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Abstract The properties of cold-sprayed ceramic coatings

depend not only on the process parameters but also on the

feedstock powder characteristics. To clarify the effect of

feedstock powder on cold spraying, two titanium oxide

powders were used in this study: (1) nanopowder and (2)

agglomerated powder prepared with nanoparticles and

polyvinyl alcohol. The cross sections of the deposited

coatings were observed by scanning electron microscopy

(SEM). The results showed that the agglomerated powder

with micrometer particles made of nano-sized particles

passes successfully through the bow shock layer and

reached the substrate, thus forming a coating. These par-

ticles are embedded into the substrate and form a strong

interfacial coating/substrate bond. SEM images revealed

that the metallic substrate undergoes plastic deformation,

providing interlocking with the particles of the powder, and

hence, reasonable bonding to the substrate.

Keywords agglomerated powder � cold spray �
nanopowder � powder particle morphology � TiO2 coating

Introduction

The cold spray (CS) process, also known as cold gas

dynamic spray, is a relatively new solid-state coating

technique based on the high-speed impact of metals and

ceramic particles on different substrates. A coating can be

fabricated at low temperature. Unlike those in conventional

thermal spray techniques, process gas temperatures are low

enough and exposures to the hot gas stream are short

enough to avoid melting of the particles (Ref 1-4). CS

method can be considered a safe and green technology

because of the absence of high-temperature explosive gases

and radiation. Currently, it is being used also as an additive

manufacturing process for geometrical and/or structural

restoration of defected parts (Ref 5).

The higher particle velocity and lower processing tem-

perature in CS produce a series of advantages compared to

other coating techniques like thermal spray, sol–gel, sput-

tering. The oxidation, grain growth and phase transforma-

tion can be avoided because of the limited heat effects on

substrates and spray powders. Therefore, it is possible to

deposit phase transformation-sensitive materials (Ref 6-

10), oxidation-sensitive materials (Ref 11-14) and also use

an expanded range of substrates such as metals, ceramics

and polymers (Ref 15, 16). In addition, the resulting

residual stresses in coatings are normally relatively low and

mostly compressive compared to those in thermal spray,

which permits the deposition of thick coating with lower

porosity (Ref 17, 18). CS has a high deposition efficiency

and high deposition rate and does not need a high-tem-

perature heat source. Another advantage is that the sub-

strate needs no surface preparation to achieve good

deposition. During the initial deposition stage, due to the

high kinetic energy of the powder in the spray process, the

particles impacting the substrate will act as cleaning agents
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in a way similar to sand blasting. Surface contaminants

such as dirt, oils and native oxide layers are removed by the

initial particle collisions (Ref 19, 20).

In the last decade, much work has been done to explore

the bonding mechanism during the CS process (Ref

21, 22). The accepted hypothesis on the bonding process is

that a coating is formed through the intensive plastic

deformation of particles impacting a substrate at a tem-

perature well below the melting point of the spray material.

The bonding of cold-sprayed particles is associated with

adiabatic shear instability, leading to large plastic strains,

and occurs beyond a certain velocity (Ref 19, 23). At

impact velocities above the critical velocity, a large pro-

portion of the impact energy is converted to heat. There-

fore, the temperature in the contact area rises rapidly which

leads to viscoplastic material flow away from the impact

site (Ref 24). This jet cleans the oxide film off particles and

substrate surfaces, increasing their activity for metallurgi-

cal bonding.

The CS process is most typically applied to metallic

powder but not to ceramic ones because of their brittle

characteristic (Ref 25). A brittle ceramic would not go

through plastic deformation but would instead break.

However, several studies have shown the ability to fabri-

cate a ceramic coating such as TiO2, by cold spray. There is

a specific interest in the deposition of TiO2 coating by CS,

as this technology would overcome the undesirable anatase

to rutile phase transformation issues of TiO2 coating. In

2004, Ballhorn et al. (Ref 26) initially reported on using CS

to embed anatase particles in a plastic surface. The parti-

cles penetrated the polymer and provided a certain area of

metal oxide on the surface, which was intended to enable

the photocatalytic degradation of contaminants. Later, in

2007, Klassen and Kliemann (Ref 27) used TiO2 powder

mixed with a ductile metallic powder to manufacture a

photocatalytic coating by cold spray process. With this

mixture, only 30-80% of metal oxide particles appear on

the top surface of the coating, which may limit the final

performance of the photocatalyst. Yang et al. (Ref 28)

deposited nano-TiO2 powder, which had already been

agglomerated by using an organic binder. The powder after

agglomeration is relatively spherical with the size in a

range of 10-45 lm. During CS process, the TiO2 powder

impacts on a substrate surface at a high velocity and the

spherical powder deform under high transient impact

pressure due to the presence of organic binder in agglom-

erated particles. Although this organic binder can help

improve the adhesion of the coating to the substrate, but

coating includes certain impurities such as a binder mate-

rial, which is quite undesirable for the photocatalytic

application of the TiO2 coating. After that, Kliemann et al.

(Ref 29) investigated the formation of TiO2 coating on four

different metal substrate types. The TiO2 particles ranged

from about 3 to 50 lm and were cold-sprayed using

nitrogen as a processing gas with an inlet pressure of

4.0 MPa. The spray particles did not build up a coating

because of their brittleness and high pressure of the coating

process. Due to fracture under the elastic rebound forces,

the brittle sprayed particles broke, and only small remnants

remained on the substrate. As a result, the researchers were

unable to fabricate uniform TiO2 ceramic coating by cold

spray.

In 2010, Yamada et al. (Ref 30) reported successful

titanium oxide film production by cold gas spraying and

also showed that no modification to the cold spray equip-

ment was needed. During the spraying, they changed pro-

cess parameters such as the nature of the gas, the pressure

and the temperature in order to understand whether they

were important in fabricating TiO2 ceramic coating. This

study showed that the process gas conditions are not a main

factor in ceramic deposition cold spray process. Further-

more, their results prove that the microstructural and

mechanical characteristics of feedstock powder are the key

influencers of the deposition efficiency and properties of

cold spray coating. However, the influence of starting

powder as an important parameter for the formation of

oxide material coating by CS is not yet well understood.

In the present study, two types of TiO2 powder,

nanopowder and submicron-sized sintered powder, were

used as feedstocks in the deposition of nanostructured TiO2

coating on aluminum substrate by cold spraying using

nitrogen as the processing gas. The effect of the feedstock

morphology on coating deposition was investigated. The

morphology and crystal structure of the powders and

microstructure of the coated samples were analyzed. In

addition, some mechanical properties of coating, including

adhesion strength and hardness distribution were evaluated.

Experimental Procedure

Materials

Two types of commercially available TiO2 powder (Cosmo

chemical, Korea) were used as the starting powder in the

present study. Powder A was composed of nanocrystal

particles and powder B was prepared through agglomer-

ating ultra-fine particles, using polyvinyl alcohol as a

binder. The agglomerated powder was tempered for 2 h at

800 �C in air atmosphere before spraying. An aluminum

plate with dimensions of 100 mm 9 30 mm 9 1.5 mm

was employed as a substrate for coating deposition. An

average Vickers microhardness of 47.97 ± 1.2 HV was

obtained for the substrate under a 100-g load. Prior to

spraying, the substrate was rinsed with acetone. The

chemical composition of the substrate was measured by
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energy-dispersive x-ray (EDX) spectroscopy and is pre-

sented in Table 1.

Processing of Coating

A custom-built high-pressure cold spraying system was

employed to deposit the coating. A spray gun with a con-

verging–diverging de Laval-type nozzle with a 2-mm

diameter throat, a 175-mm long diverging section, and an

exit diameter of 5 mm was adopted. The substrate was

moved by an X–Y drive system at a traverse speed of

20 mm/s during spraying in order to form a uniform

thickness coating. Nitrogen gas was employed as both an

accelerating gas and powder feeding gas, at a pressure of

1.5 and 1.6 MPa, respectively. The gas temperature in the

prechamber was 500 �C. The standoff distance from the

nozzle exit to the substrate surface was 35 mm.

Powders and Coating Characterization

X-ray diffraction was used to detect the phase and crys-

talline structure of the powders. XRD patterns were

obtained using a Co-ka radiation (k = 1.78897 Å) source

at a setting of 40 mA and 40 kV (X’Pert MPD, Philips).

XRD spectra were recorded by scanning 2h in the range

10 -90�. The average crystallite size of the TiO2 powders

was estimated using the XRD data and the Scherrer

equation (Eq 1):

D ¼ Kk
bCosh

ðEq 1Þ

where D is the crystallite size in nm, K is the shape con-

stant (0.9), k is the x-ray wavelength of Co-ka radiation in

nm, h is the Bragg’s angle in degrees, and b is full width at

half maximum (FWHM) of the diffraction peak and can be

calculated by the Warren’s formula (2).

B2 ¼ B2
m � B2

s

� �
ðEq 2Þ

where Bm is broadening of the peak in the XRD pattern and

Bs is broadening of the same peak obtained from XRD

pattern of a standard bulk powder with crystallite size

greater than 1 lm (Ref 31). The coated samples were

prepared using cold mounting, grinding and fine polishing

to achieve the desired surface. The powder morphology

and cross-sectional microstructure of the granule powder

and coating were observed by scanning electron

microscope (SEM: Philips XL30) and field emission

scanning electron microscopy (FESEM: MIRA3 TE-

SCAN). The porosity of the granule powder and coating

was determined using image processing from the cross-

sectional SEM images. The surface roughness of the sub-

strate before and after spraying was determined by field

emission scanning electron microscope cross-sectional

image. The microhardness of powder B was tested with a

microhardness tester under a 100-g load for a loading time

of 10 s, while the microhardness of the substrate was tested

under a 100-g load for a loading time of 20 s. The adhesion

between the coating and the Al substrate was evaluated by

ultrasonic cleanout. The coating was put in a 185 W

ultrasonic cleaner for 1 min. The adhesion was evaluated

according to the spalling state of the coating.

Results and Discussion

Characterization of Feedstock Powder

XRD spectra of the starting powders are shown in Fig. 1. It

can be seen that powder A has a single-phase anatase

structure and powder B has both anatase and rutile phase

structures. The existence of the rutile phase is due to the

annealing process at 800 �C. The rutile content in powder

B was calculated by using the diffraction intensity of rutile

and anatase in the XRD pattern. The following equation

was used to estimate the rutile content in powder B.

XR ¼ 1

1 þ 0:8 IA=IR

� � ðEq 3Þ

where XR is the rutile content in powder B, and IA and IR
are the intensity of the anatase peak (101) and rutile peak

(110), respectively, in the XRD pattern. Powder B was

Table 1 Chemical composition of aluminum substrate in wt.%

Al Si Mg Fe Zn Cu Mn

Balance 1.79 0.5 0.41 0.38 0.26 0.09

Fig. 1 The XRD spectra of feedstock powders
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composed of 97.34% anatase phase and 2.66% rutile phase.

It is obvious that the dominant crystal phase present in

powder B after heat treatment is an anatase phase with

tetragonal crystal structure. The crystallite sizes calculated

using the Scherrer’s equation were 34 nm and 40 nm for

powders A and B, respectively. Heat treatment increases

the crystallite sizes and crystallinity in TiO2 powder.

The morphology and the size distribution of the powders

A and B used as coating materials are shown in Fig. 2 and

3, respectively. The average particle sizes of the powders

were measured from SEM images. Figure 2 reveals that

powder A consists of spherical ultra-fine particles with a

diameter of about 100 ± 15.3 nm. Figure 3 displays that

powder B has an agglomerated structure consisting of very

fine nanoparticles. The morphology of powder B is

spherical, with a diameter of about 80 ± 11 lm.

Figure 4 shows the cross-sectional SEM image of

powder B. Nearly all particles in powder B exhibited a

spherical morphology and porous microstructure. The

measurement results showed that the powder’s porosity is

% 21 ± 0.8, and its microhardness is 17.5 ± 2.2 HV0.1.

Characterization of Coating

Figure 5 shows a cross section of cold-sprayed TiO2

coating deposited on aluminum substrate with powder A. It

is clear that only a very thin coating is present on the

substrate surface. The thickness of the coating is about

490 nm, and it was found that the coating thickness could

not build up further due to starting powder characteristics.

Powder A consists of fine nanoparticles that have a loosely

agglomerated morphology. This uncontrolled agglomera-

tion of nanoparticles is due to their high surface energy.

Few of the spherical nanoparticles and irregular loose

agglomerate particles can cross through the bow shock

layer near the substrate, due to their small size. Therefore,

it seems that only around 10-20% of powder A was

deposited on the substrate since a thicker ceramic coating

did not build up.

Figure 6 shows the cross-sectional microstructure of the

coating prepared with powder B. It is clear that continuous

TiO2 coating with a thickness of 15-20 lm was deposited

on the substrate surface. In comparison with Fig. 5, powder

B formed a more defined and thicker coating. Detailed

observation of the interface between coating and substrate

shows no delamination and good adhesion. Most of the

impacted particles stick to each other well and build up the

coating. Although it is impossible for ceramic particles to

deform under the impact of spray particles, the tamping

effect will compact particles under high impact pressure.

As a result, an apparently dense coating is formed with the

successive deposition of spray particles.

It seems that both powder types were deposited under

the same conditions, and there are no visible large pores

and cracks, due to the tamping effect caused by the con-

tinuous impacts of particles. Apart from these similarities,

the thickness of the coatings achieved with powders A and

B differ, as shown in Fig. 5 and 6. That with powder B is

30 times thicker than that with powder A. Since the coating

deposition parameters are same for both coatings, it seems

that the starting powder characteristics caused this

difference.

The differences between powders A and B during the

cold spray process are explained next. As shown in Fig. 2

and 3, the particle size distributions of the two powders

differ significantly, in turn significantly affecting the flow

ability of the powders. As an example of the latter, powders

typically exhibit poorer flow properties than coarse

Fig. 2 Powder A characterization: (a) morphology of TiO2 powder, (b) particle size distribution
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particles or agglomerates. This agglomeration can be a

valuable tool in improving the flow ability of powders.

Therefore, powder B can be carried with N2 gas and reach

the substrate more easily than powder A.

Studies have shown that particle velocity has a strong

effect on coating deposition. To reveal differences during

deposition of the two powder types, the particle velocity

for each powder was calculated by the formula mentioned

in Assadi et al.’s paper (Ref 32). Their formula considers

the effect of various factors on particle velocity:

Vpi ¼ V 1 þ q0d
qpdp

 !�1

ðEq 4Þ

where Vpi is the impact velocity of particles, q0 is gas

stagnation density, d is a fitting parameter of about

0.0007 m, qp is particle density, dp is particle diameter, and

V is the approximated particle velocity at the nozzle exit,

calculated as follows:

V ¼ c2ffiffiffiffiffiffiffiffi
RT0

p þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qpdp

CdLdp0

s !�1

ðEq 5Þ

where c2 is 0.42 for nitrogen, R is the universal gas con-

stant, T0 is the gas stagnation temperature, p0 is the gas

stagnation pressure, Cd is the drag coefficient, and Ld is

length of the diverging (supersonic) part of the nozzle.

According to Eq 4 and 5, Vpi is plotted as a function of

particle sizes for powders A and B. Figure 7 shows the

variation of impact velocity versus particle sizes for pow-

der A and B. It is clear that the particle impact velocity, in

Fig. 3 Powder B characterization: (a) SEM micrograph, (b) particle size distribution

Fig. 4 Cross-sectional view of the powder B

Fig. 5 FESEM micrograph of

the TiO2 coating deposited with

powder A: (a) cross-sectional

image, (b) zoom up image
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response to particle size, increases from 47 to 94 m/s for

powder A and 450-563 m/s for powder B. For the average

particle size of powder B, the average impact velocity is

about 494 m/s, which is much higher than the impact

velocity for powder A. In summary, powders with larger

particles accelerate to a higher velocity and so are more

easily deposited onto the substrate than the powders with

smaller particle.

One of the important parameters that effect powder A

spraying and its velocity is the bow shock layer. The bow

shock has a negative influence on deposition efficiency as a

result of reduced particle velocity. Powder A, due to its

very small particles, has low kinetic energy and is signif-

icantly slowed by the bow shock layer. Therefore, in the

CS process, powder A is deflected before it reaches the

substrate. Gilmore et al. (Ref 33) and Hanft et al. (Ref 34)

predicted that the smallest particles (\ 5-15 lm) could be

decelerated and even deflected away from the substrate by

the bow shock. In conclusion, powder B, because of its

agglomerate structure, has better flow ability and can pass

through the bow shock layer and hit the substrate at high

speed, but powder A, with its very small nanoparticles,

cannot reach to the substrate at an appropriate velocity.

Based on the discussion above, powder B obtains high

kinetic energies and hits the substrate at high velocity,

leading to plastic deformation of the metallic substrate,

associated with increased surface roughness. As shown in

Fig. 8 and 9, the surface roughness increases significantly

after cold spray deposition of powder B. This roughness

causes mechanical entanglement that might also play an

important role in the buildup stage (Ref 29). For brittle

materials like ceramics, the first layer is achieved by plastic

deformation of the ductile metallic substrate; i.e., the par-

ticles are embedded into the substrate without any addi-

tional binding agent or calcination procedure.

Figure 9(b) shows that the coating/substrate interface is

relatively rough when the particles hit the substrate at a

high speed. As a result, titanium oxide particles embed in

the Al substrate. Although the deposition mechanism of CS

has not been understood well until now, but it is clear that

the powder structure and properties are crucial for the

preparation of the desired coating.

The porosities of powder B and the TiO2 coating were

measured using cross-sectional SEM images. Image ana-

lyzer results show powder B and the TiO2 coating porosi-

ties as %21.5 ± 0.8 and %12.7 ± 1.6, respectively.

Fig. 6 Interface between the TiO2 coating by powder B and Al substrate: (a) SEM images of cold-sprayed TiO2 coating, (b) FESEM of interface

Fig. 7 Variation of the particle impact velocity for powder A (a) and powder B (b)
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Compared to the initial powder, the coating has lower

porosity. Subsequent impacts of other particles may have

partly lessened the porosity of the coating by hammering

the previously deposited particles into the substrate.

Figure 10(a) and (b) shows the surface morphology of

the coating before and after ultrasonic cleaning, respec-

tively. For the coatings deposited with powder B, no

spalling of the fabricated coating occurred to the sample.

The coating shows good enough adhesion with the sub-

strate as well as good cohesion within the coating. The

boundaries between the particles become ambiguous in

both the surface and cross section (Fig. 6a), suggesting that

strong particle/particle bonding occurred in the coating

with powder B.

Conclusions

Differences during the deposition of titanium oxide coating

were investigated using two different powder types, nano-

TiO2 powders and agglomerated powders. Better parti-

cle/substrate bonding and buildup continuous ceramic

coating were observed for the agglomerate submicron

powder. The key to this result is attributed to the particle

velocity differences during cold spray that affected by two

competing mechanisms outside of the nozzle during CS.

Both powders accelerate due to the free gas jet outside of

the nozzle; however, the presence of the bow shock, which

exists a short distance from the substrate, theoretically

reduces the nano-TiO2 powders velocity. The agglomerate

TiO2 powders pass through the bow shock layer and impact

the substrate at high velocities. In this case, the substrate is

Fig. 8 Surface roughness of the Al substrate before coating

Fig. 9 Surface roughness of the Al substrate after cold spray process with; (a) powder A, (b) powder B

Fig. 10 Surface morphologies of the coatings by powder B (a) As-deposited layer, (b) after ultrasonic cleaning for 60 s
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deformed due to high impact velocities of the agglomerate

powders and continuous TiO2 coating with a thickness of

15-20 lm with a good enough adhesion to the substrate

was deposited. In addition, the porosity of the TiO2

agglomerate powder may lead to the breaking down of the

particles when impacting the substrates. Then, the crystals

are decoupled and their newly unstable surfaces bond to

other counterparts, creating more stable interfaces, which

allows for the bonding of the newly impacting particles and

thus the buildup of the coating. In conclusion, through

optimization of the powder structure, the properties of

cold-sprayed ceramic coating can be improved and tailored

for better performance.
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