
metals become softer at 400°C due to the recrystallization process, therefore when high velocity
cold sprayed TiO, impacts the soft metals surface, it easier to deform due to kinetic impact energy
of the sprayed particles. If the main deposition factor is the mechanical anchoring, softer substrate
should have an advantage for the coating adhesion strength [150]. Nevertheless, the adhesion

strength was decreased at higher annealed temperature. It means that the substrate deformation
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(mechanical anchoring) is not the main bonding mechanism between the cold sprayed TiO: coating

and the soft metals substrate.

Figures 3.15 and 3.16 show the XPS evaluations of the in-depth room temperature substrates to
substrates annealed at 400°C for AA1050 and C1020 substrates, respectively. In situ argon ion
beam sputtering can be used to analyze the distribution as a function of depth. Figure 3.15 a—e and
3.16 a-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. This indicates that as the annealing temperature rises, the oxide layer of soft metals
substrate is thickens. According to Li et.al stated that the increasing of oxide film thickness, it will
need more kinetic energy to break up and extrude the oxide film, thus a higher particle velocity is
needed for bonding. In other words, the effective bonding area is decreased under the same particle
impact conditions [168]. Yin et al. claimed that, in addition to the substrate hardness, also the
particle velocity and the spray angle can influence the deformation behavior and final state of the
oxide film. Moreover, the results indicate that the formation of a fresh metal surface followed by
an immediate contact with the mating material, which can be a metal or oxide, is a necessary
condition to form intimate bonding in a kinetic spraying process [169]. Since the particle velocity
was constant across all experiment conditions, and with a thicker oxide layer on the substrate
surface as annealing temperature is increased on soft metals substrates, this creates more inactive
area to perform a bonding with TiO> particles, contributing to a decreasing trend in coating

adhesion strength.

110



The composition of aluminum oxide exists at 400°C annealed is aluminum in hydroxide that
represent by 74.8 eV as shown by figure 13.7 (c). This indicate AA1050 substrate experienced
chemical composition changes from Al metal state in room temperature substrate to aluminum in
hydroxide in 400°C annealed. Meanwhile for the composition of copper oxide films that coexist
two phases, cuprous oxide, Cu2O and cupric oxide, CuO. According to Papadimitropoulos et al
claim that at temperature up to 225°C, Cu and Cu20 is formed while above this temperature only
CuO forms [157]. Both Cu20 and CuO phases existed on our substrate and it has been supported
by figure 3.17 (c) to confirm the oxide present and the shake-up satellite peak position of CuO
[157], which was at approximately 944 to 940 eV, was detected at the outermost surface, mid-
layer, and deepest part of the 400°C annealed C1020. Solid state reaction for Al2O3-TiO> is in the
range of 1200 to 1796°C [170] and Lu et al. stated for solid state reaction between CuO-TiO,,
phase diagram of the CuO-TiO: system, the eutectic temperature is 900°C in air, therefore the
sample will react each other due to eutectic reaction [170]. Referring to our spray conditions that
involved gas temperature of 500°C and pressure at 3MPa, this condition is not reached up to
eutectic temperature. Therefore, the chemical bonding that contributed from oxide composition
factor may not be the main factor that influences the adhesion strength in cold sprayed TiO2 onto

soft metals substrate.
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The objective of the wipe test was to study more about how TiO; particles adhere to annealed soft
metals substrate. Only 400°C annealed were selected because they had the thickest oxide film. As
demonstrated in Figures 3.19 and 3.20, the TiO> particle remained intact following the collision,
whereas the base surface of the soft metals annealed at 400°C deformed due to impacting during
the cold-spraying process. Trompetter et al [158] demonstrated that for solid particles impacting
on a substrate, the substrate hardness played a significant role in the as-produced solid particles.
Soft substrate such as aluminium and copper, the TiO> particles were impacting the surface with
minimal deformation, and the particles rebounded after the impact, leaving craters on the surface
of the substrate [159]. Since aluminium has lower hardness in comparison with copper, the depth
of the craters were deeper and experienced heavy damage as seen in the figure 3.19 (a). K.-R.Ernst
et al [160] also mentioned that for soft substrate, the impact energy that was generated during the
spraying process was also used for deformation of the substrate as shown by red-dotted line in
figure 3.19 (b) and 3.20 (b). Soft metals substrates underwent substrate deformation after being
impacting by high-velocity cold-sprayed TiO: particles but 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 AA1050 and C1020 annealed at 400°C with a TiO; coating.

Bonding in cold sprayed is governed by mechanical interlocking and metallurgical bonding.
Severe plastic deformation at the interface, owing to the high energy impacts of the particles, break
the native oxide layers of the interacting surfaces. The disruption of oxide layers facilitates the
penetration of particles into the substrate, which leads to jet formation and mechanical interlocking.
Metallurgical bonding is manifested due to chemical interchange at the interface that is attributed

to thermal softening caused by ASI [171]. Additionally, the formation of jets cleans the broken
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oxides and instigates direct contact of particles against the substrate, which facilitates metallurgical
bonding. The critical velocity required to break the oxide layer increases with the thickness of the
oxide layer. Ichikawa and Ogawa [172] investigated that an increase in oxide layer thickness from
0 to 0.35 pm decreased the deposition efficiency from 55% to 0.03%. Christoulis et al. [173]
demonstrated that either removal of the native oxide layer or transformation of it into an
amorphous oxide layer is required to achieve effective bonding at the interface. Hassani-Gangaraj
et al. [174] also reported that the native oxide layer breakage facilitates metallurgical bonding. As
well, unstable jets form on impact and fragment surface asperities which is favorable for
metallurgical bonding. Ichikawa et al. [175] used auger spectroscopy to determine the presence of
oxides at the fractured surfaces of a Cu splat onto an Al substrate after adhesion testing. A pictorial
view of the study is presented in Figure 3.21. Adhesion strength was predicted to be lesser at the
center and stronger near the edges of the splats owing to the presence of an unbroken oxide layer
near the center of the splats. Similar outcomes were found by Rahmati et al. [176] by employing a
numerical approach to explore the effect of oxide layer on adhesion strength of CS Cu on Cu. It
was demonstrated [177] that breakage of the native oxide layer from the particle and substrate
allowed direct elemental contact between the particle and substrate; hence resulting in
metallurgical bonding. It was also validated that a higher critical velocity was required for a thicker

oxide layer.
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Figure 3.30: A pictorial view representing fractographs of cold sprayed Cu on Al exposed after
adhesion testing showing bonded zone and auger electron spectroscopic (AES) maps representing

oxide layer zone [175].

Our experiment is consistent with the results of Ichikawa et al., where substrate deformation
existed on both soft metals annealed at 400°C, but the adhesion strength was lowest at this
annealing temperature due to the oxide film remaining on the substrate surface after impact from
cold-sprayed TiO; particles.

In order to further investigated the role of remaining oxide layer occurred at interlayer
TiOz/annealed soft metals substrate toward bonding mechanism involved, TEM images and line
analysis on room temperature and 400°C annealed soft metals substrate were conducted.

Figure 3.21 to 3.24 is TEM images of the interface between a single TiO: particle and AA1050

and C1020 annealed at 400°C. The remaining oxide layer at interface between TiO»/soft metals
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substrate were confirm using FFT pattern that showed an amorphous phase present by figure 3.22
for AA1050 and 3.24 for C1020. These confirm the existences of a remaining interlayer oxide with
a thickness of approximately less than 10 nm for AA1050 and 10nm for C1020, after the high-
velocity cold-sprayed TiO> impacted the substrates. To discover more about atomic concentration
changes toward the bonding mechanism between TiO: particles and soft metals substrates, TEM
line analysis was performed on a single TiO: particle on soft metals substrate at room temperature
and annealed at 400°C as showed by figure 3.25 to 3.28.

The TEM line analysis results of a single TiO2 particle on AA1050 at room temperature and 400°C
annealed are shown in Figures 3.25 and 3.26. These results confirm the presence of atomic Ti and
O intermixing on room-temperature AA1050, as shown in figure 3.25. AA1050 annealed at 400°C,
on the other hand, only had a higher atomic percentage of O due to the remaining oxide layer.
Figure 3.27 to 3.28 shows the TEM line analysis results of a single TiO; particle on C1020 at room
temperature and after 400°C annealed. These results confirm the presence of atomic Ti on room-
temperature C1020. On the other hand, for C1020 annealed at 400°C, there is intermixing of Cu,
Ti, and O in the particle area, but no trace of atomic Ti on the substrate surface. Ko et al. reported
that the increasing of quantity of high oxidation state in copper feedstock can produce large
amounts of rebounding particles which do not accumulate but tamping of the surface of the coating
[146]. This may explain the situation since 400°C annealed C1020 have thicker oxide layer
compared to room temperature substrate of C1020. Coating adhesion strength testing on no oxide
soft metals substrate 400°C annealed were performed to confirm the role of oxide layer on soft
metals surface, as shown in figure 3.29. 400°C annealed soft metals substrate were chosen because
it has thicker oxide layer and lowest coating adhesion strength for cold spray with oxide substrate

conditions. No oxide here means, the AA1050 and C1020 were subjected to annealing in electric
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furnace then grit-blasted before cold spraying process. The grit-blasted is surface treatment for
surface cleaning or roughening. Coating adhesion strength on no oxide soft metals 400°C annealed
substrates showed an increase trend which is 2.61(oxide) to 4.93 MPa (no oxide) for AA1050 and
N/A (oxide) to 1.44 MPa (no oxide) for C1020. From this result, it clearly indicates that main
factor that influence the adhesion strength of the cold-sprayed TiO: coating on soft metals substrate
is remaining substrate oxidation that not fully removed after high impacted by cold sprayed TiO».
The strength of the particle-substrate adhesion also depends on the deposition velocity [178], gas
temperature [179], substrate type as well as temperature, size and type of the powders [180-181].
Assadi et al. [161] and Balic et al. [162] reported that the interfacial bonding mechanism is an
atomic length scale phenomenon and its occurrence is controlled by the presence of clean surfaces
and high contact pressures to make the two surfaces mutually conforming. To date, the most
dominant hypothesis on the metallurgical bonding mechanism suggests that the outward metal jet
induced by the adiabatic shear instability extrudes the cracked oxide film, which initially covers
particle and substrate surfaces, from the centre to the rims of the interaction area. The plastic flow
exposes the fresh surfaces leading to a metal-to-metal contact that promotes the particle—substrate
and the inter-particle metallurgical bonding [182]. The deposition process, involving the

destruction phases of the oxide film, can be summarised in four stages represented in figure 3.30.
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Figure 3.31: Destruction phase of the oxide film [168].
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The metallurgical bonding, one the other hand, results from the chemical reactions occurring at
the particle-to-particle and particle-to-substrate interfaces, which requires oxide-free interface and
metal-to-metal contact. The metallurgical bonding is considered a consequence from chemical
reaction at the oxide-free interface between particles or particle/substrate [57-60]. According to
the results we obtained in this study, chemical reaction between cold-sprayed TiO; particle and
newly formed soft metals substrate is considered be the main factor that contributed to
metallurgical bonding. 400°C annealed soft metals substrate decreased the hardness due to the
recrystallization, however, thick oxide layer which prevent the bonding was formed and reduced
the adhesion strength. Hence the bonding mechanism between cold-sprayed TiO; onto soft metals
substrate can be explain with the chemical reaction which is similar with the cold spraying of
metallic materials. Figure 3.31 shown a schematic image of cold-sprayed TiO> deposition onto soft

metals substrate materials, having thin oxide at room temperature and thick oxide after annealing.

High velocity cold

sprayed TiO2 particle

Thin oxide Thick oxide

Without annealing: soft and thin oxide on top 400°C annealed: softer and thick oxide on

surface
top surface

Figure 3.32: Schematic image of cold-sprayed TiO> deposition onto soft metals substrate materials,

having thin oxide at room temperature and thick oxide after annealing.
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3.7 Conclusions

Herein, we investigated the bonding mechanism of cold sprayed pure ceramic, titanium dioxide
on soft metals substrate through substrate properties that are annealed in an electrical furnace
temperature range from ambient temperature to 400°C. The summary of the study’s finding are

1. The annealing process contributed to the induced ductility of soft metals substrate especially
when annealed at a recrystallization temperature of 400°C. The soft metals substrate hardness was
reduced as a result, and it became softer. When the high-velocity cold sprayed TiO> particle
impacted the soft metals substrate surface with thick 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 TiO; coating and soft metals
substrate.

2. The primary bonding mechanism of TiO: particle and soft metal substrate is metallurgical

bonding which required free oxide surface.
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4 Bonding mechanism of cold sprayed TiO; coating on hard metal substrates

4.1 Introduction

Cold spray is a solid-state deposition process since the feedstock is not melted; however, the kinetic
energy of the high velocity particles leads to interfacial deformation as well as localized heat at
the location of impact [46,183-184]. The conversion of kinetic energy into deformation and heat
results in mechanical interlocking as well as metallurgical bonding at the interface [185]. The
bonding at the interface in cold spray is still mysterious to some degree since there is no exact
theory that explains the bonding mechanism at the interface. However, the literature mentions that
the spray particles require a certain amount of energy in combination with a critical velocity at an
optimum temperature, for effective bonding to occur [161,118]. High strain rate deformation is
observed around the particle-substrate interface, which produces a microscopic protrusion of
material with localized heating. The combination of material deformation at the atomic level and

localized heat may lead to metallurgical bonding [165,186].

Bonding at the interface is governed by the severe plastic deformation of the materials; which,
with associated adiabatic shear instability (ASI) at the interface, leads to the metal-jet formation
[57-60]. The high velocity particle impacts cause breakage of the native oxide layer at the surfaces,
providing a particle-to-substrate contact. This true contact of the particles with the substrate may
lead to the jet formation that is governed by ASI [187-189]. However, Hassani-Gangara;j et al.
[190] contradicted the work of Assadi et al. [161] and Grujicic et al. [14] by reporting that ASI is
not necessary for bonding in cold spray. Responding to the comments of Assadi et al. [191],
Hassani-Gangaraj et al. [192] defended their simulation based research that supported ASI was not
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required for bonding. These, and other scientific contradictions highlight that adhesion

mechanism(s) of cold spray coatings is an unresolved topic that requires further investigation.

Delamination and poor adhesion strength of soft-on-hard and hard-on-hard interfaces are of great
concern for industries such as the marine, nuclear, aerospace, automotive and electronics. Thus,
understanding the mechanism of bonding can address the issue of poor adhesion and delamination,
which would assist the advanced manufacturing sector. For instance, thick copper coatings on steel
(SS316L) plates that would exhibit properties comparable to that of bulk Cu, along with good
adhesion, are in high demand for the vacuum vessel of Tokamaks [193-194]. In this regard, Singh
et al. [165] investigated the bonding mechanism of Cu particles on steel substrates (soft-on-hard
interface) by altering the cold spray parameters and the substrate conditions. Drehmann et al. [148],
Waustefled et al. [147] and Dietrich et al. [195] investigated the bonding mechanism for cold
sprayed Al on an Al>Os3 substrate (soft-on-hard). Their results revealed that bonding of Al particles
on super-finished monocrystalline sapphire substrate occurred due to deformation-induced
recrystallization in the vicinity of the particle-substrate interface. The formation of nano-sized
grains at the vicinity of the interface assists metallurgical bonding, which results in improved
adhesion strength between ductile Al particles and the Al203 monocrystalline ceramic substrate.
Therefore, there are many factors that influence the adhesion strength, and this need optimization
to achieve the best adhesion strength of the cold spray coating. Objective of this chapter to shed a

light on bonding mechanism of cold sprayed pure TiO2 on hard metals substrate (soft/hard).
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4.2 Substrate and titanium dioxide coating characterization on annealed substrates

4.2.1 Adhesion strength testing and fracture surface analysis on annealed hard metal
substrates

Figure 4.1 depicts the adhesion strength of a cold-sprayed TiO2 coating on annealed hard metals
represented by SUS304 stainless steel and SS400 structural steel. The TiO> coating on annealed
SUS304 showed an increased trend of adhesion strength from room temperature to 1000°C, with
values ranging from 0.51 to 2.55 MPa for SUS304 and 1.07 to 1.65 MPa for SS400 from room
temperature to 400°C annealed, with no successful coating on 700 and 1000°C annealed. Coating
adhesion strength on annealed SUS304 and SS400 showed a different trend, and further
investigations, as discussed below, are being carried out to better understand this trend and relate
it to the bonding mechanism involved.
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Figure 4.1: Adhesion strength of the TiOz coating on SUS304 and SS400 from room temperature
to 1000°C annealed.
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Figure 4.2 and 4.3 shows the image of the fractured surface of substrate and TiO; coating after
tensile strength test was conducted. This image confirms that the fracture was interfacial fracture
of substrate and coating, thus, proving that strong cohesive bond between TiO» particles had been

achieved during the coating formation process.

Figure 4.2: Fracture surface substrate and TiO; coating after tensile strength testing on SUS304.
(a) Room temperature (b) annealed at 400°C (c¢) annealed at 700°C and (d) annealed at 1000°C.
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Figure 4.3: Fracture surface substrate and TiO> coating after tensile strength testing on SS400. (a)
Room temperature and (b) annealed at 400°C.

EDS mappings, as shown in Figures 4.4 and 4.5, showed that the elements present are iron (Fe),
titanium (T1), oxygen (O), and carbon (C) for fractured titanium dioxide coating on annealed hard

metals. For both hard metal substrates, only a small fraction of iron is embedded on TiO; coating.
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Figure 4.4: EDX on fracture coating (a) SEM image (b) Iron (c) Titanium (d) Oxygen (e) Carbon

for SUS304.
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Figure 4.5: EDX on fracture coating (a) SEM image (b) Iron (c¢) Titanium (d) Oxygen (e) Carbon
for SS400.
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4.2.2 SEM microstructure cross-section on annealed substrates

Figure 4.6 and 4.7 shows the TiO> coating cross-sectional area on hard metals substrate for room
temperature and 1000°C annealed for SUS304 and 400°C for SS400. Substrates at room
temperature and 400°C,1000°C were chosen for observation to clarify the interface adhesion
between substrates which yielded the lowest and highest adhesion strength. The figures show, in
all conditions, a dense coating with a thickness of 300 um, indicating that a critical velocity of
TiOz coating was reached for this hard metals substrate and explained an increased trend of coating
adhesion strength because TiO; coating adhered well to the hard metals substrate from room
temperature to 400°C,1000°C annealing.

Winnicki et al. [97] sprayed three types of TiO> powder on a steel substrate, TiO2 amorphous, TiO2
anatase, and TiO; rutile, with coating thicknesses of 25, 30, and 9 pm, respectively. Gardon et al.
[85] sprayed TiO2 powder on a stainless steel substrate with sub-oxide preparations on the stainless
steel substrate surface, with a coating thickness of 5 pum. It demonstrated that forming a thick
coating of pure TiO, powder on a steel substrate using a cold spray process was difficult because
the cold spray process required plastic deformation of the powder feedstock in order to form a
coating on the substrate surface and to deposited onto a hard metals substrate is another challenge.
Studies have been made to attain good adhesion strength for hard substrates, out of which, substrate
pre-heating is the most common strategy. However, Singh et al. [89,194] found that electroplating
of the SS 316 substrate with a softer material such as Ni improved the adhesion strength of CS Cu
coatings. Furthermore, Perton et al. [91] applied laser heat treatment prior to CS to improve the
adhesion strength by reducing the substrate hardness. Wang et al. [92] found that a hard steel
substrate induced high deformation onto the striking Al particles, which improved the cohesive
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strength in the coating nearer to the substrate. However, hard particles (Al203) were embedded
inside the soft Al substrate, which led to strong interfacial bonding. Therefore, it can be concluded
that the substrate hardness influences the coating properties significantly in the vicinity of the
interface.

Our findings revealed a thick coating of TiO> on a hard metals substrate, and adhesion bonding is
determined by first layer of TiO2 coating and substrate surface. Therefore, further research is

needed to better understand the bonding mechanism involved.
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SUS304

Figure 4.6: Cross-section microstructure of TiO; coatings on SUS304. (a) Room temperature and
(b) 1000°C annealed.
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TiO; coating

Figure 4.7: Cross-section microstructure of TiO> coatings on SS400. (a) Room temperature and

(b) 400°C annealed.




4.2.3 Substrate surface roughness testing on annealed substrates

Figure 4.8 and 4.9 shows a AFM result of oxide surface roughness for hard metals substrate in 2D
and 3D images. The result shown a decrease trend of oxide surface roughness from 87.65nm (RT)
to 80.08nm (1000°C) for SUS304 and 146.1nm(RT) to 26.45nm(400°C) for SS400, respectively

as indicated by table 4.1 to 4.4.

The surface roughness of the substrate plays a prominent role in the bonding mechanism at the
interface. Kumar et al. [186] found that semi-polished substrates were ideal for achieving the best
adhesion for a Cu on steel combination (soft and hard). Singh et al. [165] obtained better adhesion
for mirror-finished substrates than semi polished and as-received substrates for the same material
combinations (soft and hard). The surface roughness were Ra 6 um for as-received, Ra 0.5 pm for
semi-polished, and Ra 0.06 um for mirror-finished. The authors found that surface asperities and
waviness of the as received substrate caused gap at the interface as shown in figure 4.8(a), resulting
in poor adhesion. Furthermore, the energy of the particles was dissipated in deforming the sharper
peaks of the semi-polished surface, which hindered particle penetration into the substrate and
induced a gap at the interface; hence resulting in poor adhesion figure 4.8 (b). No similar surface
asperities and peak hindrances were observed in the case of mirror-finished substrates, and the
particles intruded into the substrate, which resulted in the highest adhesion strength as shown in
figure 4.8 (¢) and (d). Similar trends in adhesion strength were observed by Theimer et al. [113]

for brass on steel (soft and hard) combinations.

Our findings show that while the oxide surface roughness of SUS304 decreases slightly, the

coating adhesion strength increases steadily as the annealing substrate temperature rises.
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Meanwhile, for SS400, an increase in annealing substrate temperature results in a significant
reduction in oxide surface roughness, but coating adhesion strength is only successful up to 400°C
annealed substrate. It clearly showed that, oxide surface roughness did not play any significant
role toward bonding mechanism involved for TiO2 powders on hard metals substrate. One of the
reason to explain this situation is when our feedstock powder, agglomerated TiO> powder
containing pure anatase crystalline structure with an average particle size of about 7.55 pm, is
impacted on annealed hard metals substrate covered with oxide surface roughness in nanoscale,

due to large different size, it has negligible impact on adhesion bonding involved.
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(c) Embedded Cu particle
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10um
Figure 4.8: Cross-sectional SEM analysis of the high pressure cold sprayed single copper particles
deposited on (a) as-received, (b) semi-polished, and (c¢) mirror-finished SS316L steel substrates,

(d) EDS analysis of (c) [165].
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Figure 4.9: Oxide surface roughness for room temperature stainless steel (a) 2D (b) 3D.

Table 4.1: Oxide surface roughness analysis for room temperature stainless steel.

Physical size (um) 5.000 x 5.000
Average value 1.248 x 1071
Average roughness Ra (nm) 87.65

RMS roughness Rq (nm) 115.60
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Figure 4.10: Oxide surface roughness for 1000°C annealed stainless steel (a) 2D (b) 3D.

Table 4.2: Oxide surface roughness analysis for 1000°C annealed stainless steel.

Physical size (um) 5.000 x 5.000
Average value -4.510 x 10716

Average roughness Ra (nm) 80.08
RMS roughness Rq (nm) 107.20
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Figure 4.11: Oxide surface roughness for room temperature structural steel (a) 2D (b) 3D.

Table 4.3: Oxide surface roughness analysis for room temperature structural steel.

Physical size (um) 5.000 x 5.000
Average value 3.600 x 107"

Average roughness Ra (nm) 146.1

RMS roughness Rq (nm) 178.3
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Figure 4.12: Oxide surface roughness for 400°C annealed structural steel (a) 2D (b) 3D.

Table 4.4: Oxide surface roughness analysis for 400°C annealed structural steel.

Physical size (um) 5.000 x 5.000
Average value 1.440x 1071
Average roughness Ra (nm) 26.45

RMS roughness Rq (nm) 32.68
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4.2.4 Substrate hardness testing on annealed substrates

Figure 4.13 demonstrates the hardness of a hard metals substrate. Both steels showed a decreasing
trend in substrate hardness as the annealing temperature was increased from room temperature to

1000°C annealed, 345.9 to 173.0 Hv for SUS304 and 170 to 114.8 Hv for SS400, respectively.

Based on the iron-carbon phase diagram, when the austenite steel 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) [167]. This
microstructure transformation is associated with a reduction of substrate hardness for 1000°C

annealed hard metals substrate and it becomes softer.
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Figure 4.13: Annealed substrate hardness of SUS304 and SS400 from room temperature to 1000°C

annealed.
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In cold spray, deformation of the substrate facilitates adiabatic shear instability, ASI and jet
formation [140]. The formation of jets results in mechanical and metallurgical bonding at the
interface [106]. Soft substrates (e.g., Al, Cu) are susceptible to higher deformation than hard
substrates (e.g., ceramics, steels), hence, results in a better adhesion strength [89,166]. Studies
have been made to attain good adhesion strength for hard substrates, out of which, substrate pre-
heating is the most common strategy. However, Singh et al. [89] found that electroplating of the
SS 316 substrate with a softer material such as Ni improved the adhesion strength of cold sprayed
Cu coatings. Furthermore, Perton et al. [91] applied laser heat treatment prior to cold spray to
improve the adhesion strength by reducing the substrate hardness. Wang et al. [92] found that a
hard steel substrate induced high deformation onto the striking Al particles, which improved the
cohesive strength in the coating nearer to the substrate. However, hard particles (Al2O3) were
embedded inside the soft Al substrate, which led to strong interfacial bonding. Therefore, it can be
concluded that the substrate hardness influences the coating properties significantly in the vicinity

of the interface.

Our findings revealed that the TiO2 coating on annealed SUS304 and SS400 increased as the
annealing substrate temperature increased from room temperature to 1000°C for SUS304 and
400°C for SS400. This trend must be associated with substrate deformation in order to be related
to mechanical or metallurgical bonding at the interface [106]. In our case, no substrate deformation
occurred on hard metals substrate, so there was no possibility of mechanical anchoring factor that
contributed from substrate hardness in hard metals substrate bonding mechanism. Another set of

substrate properties, such as oxide thickness and oxide composition, must be defined.
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4.2.5 Substrate depth profile of oxide layer by XPS on annealed substrates

The depth analysis of the oxide layer by X-ray photoelectron spectroscope for hard metals
substrate 1s shown in figures 4.14 to 4.15 for SUS304 from room temperature to 700° C annealed
and SS400 from room temperature to 400° C annealed. This shows that the stainless steel oxide

layer thickens as the substrate's annealing temperature rises.

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
[196]. Ko et al. [146] reported the amorphization of oxide layer and atomic intermixing phenomena
at the interface of Cu/AIN and Al/ZrO> bonding couples. The authors attributed bonding between
metal and ceramic to chemical adhesion.

Our findings show that as the oxide thickness on the substrate surface increases, so does the coating
adhesion strength of TiO> on hard metals (annealing substrate temperature increasing). Substrate
chemical composition was performed to better understand how substrate oxide influences the

bonding mechanism involved.
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Figure 4.14: Depth profile analysis of SUS304 (a) room temperature (b) 400°C annealed and (c)
700°C annealed.
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Figure 4.15: Depth profile analysis of SS400 (a) room temperature and (b) 400°C annealed.

140



4.2.6 Substrate chemical composition of oxide layer by XPS

The chemical composition of the oxide layer for hard metals substrate is depicted in Figures 4.16
and 4.17. The 2Pz, atomic orbital satellite peak was used to determine the chemical state of ferum
and chromium in SUS304, as shown in figures 4.16 (a) to (c) (c). Figure 4.16 depicts the peak
position of the iron metal for stainless steel at approximately 706.7eV [197] in the outermost
surface of the room-temperature substrate SUS304 (a). In the meantime, at annealing temperatures
of 400 and 700°C for SUS304 substrate, the peak position of hematite Fe,O3 (Fe?") was detected
at the outermost surface of the substrates, at approximately 709.3 eV [197]. This indicates that the
chemical composition of SUS304 substrate changed from Fe metal state in room temperature

substrate to hematite condition in 400 and 700°C annealed.

Figures 4.16 (b) show that the peak position of chromium metal at 574.0 eV [198] was prominent
in the oxide layer of SUS304 room-temperature substrates. However, the peak position of Cr203
at 576.0 eV was present throughout the outermost surface of the oxide layer for the SUS 304
substrate at annealing temperatures of 400 and 700°C [198]. This indicates that the chemical
composition of the SUS304 substrate changed from Cr metal state at room temperature to

chromium oxide condition when annealed at 400 and 700°C.

Figure 4.16 (c) the peak position of the hydroxide, OH is indicated between 531-532 eV as
indicated by red-dotted line [198]. This result indicates that one of the major components of the

oxide layer at 400 and 700°C for SUS304 is mixture of Fe2O3 and Cr2O3 and hydroxide.
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Figure 4.16: XPS spectra for SUS304: (a) Iron and (b) Chromium.
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Figure 4.17 (a) depicts the peak position of the iron metal for structural steel at approximately
706.7¢V [197] in the outermost surface of the room-temperature substrate SS400. In the meantime,
at annealing temperatures of 400°C for SS400 substrate, the peak position of hematite FeO3 (Fe*")
was detected at the outermost surface of the substrates, at approximately 709.3 eV [197]. This
indicates that the chemical composition of SS400 substrate changed from Fe metal state in room
temperature substrate to hematite condition in 400°C annealed. Figure 4.17 (b) the peak position
of the hydroxide, OH" is indicated between 531-532 eV as indicated by red-dotted line [198]. This

result indicates that one of the major components of the oxide layer at 400°C for SS400 is mixture

of Fe>O3 and hydroxide.

The mechanisms of cold sprayed of metal particles on ceramics or glass involve more factors such
as chemical properties of the impact particles and substrates. Song et al [199] cold sprayed Al
particle on glass substrate. The interlayer with thickness of 80nm between impacted Al particle
and glass substrate was composed of an amorphous phase and nano-crystalline grains with
significant Na enrichment. The layer is considered to form as a result of the reaction between the
impacted Al and the glass substrate, which took place due to the temporal high temperature during
impact, which produced liquid phases at the interface. It is believed that the high affinity of Al

with oxygen in the glass substrate enabled the relatively strong adhesion observed.

Our coating adhesion strength on hard metals substrate have a good agreement with Song et al.
report. In order to further clarify how chemical composition of oxide layer on substrate surface

influence toward bonding mechanism involved, single particle study or wipe test was conducted.
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4.3 TiO:2 single particle deposition on annealed substrates

4.3.1 FIB splat TiO:2 particle on 400°C and 1000°C annealed hard metal substrates

Figures 4.18 and 4.19 show the FIB results of TiO> particles on an annealed hard metals substrate.
Figure 4.18 (a) depicts a top view of a TiO» particle impacted on annealed SUS304 at 1000°C with
no crater formation on the substrate surface. As shown in Figure 4.18, the TiO; particle remained
unchanged after the collision, and the substrate surface of the 1000°C annealed SUS304 showed
little to almost no deformation due to impacting during the cold-spraying process (b). Figures 4.19
(a) and (b) show that when TiO, particles are impacted on 400°C annealed SS400, there is no crater

formation or deformation of the annealed substrate.

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
[158]. Bae et al. [115-116] analysed four representative particle/substrate combinations, namely
Al/Al (soft/soft), Ti/Ti (hard/hard), Al/mild steel (soft/hard), and Ti/Al (hard/soft). As for the
impact cases of dissimilar materials Al/mild steel as shown by figure 4.20. In particular, the initial
kinetic energy of the particle is mostly dissipated into plastic deformation of the softer counterpart;

therefore, a much higher temperature on the soft side is achieved.

TiO, particle has less hardness [159] compared to hard metals substrate. When cold sprayed TiO»
particle impacted on hard metals substrate, the kinetic energy of the particle is mostly converted
into plastic deformation[116] and it result of no substrate deformation occur. In cold spray,
deformation of the substrate facilitates adiabatic shear instability, ASI and jet formation [140].

Mechanical and metallurgical bonding occurs at the interface as a result of jet formation [106].
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Our findings show that there is no substrate deformation, but coating adhesion strength increases
as the annealing substrate temperature rises. It is obvious that mechanical or metallurgical bonding
is not the bonding factor in play. TEM analysis and line analysis were performed to further

investigate factors related to the bonding mechanism of TiO2 coating on hard metals substrate.
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Figure 4.18: TiO> particle on 1000°C annealed SUS304 (a) top view (b) cross-sectional
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TiO; particle

Figure 4.19: TiO; particle on 400°C annealed SS400 (a) top view (b) cross-sectional.
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4.3.2 TEM analysis on interface oxide layer between TiO: particle on 400°C and
1000°C hard metal substrates

Figure 4.21 to 4.24 shown as the STEM and high magnification images of the interlayer region
between single-particle TiO2 and annealed hard metals substrate. It confirms the existence of the
remaining interface oxide layer after the cold-sprayed TiO; impacted on hard metals substrate by
FFT pattern that showed an amorphous phase at interlayer, with a thickness of approximately 10nm

for SUS304 and SS400 as shown by figure 4.22 and 4.24, respectively.

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

[196].

In order to further understand the bonding mechanism involved, TEM line analysis was conducted

on room temperature and 400 and 1000°C hard metals substrate.
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Figure 4.22: High-magnification images of the TiO2 / 1000°C annealed SUS304 at the interlayer

area and a FTT image on the oxide layer.
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Figure 4.23: STEM of the TiO2 / 400°C annealed SS400 at the interlayer area.

TiO; particle

Figure 4.24: High-magnification images of the TiO2 / 400°C annealed SS400 at the interlayer area

and a FTT image on the oxide layer.
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4.3.3 TEM line analysis on TiO2 particle on room temperature and annealed hard
metal substrates

Figure 4.25 to 4.27 are the TEM line analysis result of single particle TiO2 on room temperature
and 1000°C annealed SUS304 and 400°C annealed SS400, respectively. It confirms the existences
of the atomic of Ti,O and Cr on room temperature and 1000°C annealed SUS304. On the other
hands, 400°C annealed SS400, the existences of Ti and O are presented on substrate surface. Ti
and O atomic on the hard metals substrate area are contributed by TiO; coating and hydroxide on
the substrate surface. Chromium, Cr atomic on SUS304 contributed from oxide layer on substrate
surface that Cr metal on room temperature substrate and mixture of Fe;O3z+ Cr.O3 and OH"
annealed at 1000°C. SUS304 had the highest trend in coating adhesion strength when annealed at
1000°C. Cr203 oxide may play an important role in the bonding mechanism. According to Song
et al [199], the mechanisms of cold sprayed metal particles on ceramics or glass involve additional
factors such as chemical properties of the impact particles and substrates. Drehmann et al. [200]
investigated the effect of substrate pre-heating on the adhesion strength of Al particles on an AIN
substrate (soft and hard). As-sprayed specimens were subsequently annealed to further enhance
the adhesion strength. Adhesion strength increased with an increase in the temperature of the AIN
substrate prior to spray. An additional thermal energy input due to pre and post-spray heating
induced atomic mobility at the AI-AIN interface. Additionally, deformation-induced
recrystallization (Figure 4.28) near the interface facilitated atomic mobility. Atomic mobility at
the interface minimized the grain orientation misfit of the coating material with the substrate; hence

resulting in better adhesion strength.

Pure chromium was chosen as a substrate to further investigate the role of Cr2O3 oxide toward

bonding mechanism involved in hard metals substrate.
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Figure 4.25: TEM line analysis of the TiO, on room temperature SUS304.
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Figure 4.26: TEM line analysis of the TiO2 on 1000°C annealed SUS304.
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4.4 Influence of annealed pure chromium on bonding mechanism of hard metal
substrates

4.4.1 Introduction

Chromium coatings have been used for decorative and functional purposes in a wide range of
industrial applications that include automotive, aerospace, energy, and manufacturing industries.
Traditional chromium coatings have been prepared by commercial electroplating technique which
show excellent properties including resistance to wear and corrosion, a low friction coefficient,
high hardness, and lustrous surface appearance [201]. Recently, the development of thin chromium
(Cr) coatings for the zirconium-alloy fuel cladding material in light water reactors (LWRs) has
drawn considerable attention in nuclear industries and research institutions. Cr has been
investigated as coating material for accident-tolerant fuel cladding by improving high-temperature
air and steam oxidation resistance in accident conditions without significant modifications of the
current LWR design. Given the critical requirements for the nuclear reactor application, several
methods have been investigated to deposit Cr coatings on Zr-alloys [201-203].

One promising coating technology for depositing Cr on Zr alloys for LWR fuel cladding with
demonstrated success is the cold spray process [204]. In the cold spray process, microns sized
feedstock powder is propelled at supersonic velocities (Mach 2—3) on to the surface of a substrate
using pressurized gas flowing through a converging/diverging nozzle system. The particle
temperature is low and the deposition occurs in solid state. Above a certain particle velocity (i.e.,
critical velocity), a dense and adherent coating/deposit can potentially form on the substrate due
to high-strain-rate plastic deformation of particles and an associated adiabatic shear mechanism

[118]. Since the particle temperature is low and the particles have a very short residence time in
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the carrier gas stream, the deposits are relatively free of secondary phases and oxide inclusions,
and are strongly adhered to the substrate [204].

Substrate properties such as material characteristics, hardness, temperature, and degree of
oxidation play a major role during the bonding between particles and substrate. The pure chromium
substrate was chosen for this chapter to clarify its role in the TiO2/ stainless steel bonding

mechanism.
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4.4.2 Adhesion strength testing and fracture surface analysis on annealed substrates

Figure 4.29 depicts the adhesion strength of a cold-sprayed TiO» coating on annealed pure
chromium. The TiO; coating on the annealed Cr substrates demonstrated an increased trend in

adhesion strength from room temperature to 700°C, with values ranging from 0.71 to 1.44 MPa,

and then decreased to 0.48 MPa when annealed at 1000°C.

The EDS analysis and spectrum on fracture coating of TiO2 at room temperature and 700°C
annealed pure chromium are shown in Figures 4.30 to 4.33. In comparison to room temperature
pure chromium, a large portion of pure chromium 700°C annealed embedded on fracture coating
of TiO». Further investigations on pure chromium substrates was carried out to better understand

the role of Cr2O3 in the stainless steel bonding mechanism.
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Figure 4.29: Adhesion strength of the TiO; coating on pure chromium from room temperature to

1000°C annealed.
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Figure 4.30: EDX on fracture coating (a) SEM image (b) Carbon (¢) Oxygen (d) Sulfur (e)

Titanium (f) Chromium for room temperature pure chromium substrate.
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Figure 4.31: EDX spectrum on fracture coating of room temperature pure chromium substrate.
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Figure 4.32: EDX on fracture coating (a) SEM image (b) Carbon (¢) Oxygen (d) Sulfur (e)

Titanium (f) Chromium for 700°C annealed pure chromium substrate.
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Figure 4.33: EDX spectrum on fracture coating of 700°C annealed pure chromium substrate.
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4.4.3 Substrate hardness testing on annealed substrates

Figure 4.34 shows the substrate hardness of pure chromium from room temperature to 1000°C
annealed. This figure showed a decrease trend of annealed substrate hardness from 265 Hv to 179.7
Hv at 700°C annealed and increased back to 192.1 Hv at 1000°C annealed. Pure chromium is a
bce metal that inherently brittle at room temperature due to the limited number of primary
dislocation slip systems in the crystal structures [205-206]. When exposed to high temperature (T
> 1000°C), embrittlement can also be induced via formation of brittle subnitride underneath the
oxide scale [207-208]. This explains why pure chromium annealed substrate hardness at 1000°C
showed a little increased trend. To relate annealed pure chromium hardness with coating adhesion
strength trend on SUS304 from room temperature to 1000°C annealed, no correlation can be made.
Therefore, investigations of oxide properties in term of oxide thickness and chemical composition

were carried out.
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Figure 4.34: Annealed substrate hardness of pure chromium from room temperature to 1000°C.
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4.4.4 Substrate depth profile of oxide layer by XPS on annealed substrates

Figure 4.35 (a) to (d) depicts the concentration of oxygen and chromium in the substrates as a
function of depth. The data show that the concentration of oxygen in the near-surface region
increases with annealed temperature. This indicates that the pure chromium oxide layer thickens
as the annealing substrate temperature rises. Coating adhesion strength increased from room
temperature to 700°C annealed and decreased back to 1000°C annealed as oxide thickness
increased on pure chromium annealed substrate. It was discovered that the oxide properties of
Cr03 from room temperature to 700°C have an effect on the bonding mechanism involved. As a

result, the chemical composition of the oxide was studied further.
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Figure 4.35: Depth profile analysis of pure chromium (a) room temperature.
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Figure 4.35: Depth profile analysis of pure chromium (b) 400°C annealed (c) 700°C annealed and

(d) 1000°C annealed.
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4.4.5 Substrate chemical composition of oxide layer by XPS

Figures 4.36 (a) and (b) show that the chemical state of chromium and oxygen for pure chromium.

The position of chromium metal at 574.0 eV was prominently present in the oxide layer for the
room-temperature substrates for pure chromium. However, at the annealing temperature of 400,
700 and 1000°C substrate, the peak position of Cr2O3 at 576.0 eV [209] was present throughout
the outermost surface of the oxide layer for the pure chromium substrate as shown by Figure 4.35
(a). This result indicates that the major components of the oxide layer at 400, 700 and 1000 °C for

pure chromium is Cr203. Figure 4.36 (b) showed that hydroxide also present on outermost surface

on room temperature to 700°C annealed, where the peak position is 531-532 eV[209] as indicated
by red-dotted line. Metal oxide is present on outermost surface on 1000°C annealed where the peak

is 530 eV [209].

Based on our findings, hydroxide, OH" that exist at room temperature to 700°C annealed pure
chromium play a significant role in the increased trend of coating adhesion strength as annealing
temperature increases. Pure chromium, Cr,03, and metal oxide are present on the substrate surface
after 1000°C annealing. This could account for the decreasing trend in coating adhesion strength

on 1000°C pure chromium.
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Figure 4.36: XPS spectra for pure chromium: (a) Chromium and (b) Ols.
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4.5 Discussion

Coating adhesion strength of TiO; onto hard metals substrate showed an increased trend as
annealing substrate temperature is increased as shown by figure 4.1. Figure 4.2 and 4.3 shows the
image of the fractured surface of substrate and TiO» coating after tensile strength test was
conducted on SUS304 and SS400. This image confirms that the fracture was interfacial fracture
of substrate and coating, thus, proving that strong cohesive bond between TiO: particles had been
achieved during the coating formation process. EDS mapping on fracture coating on annealed
SUS304 showed that a small part of the ferum is embedded on the TiO» coating and it same goes

with SS400 as shown by figure 4.4 and 4.5,respectively.

In order to further understand coating adhesion strength trend on hard metals substrate,
microstructure investigation is conducted via SEM analysis as shown by figure 4.6 and 4.7. The
images show that dense coatings with a thickness around 300 um could be obtained on all substrate
conditions of hard metals substrate, meaning that a critical velocity was achieved for these
materials. The spray particles require a certain amount of energy in combination with a critical
velocity at an optimum temperature, for effective bonding to occur [118,138,161]. Coating of
brittle materials (ceramic powder) on hard-interfaces (a hard-on-hard interface), the effect of
residual stresses on the coating properties, and delamination of thick coatings remain technical

challenges [149,210-211].

Delamination and poor adhesion strength of soft-on-hard (TiO./steel) and hard-on-hard
(Titanium/steel) interfaces are of great concern for industries such as the marine, nuclear,
aerospace, automotive and electronics. Thus, understanding the mechanism of bonding can address

the issue of poor adhesion and delamination, which would assist the advanced manufacturing
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sector.

Our result showed a good contact between TiO coating and substrate surface in room temperature
and annealed substrate. The adhesion strength of cold spray coatings with the substrate is not only
based on mechanical interlocking. It is determined also by adiabatic shear instability, plastic
deformation of the colliding materials and static recrystallization [173,106,172,108-109]. All these
factors are attributable to substrate conditions such as hardness, material chemistry, surface
roughness and temperature of the substrate. The substrate conditions significantly affect the
bonding features and properties of the cold-sprayed coatings[50,164]. Therefore, substrate analysis

were conducted to further understand bonding mechanism involved for hard metals substrate.

The roughness of the substrate's surface is important in the bonding mechanism at the interface
[15]. Figures 4.9,4.10.4.11, and 4.12 show a decreasing trend in oxide surface roughness as
annealed substrate temperature increases for both hard metals substrate. Tables 4.1 to 4.4 show the
mean oxide surface roughness values for both hard metals substrate.

The surface roughness of the substrate plays a prominent role in the bonding mechanism at the
interface. However, there are contradicting reports on the effect of substrate roughness concerning
adhesion for soft-on-soft interfaces. For instance, Hussain [187] reported that smoother substrate
surfaces are best for good adhesion strength, whereas, Ghelichi and Guagliano [210] had a
conflicting report. Similarly, Kumar et al. [54] found that semi-polished substrates were ideal for
achieving the best adhesion for a Cu on steel combination. Similar trends in adhesion strength

were observed by Theimer et al. [113] for brass on steel combinations.
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The mechanical interlocking and the metallurgical bonding are believed to be the main internal
bonding mechanisms in cold spray [117]. The mechanical bonding consists of non-chemical
interactions, in which the harder particles are mechanically trapped by the soft substrate material
to form a mutual interlocking [117]. In our case, soft particle where impacted on hard substrates
and our findings showed a reversed trend as oxide surface roughness is decreased, coating adhesion
strength is an increased with the increasing annealing temperature. One of the reason to explain
this situation is our feedstock powder, agglomerated TiO2 powder containing pure anatase
crystalline structure with an average particle size of about 7.55 um, is impacted on annealed hard
metals substrate covered with oxide surface roughness in nanoscale. The large different between
TiO> particle and oxide surface roughness on hard metals substrate, made the effect of oxide
surface roughness is negligible. Therefore, mechanical interlocking that contributed from surface
roughness factor is not the main bonding mechanism here.

The substrate conditions significantly affect the bonding features and properties of the cold-
sprayed coatings [50,165]. In particular, the substrate roughness and hardness are the main
influencing parameters in the cold spray bonding [135]. As a result, an investigation of annealed
substrate hardness properties was carried out in order to better understand the bonding mechanism
involved in TiO; bonding on hard metals substrate. Figure 4.13 demonstrates the hardness of a
hard metals substrate. Both steels showed a decreasing trend in substrate hardness as the annealing
temperature was increased from room temperature to 1000°C annealed, 345.9 to 173.0 Hv for
SUS304 and 170 to 114.8 Hv for SS400, respectively. Based on the iron-carbon phase diagram,
when the austenite steel 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
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to pearlite (ferrite + cementite) [167]. This microstructure transformation is associated with a
reduction of substrate hardness for 1000°C annealed hard metals substrate and it becomes softer.
In cold spray, deformation of the substrate facilitates adiabatic shear instability, ASI and jet
formation [86-87]. The formation of jets results in mechanical and metallurgical bonding at the
interface. Soft substrates (e.g., Al, Cu) are susceptible to higher deformation than hard substrates
(e.g., ceramics, steels), hence, results in a better adhesion strength [88-89]. Studies have been made
to attain good adhesion strength for hard substrates, out of which, substrate pre-heating is the most
common strategy. However, Singh et al. [§9-91] found that electroplating of the SS 316 substrate
with a softer material such as Ni improved the adhesion strength of cold spray Cu coatings.
Furthermore, Perton et al. [91] applied laser heat treatment prior to cold spray to improve the
adhesion strength by reducing the substrate hardness. Wang et al. [92] found that a hard steel
substrate induced high deformation onto the striking Al particles, which improved the cohesive
strength in the coating nearer to the substrate. However, hard particles (Al203) were embedded
inside the soft Al substrate, which led to strong interfacial bonding. Therefore, it can be concluded
that the substrate hardness influences the coating properties significantly in the vicinity of the
interface.

Pre-heating of the substrate influences the bond strength of the cold spray deposits for soft on-hard
(TiOy/steels) and hard-on-hard interfaces. Pre-heating induces softness to the substrate surface,
which facilitates deformation of the substrate during the impact of the particles, resulting in jet
formation and better bonding strength [108-109,211-212]. Watanabe et al. [213] reported that
adhesion strength of cold spray combinations of (i) Cu on A5083, (ii) Cu on Fe, and (iii) Fe on Cu
improved by pre-heating the substrate since there was relief of thermal stresses. Goldbaum et al.

[180] observed an increase in recrystallization at the splat boundaries and splat-substrate interface
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due to substrate pre-heating, which increased both cohesion and adhesion strength of the cold spray
coatings. As annealed substrate hardness decreased from room temperature to 1000°C annealed,
our coating adhesion strength increased. To relate this situation to mechanical or metallurgical
bonding, substrate deformation must be associated with adiabatic shear instability, ASI phenomena
[86-87], but in our case, no substrate deformation occurs. As a result, mechanical anchoring, which
is influenced by substrate hardness, is not the primary factor influencing bonding mechanism
TiO2/hard metals substrate.

The thickness of the oxide layer on the substrate surface increased as the temperature of the
substrate increased during annealing. Oxide analysis was performed to confirm this situation.
Figures 4.14 and 4.15 show the XPS evaluations of the in-depth room temperature substrates to
substrates annealed from room temperature to 700°C and 400°C for SUS304 and SS400 substrates,
respectively. In situ argon ion beam sputtering can be used to analyze the distribution as a function
of depth. Figure 4.14 a—c and 4.15 a-b shows that the atomic concentration of oxygen in the inner
most part of the oxide film was raised significantly as the temperature of the annealing material
rose from room temperature to 700°C and 400°C, respectively for both hard metals substrate. This
indicates that as the annealing temperature rises, the oxide layer of hard metals substrate are thicker.
The literature indicates that bonding in cold spray is governed by mechanical interlocking and
metallurgical bonding. Severe plastic deformation at the interface, owing to the high energy
impacts of the particles, break the native oxide layers of the interacting surfaces. The disruption of
oxide layers facilitates the penetration of particles into the substrate, which leads to jet formation
and mechanical interlocking [171]. Ichikawa et al. [172] investigated the effect of the substrate

conditions on the deposition process finding out that the initial oxide film thickness has a
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substantial effect on the deposition efficiency. Yin et al. [169] claimed that, in addition to the
substrate hardness, also the particle velocity and the spray angle can influence the deformation
behaviour and final state of the oxide film. Moreover, the results indicate that the formation of a
fresh metal surface followed by an immediate contact with the mating material, which can be a
metal or oxide, is a necessary condition to form intimate bonding in a kinetic spraying process.
Many researchers have observed adhesion between metal coatings and smooth ceramic substrates.
This suggests that mechanical interlocking is not necessary for adhesion and a chemico-physical
interaction at the metal/ ceramic interface significantly contributes to adhesion [196,199,184].
Our findings revealed that as the oxide thickness on hard metals substrate increased due to the
annealing process, coating adhesion strength, particularly for SUS304, increased steadily.
Meanwhile, coating on SS400 substrates showed a slight increase from room temperature to 400°C
annealed, with no successful coating on 700 and 1000°C annealed substrates. This trend seems
reversed from mechanical or metallurgical bonding mechanism, where it requires oxide free
surface in order to form intimate contact between particle/substrate and provide good adhesion
bonding. To further understand how oxide thickness plays a role towards bonding mechanism
involved, chemical oxide analysis was conducted.

The chemical composition of the oxide layer for hard metals substrate is depicted in Figures 4.16
and 4.17. In this experiment, the annealed 400 and 700°C SUS304 oxide consists of mixture of
Fe;03, Cr203 and OH in the outermost layer. Meanwhile, 400°C annealed SS400 oxide consists
of mixture Fe;O3 and OH".

The Ellingham-Richardson diagram [214] as shown by Figure 4.37 below is utilized to show the
standard free energy of formation for oxides as a function of temperature and equilibrium oxygen

partial pressure at 200°C as indicated by red-dotted line and blue arrow for iron, chromium, and
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titanium. Our gas temperature is 500°C and referring to previous work in our lab, 200°C is the
temperature on substrate when coating is form. Gibbs equation helps us to predict the spontaneity
of a reactions on the basis of enthalpy and entropy values directly. Thus, when the reaction is
exothermic, enthalpy of the system is negative, thus making Gibbs free energy negative. Hence,
we can say that the reaction will proceed in the forward direction due to a positive value of the
equilibrium constant. This law can be scaled for two different reactions taking place in a system
too. The overall reaction (combination of two reactions) will occur if and only if net AG (sum of
AG’s of both the reactions) of the two possible reactions is negative [215].

Based on Figure 4.37, we can arrange metal oxide for substrates involved as below;

Stable

v

Fe>O3 < Cr03 < TiO;

Metal oxide for both hard metals that involved Fe;O3, Cr203 and OH™. The oxidation process of
metal generally depends on thermodynamics and kinetics. The relationship between the standard

Gibbs free energy change AG”® and the temperature T [216] is presented as follows:

AG*(Fe203) = —543,349 (j/mol) + 167.4 (J/mol K)T

AG*(Cr203) = ~746,844 (j/mol) + 173.2 (J/mol K)T

AG” will be less than 0 when T changes within a certain range, indicating that the reaction favors

generating the oxides. Moreover, /AG” for Cr203 is always more negative than AG® (Fe203) at the

same T, implying the greater affinity of oxygen to chromium. Therefore, the Cr,O3 formation is
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thermodynamically preferred in SUS304 substrate. Meanwhile, for Fe atom, although the
thermodynamics of its oxidation process is not dominant, it is the most mobile atom in the oxide
film [217]. Therefore, the FeoO3 formation is controlled more by kinetics than thermodynamics.
Figure 4.38 below showed schematic diagram of oxidation process and mechanism of the stainless

steel under laser irradation air [217].
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Figure 4.37: Ellingham-Richardson diagram for selected elements [214].
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Figure 4.38: Schematic diagram of oxidation process and mechanism of the stainless steel under laser irradation air [217]
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According to our findings, the annealed SUS304 oxide contains a mixture of Fe;Os3, Cr203, and
OH" in the outermost layer, and coating adhesion strength increased steadily as the substrate
annealing temperature increased. Meanwhile, SS400, an oxide composed of Fe;O3; and OH", was
coated successfully at room temperature and 400°C annealed only. It is clear that chromium oxide,
Cr203, plays a role in the bonding mechanism between TiO>/SUS304. As a result, a pure chromium
substrate was chosen to clarify the effect of chromium oxide, Cr203, on the bonding mechanism

involved.

Coating adhesion strength on annealed pure chromium showed an increased trend from room
temperature (0.709 MPa) to 700°C (1.44 MPa) and decreased back to 1000°C (0.479 MPa) as
shown by figure 4.29. EDX analysis and spectrum for room temperature and 700°C annealed were
shown by figure 4.30 to 4.33. In comparison to room temperature pure chromium, a large portion
of pure chromium 700°C annealed embedded on fracture coating of TiO. In order to further
understand this trend, substrate properties such as hardness, oxide thickness and oxide composition

were conducted.

Figure 4.34 shows the substrate hardness of pure chromium from room temperature to 1000°C
annealed. This figure showed a decrease trend of annealed substrate hardness from 265 Hv to 179.7
Hv at 700°C annealed and increased back to 192.1 Hv at 1000°C annealed. Pure chromium is a
bce metal that inherently brittle at room temperature due to the limited number of primary
dislocation slip systems in the crystal structures [205-206]. When exposed to high temperature (T
> 1000°C), embrittlement can also be induced via formation of brittle subnitride underneath the
oxide scale [207-208]. This explains why pure chromium annealed substrate hardness at 1000°C

showed
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a little increased trend. To relate annealed pure chromium hardness with coating adhesion strength
trend on SUS304 from room temperature to 1000°C annealed, no correlation can be made.
Therefore, investigations of oxide properties in term of oxide thickness and chemical composition

were carried out.

Figure 4.35 (a) to (d) depicts the concentration of oxygen and chromium in the substrates as a
function of depth. The data show that the concentration of oxygen in the near-surface region
increases with annealed temperature. This indicates that the pure chromium oxide layer thickens
as the annealing substrate temperature rises. Coating adhesion strength increased from room
temperature to 700°C annealed and decreased back to 1000°C annealed as oxide thickness
increased on pure chromium annealed substrate. It was discovered that the oxide properties of
Cr203 from room temperature to 700°C have an effect on the bonding mechanism involved. As a
result, the chemical composition of the oxide was studied further.

Figures 4.36 (a) and (b) show that the chemical state of chromium and oxygen for pure chromium.

The position of chromium metal at 574.0 eV was prominently present in the oxide layer for the
room-temperature substrates for pure chromium. However, at the annealing temperature of 400,
700 and 1000°C substrate, the peak position of Cr.O3 at 576.0 eV [209] was present throughout
the outermost surface of the oxide layer for the pure chromium substrate as shown by Figure 4.35
(a). This result indicates that the major components of the oxide layer at 400, 700 and 1000 °C for

pure chromium is Cr2O3. Figure 4.36 (b) showed that hydroxide also present on outermost surface

on room temperature to 700°C annealed, where the peak position is 531-532 eV [209] as indicated
by red-dotted line. Metal oxide is present on outermost surface on 1000°C annealed where the peak

is 530 eV [209].
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Based on our findings, hydroxide, OH" that exist at room temperature to 700°C annealed pure
chromium play a significant role in the increased trend of coating adhesion strength as annealing
temperature increases. Pure chromium, Cr,03, and metal oxide are present on the substrate surface
after 1000°C annealing. This could account for the decreasing trend in coating adhesion strength

on 1000°C pure chromium.

Ti0; usually has oxygen vacancies [218]. These defects are considered to be important sites for
adsorption and promotion of many surface reactions. Both O, and H>O can easily heal the oxygen
vacancy defects through dissociation. O, dissociation at the oxygen vacancies of TiO; can heal the
surface defects, restoring the stoichiometric surface. H,O dissociation, on the other hand, leads to
the formation of two OH groups on the surface. Such OH groups can considerably affect the
electronic properties of TiO2, which may lead to further adsorption, diffusion and dissociation of

O; and H»O.

TiO; has a characteristic structure of bridging oxygen atom rows along the [001] direction, six
fold-coordinated (6¢ or 6f) Ti atoms below the bridging oxygen and five-fold-coordinated (5c or
5f) Ti atoms in troughs between bridging oxygen rows, as shown in figure 4.39. The bridging
oxygen vacancy (Opr) is a common defect on TiO». Such oxygen vacancies can be created by
annealing the surface at the high temperature or bombarding with electrons [219]. For each Oy,
two excess electrons remain on the surface. Consequently, TiO> becomes rather reactive for the

dissociation of electrophilic adsorbates such as O, and H>O. Hence, it is important to understand

the electronic structure of the defective TiO surfaces [220].

180



Ending O (..a

CH
” Chapgen Vacancy
e T

\ , P
(qgﬁc'ﬁ

g -taprcdep- e gEcee- o
““ “o “%

Figure 4.39: Side view of the TiO; surface with one oxygen vacancy and an OH group. O atoms

are represented by red spheres and Ti atoms by grey spheres [218]

In order to further understand how oxide interaction plays a role in bonding mechanism of hard
metals substrate, single particle study or wipe test was conducted. The objective of the wipe test
was to study more about how TiO; particles adhere to annealed hard metals substrate. Only 1000°C

and 400°C annealed were selected because they had the thickest oxide film.
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As demonstrated in Figures 4.18 and 4.19, the Ti0: particle remained intact following the collision,
whereas the base surface of the hard metals annealed at 1000°C and 400°C remained unchanged

after the impacting during the cold-spraying process.

In the cold spray deposition process, the particle/substrate interaction can be classified into four
impact cases according to the physical and mechanical properties of the processed materials:
soft/soft, hard/hard, soft/hard, and hard/soft. In order to investigate the particle impact behaviour
under the mentioned different impact conditions, Bae et al. [96,115-116] analysed four
representative particle/substrate combinations, namely Al/Al (soft/soft), Ti/Ti (hard/hard), Al/mild
steel (soft/hard), and Ti/Al (hard/soft). In the case of Al/ Al, as shown in Figure 4.30(a), a relatively
large deformation was observed as compared to the Ti/Ti case (Figure 4.30 (b)), due to the lower
strength of the processed material. Moreover, the Al/Al condition shows a wider high temperature
region in the substrate than that of Ti/Ti owing mainly to its relatively high ductility, high thermal
softening effect, and low strain hardening. As for the impact cases of dissimilar materials Al/mild
steel and Ti/Al, Figure 4.30 (¢ and d), a different impact behaviour was observed with respect to
the previous cases. In particular, the initial kinetic energy of the particle is mostly dissipated into
plastic deformation of the softer counterpart; therefore, a much higher temperature on the soft side
is achieved. The simulation outcomes point out that the soft/hard case results in pronounced
flattening of the softer particles with a slightly deformed substrate (Figure 4.30 (c)). On the other
hand, in the hard/soft case the substrate experienced a significant deformation with a less deformed
particle that deeply penetrated into the softer counterpart (Figure 4.30 (d)). In addition, relatively
low critical velocities of 365m s—1 for Al/mild steel and 665m s—1 for Ti/Al were numerically
found. It was also proved that at the interface between particles and substrate the temperatures can

reach the melting [25,47,74,25]
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Figure 4.40: Impact process simulation for different material combination: (a) Al/Al (soft/soft),

(b) Ti/Ti (hard/hard), (c) Al/mild steel (soft/hard), (d) Ti/Al (hard/Soft) [96,115-116].

Our results agreed well with 4.30 (c), in which TiO» particles impacted on hard metals substrates
and the substrate remained unchanged after the impact. There is no correlation between the
increasing trend of coating adhesion strength of hard metal substrates, particularly SUS304, and
substrate deformation. As previously stated, mechanical anchoring caused by substrate hardness

is not a factor in the bonding mechanism TiOz/hard metals substrate.
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According to Song et al [199], the mechanisms of cold sprayed metal particles on ceramics or glass
involve additional factors such as chemical properties of the impact particles and substrates. Kim
et al.[196] 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[196]. Therefore, TEM analysis was conducted on single particle TiO2/ hard metals

substrate.

Figure 4.21 to 4.24 shown as the STEM and high magnification images of the interlayer region
between single-particle TiO, and annealed hard metals substrate. It confirms the existence of the
remaining interface oxide layer after the cold-sprayed TiO; impacted on hard metals substrate by
FFT pattern that showed an amorphous phase at interlayer, with a thickness of approximately 10nm

for SUS304 and SS400 as shown by figure 4.22 and 4.24, respectively.

Salim et al [84] prepared TiO> coatings of 400 um and 150 um on metal and tile respectively. It
was observed that adhesion strength changed little with the change of spraying parameters. This
indicated that mechanical interlocking was not the main bonding mechanism in this case, so was
the substrates’ shear instability. It was discovered that both the hardness and the oxidizability of
the substrates affected adhesion strength of TiO; coatings. The adhesion strength of TiO> coatings
could be improved by changing the surface chemistry of the substrates. It was proposed that the
chemical or physical bonding mechanism was the main bonding mechanism of ceramic coating.
TEM images proved the existence of chemical bonding between TiO, particles. By the way,
preheating could increase the oxidizability of the substrate, thus deteriorating the adhesion strength

of coatings. The result seems to be in agreement with the chemical bonding mechanism.
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Figure 4.25 to 4.27 are the TEM line analysis result of single particle TiO2 on room temperature
and 1000°C annealed SUS304 and 400°C annealed SS400, respectively. It confirms the existences
of the atomic of Ti,0 and Cr on room temperature and 1000°C annealed SUS304. On the other
hands, 400°C annealed SS400, the existences of Ti and O are presented on substrate surface. Ti
and O atomic on the hard metals substrate area are contributed by TiO: coating and TiO usually
has oxygen vacancies [218]. These defects are considered to be important sites for adsorption and
promotion of many surface reactions. Our titanium dioxide powders feedstock also has unique
properties that once break at collision and may bond again, it gives cohesion and adhesion bonding

[100-101].

Yamada et al. reported that the agglomerated powder of TiO2 in nano-scale primary particles,
which also contained nanoporosity, was fractured, leaving an unstable surface with a dangling
bond structure. The fractured particles decoupled and formed a surface with an improved stability
to reobtain a stable surface, which led to bonding of newly impacting particles and coating building
[100]. When high velocity cold sprayed TiO; particle impacted on annealed stainless steel that
already consist of oxide mixture Cr.O3+Fe>O3 + OH  on the top surface, inter oxide reaction occurs.
TiO; particle that already have oxygen vacancy, the particle will break at collision and bond again
to give cohesion and adhesion bonding by inter oxide reaction TiO,-OH™ from chromium oxide on
SUS304 that thermodynamically preferred compared to Fe>Os. This explain an increased trend of
TiO: coating on annealed SUS304 substrate from room temperature to 1000°C annealed. The
passivation layer; its thickness, chemistry (hydroxide) and structure, can contribute significantly
to impact adhesion. While it is notionally somewhat unexpected that 3 nm of growth in a

passivation layer can affect impact bonding to such a large degree, it can be rationalized on the
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basis of how localized the interface deformation leading to bonding [199]. Figure 4.31 shown

proposed schematic diagram on bonding mechanism of cold sprayed TiO2 on SUS304.

Structural steel, SS400, which also contains the oxide mixture Fe;O3+OH™ on the outermost surface
of 400°C annealed steel, only showed a slight increase in coating adhesion strength when
compared to room temperature substrate and no successful coating at 700 and 1000°C. This could
imply that SS400 requires a substrate surface that is free of oxide in order to form a good adhesion
bond between TiO2-SS400. Winnicki et al [12] cold sprayed TiO> on mild steel and the bonding

mechanism proposed is mechanical interlocking.
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TiO2 powder

l Collision on oxide layer

Once break at collision

TiO-OH" Plastic-like

inter-oxide deformation Plastic-like

and bond again

deformation

Figure 4.41: Schematic diagram on bonding mechanism of cold sprayed TiO2 on SUS304.
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4.6 Conclusions

Herein, we investigated the bonding mechanism of cold sprayed pure ceramic, titanium dioxide
on hard metals substrate through substrate properties that are annealed in an electrical furnace

temperature range from ambient temperature to 1000°C. The summary of the study’s finding are

1. The primary bonding mechanism of TiO; particle and SUS304 substrate is inter-oxide
bonding, which is provided by a chemical reaction of TiO2-OH", where OH" is provided by

chromium oxide, Cr2O3, which is thermodynamically preferred in SUS304.

2. Only certain substrate oxide compositions on certain materials, such as SUS304, have

chemically induced inter-oxide bonding. Other oxide compositions of the substrate, such

as SS400 must be removed in order for TiO;-substrate to form a bond.
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5 Summary of bonding mechanism of cold sprayed titanium dioxide

The cold gas dynamic spray or generally referred cold spray, is a relatively new spray technology
which falls under the larger family of thermal spray process [1-4]. In conventional thermal
spraying processes, such as wire arc and flame spray, the sprayed particles are partially or fully
molten when they deposit on the substrate [5,6]; moreover, the impacting velocity onto a target
surface is usually below 200 m s—1 [7,8]. By the advent of high-velocity oxyfuel process, the
particles velocity was increased and the processable materials selection was amplified [9]. On the
other hand, the cold spray uses less thermal and more kinetic energy, so the powder particles
remain in a solid state upon impact onto substrate [10]. Therefore, it can cope with the production
of different kind of coatings, pure metals, alloys, composites, nanostructure materials as well as

amorphous materials [106], on a wide variety of substrate.

In the cold spraying process, it can be divided into metallic cold spray, metallic particles on the
metallic substrate, metallic particle on polymeric substrate, ceramic coatings; ceramic
metallization where metal matrix composite (with binder) deposited on ceramic substrate and cold

spraying of pure ceramic powder without binder (Ti102) on metals substrate.

The most accepted theory for adhesion mechanism in metallic cold spray are mechanical
interlocking and metallurgical bonding. Cold spray is a solid-state deposition process since the
feedstock is not melted; however, the kinetic energy of the high velocity particles leads to
interfacial deformation as well as localized heat at the location of impact [46,81]. The conversion
of kinetic energy into deformation and heat results in mechanical interlocking as well as
metallurgical bonding at the interface [76]. Bonding at the interface is governed by the severe

plastic deformation of the materials; which, with associated adiabatic shear instability (ASI) at the
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interface, leads to the metal-jet formation [45,76]. The high velocity particle impacts cause
breakage of the native oxide layer at the surfaces, providing a particle-to-substrate contact. This
true contact of the particles with the substrate may lead to the jet formation that is governed by

ASI[15,19,27].

Drehmann et al. [148], Wustefled et al. [147] and Dietrich et al [195] bonding mechanism for cold
sprayed Al on an Al,Oj3 substrate (soft on hard). Their results revealed that bonding of Al particles
on super-finished monocrystalline sapphire substrate occurred due to deformation-induced
recrystallization in the vicinity of the particle-substrate interface. The formation of nano-sized
grains at the vicinity of the interface assists metallurgical bonding, which results in improved

adhesion strength between ductile Al particles and the Al O3; monocrystalline ceramic substrate.

The annealing process contributed to the induced ductility of soft metals substrate especially when
annealed at a recrystallization temperature of 400°C. The soft metals substrate hardness was
reduced as a result, and it became softer. When the high-velocity cold sprayed TiO» particle
impacted the soft metals substrate surface with thick 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 TiO; coating and soft metals
substrate. The metallurgical bonding, one the other hand, results from the chemical reactions
occurring at the particle-to-particle and particle-to-substrate interfaces, which requires oxide-free
interface and metal-to-metal contact. The metallurgical bonding is considered a consequence from
chemical reaction at the oxide-free interface between particles or particle/substrate [58-61].
Bonding mechanism cold sprayed TiO> on soft metals showed a similar trend like metallic cold

spray, metallurgical bonding which required free oxide surface.
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On the other hands, bonding mechanism cold sprayed TiO; on hard metals especially stainless
steel, SUS304 showed a reversed trend from adhesion mechanism in metallic cold spray. The
annealing process contributed to the induced ductility of hard metals substrate and also thicker
substrate oxide. Coating adhesion strength on stainless steel showed an increased trend as substrate
annealed temperature is increased (thicker oxide). The primary bonding mechanism of TiO»
particle and SUS304 substrate is chemical bonding by inter-oxide bonding, which is provided by
a chemical reaction of TiO2-OH", where OH" is provided by chromium oxide, Cr,O3, which is
thermodynamically preferred in SUS304. Only certain substrate oxide compositions on certain
materials, such as SUS304, have chemically induced inter-oxide bonding. Other oxide

compositions of the substrate, such as SS400 must be removed in order for TiO2-substrate to form

a bond.
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6 General Conclusions

The conventional method used to make the TiO: coating is by plasma sprayed and has an average
coating adhesion strength of 25 MPa, but the drawback of the conventional thermal spraying

process for the preparation of the TiO2 coating is the irreversible phase transformation of TiO:

structure from anatase to a less photocatalytic rutile phase at 500-600°C under normal conditions.

The cold spray process is therefore the most appropriate process since it uses low processing
temperature during the process and is based on the kinetic energy of the deposition particle. The
main interest of this study is to understand the bonding mechanism involved between TiO2 and

metals substrate, in order to increased coating adhesion strength.

This research work focus on two different cluster of substrate materials, soft metals (aluminum
and copper) and hard metals (stainless steel and structural steel) to clarify bonding mechanism

involved. The adhesion strength of cold coatings with the substrate is not only based on mechanical

interlocking. It is determined also by adiabatic shear instability, plastic deformation of the colliding
materials and static recrystallization [173,106,172,108-109]. All these factors are attributable to
substrate conditions such as hardness, material chemistry, surface roughness and temperature of

the substrate.
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(1) Soft metal substrates

The annealing process contributed to the induced ductility of pure aluminum and pure copper
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 TiO» particle
impacted the soft metal substrates annealed at 400°C with an oxide film, hence the energy
dissipating into the substrate is even more, naturally resulting in the relatively large deformation
in the substrate and small in the particle. This plastic deformation will break the thin oxide and
expose a new substrate surface, promoting intimate particle/substrate bonding where atomic
reaction between cold-sprayed TiO> particle and newly formed pure metals substrate that is oxide

free via metallurgical bonding.

Coating adhesion strength on 400°C annealed soft metal substrates decreased even plastic
deformation of the substrate present because some of the oxide layer remained as shown by TEM

results, preventing metallurgical bonding between the TiO> coating and soft metal substrates.

Some recommendation can be made from the results obtained and observations made during the
studies, such as prepared the oxide-free surface of the soft metal substrates from room temperature

to 300°C annealed to confirm the bonding mechanism involved.
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(2) Hard metal substrates

When a high velocity cold sprayed TiO; particle impacts on the surface of annealed hard metal
substrate, such as SUS304 or SS400, there is little to almost no plastic deformation of the substrate.
As a result, metallurgical bonding, which requires plastic deformation and oxide-free metal, is not
present here to explain the increase in coating adhesion strength as the annealed substrate
temperature rises. When metal is used as a substrate, the surface of the substrate will naturally

contain oxide.

As aresult, increasing the annealed substrate temperature resulted in thicker substrate oxide on the
top. SUS304 has an oxide layer composed of Fe>O3, Cr2O3, and OH™. The contribution of OH by
Cr203, which is thermodynamically preferred in SUS304, has a dominant effect on the bonding
mechanism involved. This trend has been confirmed by pure chromium substrates, where
hydroxide (OH") on the surface of pure chromium causes an increase in coating adhesion strength
from room temperature to 700°C. However, because hydroxide is removed from the surface during

1000°C annealing, coating adhesion strength at this temperature is reduced.

TiO> contributes Ti and O atomic on the hard metals substrate area, which usually has oxygen
vacancies. These defects are thought to be important sites for adsorption and the promotion of a
variety of surface reactions. According to the Ellingham diagram, TiO; has a high affinity for
oxygen. Furthermore, our titanium dioxide powders have the unique property of breaking at

collision and bonding again, which provides cohesion and adhesion bonding.
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Chemical bonding by inter-oxide bonding is the primary bonding mechanism of TiO; particle and
SUS304 substrate, which is provided by a chemical reaction of TiO,-OH", where OH" is provided

by chromium oxide, Cr,0O3, which is thermodynamically preferred in SUS304.

Only certain substrate oxide compositions on certain materials, such as SUS304, have chemically
induced inter-oxide bonding. Other oxide compositions of the substrate such as SS400, must be

removed in order for TiO;-substrate to form a bond.

Some recommendations can be made from the results obtained and observations made during the
studies by prepared the oxide-free surface of the structural steel substrate to confirm the bonding
mechanism involved. On top of that, to improve coating adhesion, prepare a Cr20O3 sub oxide on a

SUS304 substrate prior to the cold spray process.
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96T

Schematic images for general conclusion the bonding mechanism of cold sprayed TiO> on metal substrates shown in Figure 6.1 below;

Thin oxide

Soft metal substrates: Al or Cu

High velocity cold sprayed

TiO2 particle

OH +CrO +FeO
273 273

Substrate deformation & oxide breakage

exposed newly formed substrate surface.

Atomic reaction between TiOz and newly
formed substrate that oxide free gives

metallurgical bonding.

Surface oxide -

Substrate deformation is less, and thicker oxide

remains on the substrate surface. Chemical bonding

occurs because of the inter-oxide reaction between

TiO; particles and the substrate surface oxide.

Figure 6.1: Schematic images of general conclusions the bonding mechanism of cold sprayed TiO; on metal substrates



(3) Contribution of this study to the research/academic field

1.

Understanding the bonding mechanism of cold sprayed pure ceramic powder, TiO2, on
soft and hard metals substrates provides new opportunities to prepare the substrates for
cold spray process to increase coating adhesion strength in the future, particularly for
ceramic cold spray, which already has its own challenges due to brittle properties because
cold spray process required plastic deformation of powder feedstock to form a coating
on substrate surface. The highest coating adhesion strength we were able to attain is 4.93
MPa on 400°C annealed pure aluminum with no oxide condition.

In addition, clarifying the role of OH" developed from Cr203, which is
thermodynamically preferred in SUS304, opened up a new pathway for preparing cold
spray coatings on stainless steel. Preparing a cold sprayed coating on hard metals such
as stainless steel is already difficult in the cold spray process; thus, this opportunity will
improve adhesion bonding involving stainless steel material.

This study is only the beginning of future research into ceramic coating using the cold
spray process. The findings of this study indicate that it is possible to deposit ceramic
materials, which were previously thought to be difficult to deposit using this coating
process due to the brittle nature of the powders. Understanding the bonding mechanism
between pure TiO2 powder and soft and hard metal substrates can lead to improved
coating adhesion strength in ceramic cold spray. This finding opens up new possibilities
for the potential application of thick and large areas for the preparation of ceramic

coatings.
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(4) Contributions of this study to the industrial field

1.

Promising results that reveal in this study shows that cold spray can be a good alternative
to prepare cold sprayed pure TiO; coating with good adhesion strength on ceramic tiles.
On top of that, this technology not only applicable for outdoor applications such as for
the wall of building but also for indoor application to preserve the indoor quality such as
in gymnasium, hospitals.

Delamination and poor adhesion strength of soft-on-hard (TiO2 / steels) and hard-on-hard
(Ti/Ti) interfaces are of great concern for industries such as the marine, nuclear,
aerospace, automotive and electronics. Thus, understanding the mechanism of bonding
can address the issue of poor adhesion and delamination, which would assist the
advanced manufacturing sector. The understanding of bonding mechanism of TiO»/steel
will contribute to good adhesion bonding and can be applied as TiO»-based implants for

bone and dental.
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