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Abstract

The following study, using four experiments, exaesimew ways for coating efficiency
specifically concerning cost-effectiveness. Thestfiexperiment involved the deposition of
photocatalytic TiQ film with low power atmospheric suspension plaspeaying using Ar/k
working gas. As the photocatalytic titanium oxidefdeposition process, thermal spray is hoped
to be utilized practically since it is relativelgsy to deposit anatase rich films. However, because
of its high equipment and feedstock power costs tery difficult to introduce thermal spray
equipment into small companies. In this study,awalop a low cost thermal spray system, what
is examined is low power atmospheric suspensiosnmaspray equipment using titanium
hydroxide suspension created by hydrolysis of ititartetra iso butoxide using Ar, N2 as working
gas. For avoiding sedimentation of the hydroxideigas in the suspension, mechanical milling
of the suspension was conducted (to create collsuaspension) before using it as feedstock.
Moreover, the new designed ultrasonic wave contair@es used to keep the suspension particles
moving while the spray process was conducted tiféefilm deposition, as for the coating, anatase
rich TiOz film could be obtained. For characterizationhaf film, microstructure observation by
an optical microscope, and X-ray diffraction wasrieal out. Consequently, by creation of
colloidal suspension, deposition could be conducstétiout sedimentation of the hydroxide
particle in the suspension during operation. It \wesved the film had enough photocatalytic
property to decolor methylene-blue droplet. Theosdcexperiment looked at the design and
optimization of an ultrasonic atomization plasmeagsystem for coating photocatalytic itin
films. Ultrasonic atomization plasma spray sys(eMAPSS) was designed to provide a systematic

and cost-effective mechanism which is capable pbdiing nanoparticles and TiGhin films



with consistent crystalline structure and stoichetny. The common atomization techniques for
feedstock feeding, which use pressure in ordeeterate feedstock mist, generally produce drops
over 100 times more than the atomization techniegieg ultrasonic. UAPSS seeks to fulfill the
need for more precise control of structural, motpyical, and optical properties of TiO2 thin
films. In the experiment, an ultrasonic atomizsrte a frequency of 1.7MHz was used to atomize
the starting material, ethanol titanium tetrabutiexiThe carrier gas was Ar and its flow rate was
1.6 L/min. The working gas was Argon, and its floate was 5 L/min. Deposition distance was
varied from 20 to 100 mm and spray time was 15 te&uTiQ thin film included rutile and
anatase was deposited. Methylene blue decolonztggiing suggests that the deposited: Tilgh

has effective photo-catalytic properties. The thexiperiment looked at the deposition of
photocatalytic TiQ film with a new design of ultrasonic atomizatiolagma spray using Ar
working and carrier gas. In the experiment, arastinic atomizer set to a frequency of 1.7MHz
was used to atomize the starting material, ethataolium tetrabutoxide. The carrier gas was Ar
and its flow rate was 1.6 L/min. The working gasswagon, and its flow rate was 3.4 L/min.
Deposition distance was varied from 20 to 100 mohspray time was 15 minutes. Bi@in film
included rutile and anatase was deposited. Metleytdune decolorization testing suggests that the
deposited Ti@ film has effective photo-catalytic properties. THeposited films featured a
columnar structural morphology. The final experitieoked at the disposition of photocatalytic
TiO2 film with a new design of ultrasonic atomizatiolagma spray using Ar working anc: N
carrier gas. In the fourth experiment, an ultrés@tomizer set to a frequency of 1.7MHz was
used to atomize the starting material, ethanatitita tetrabutoxide. The carrier gas was &hd

its flow rate was 1 L/min. The working gas was Angand its flow rate was 5 L/min. Deposition

distance was varied from 20 to 150 mm and sprag thas 20 minutes. Ti&Zhin film included



rutile and anatase was deposited. Methylene bloeloigzation testing suggests that the deposited
TiO2 film has effective photo-catalytic properties.the second, third, and fourth studies, the
deposited films featured a columnar, porous strattmorphology. From these results in all three
studies, the newly designed ultrasonic atomizaptasma spray system seems to be highly
promising for the rapid fabrication of functiondin films. All show photo-catalytic properties
are present. The use of these new coating efti@smprove to be a sustainable and cost-effective

measure.
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CHAPTER 1.
State of the Question and Literary Review

1. Introduction

1.1 Background of this study

Within recent years, nanostructured materials HBaen an important consideration in the
development of various engineering applicationadileg to targeted development of materials
with desirable mechanical properties such as stinesrgd hardness. Nanostructured materials are
chiefly created using a fine microstructure, crddtg depositing small melted particles onto a
substrate. Cobalt ferrites, with particle size lgsm 10 nm, are of interest due to their magnetic
and structural properties [1].

Research has shown that many of the unique materaderties of nanostructured
materials are based in the large volume ratio tdrival surfaces. Several methods are used to
produce nanoscale coatings (thickness less tham)2beginning with a gas phase, including
reactive magnetron sputtering [2], chemical vappasition (CVD) [3], plasma-assisted thermal
CVD [4], and hypersonic plasma particle deposifiinFor thick coatings (thickness greater than
100 um), many studies have documented the thermady sdeposition of agglomerated
nanoparticles. These particles are in a mushy stai@pact [6] or are made of materials with
different melting points such as TiCand AbOs [7]. The mechanical techniques of spraying,
spinning, dipping and draining, flow coating, roleating, pressure-curtain coating, brushing,
and offset printing of reagent solutions [8] aredifor depositing coatings from liquid media that
are subsequently reacted chemically to form thegeaic thin film product. Chemical reaction of

the coating residue, often by thermal oxidationdrolysis, or pyrolysis (in the case of



metalorganics) produces the desired solid flmn8pmi deposition of film-forming solutions is
widely used in solid-state technology. Liquid spreyating is probably the most versatile
mechanical coating technique of the depositionriggles noted, and it is particularly well-suited
for high-speed automated mass production. Depasitiovery thin films is possible by judicious
selection and optimization of spray machine paramsdor forming “atomized” droplets and the
reagent and solvent systems used to formulateptiag 8quid [9]. Suspension and solution thermal
spraying technology, an attractive technique irtingatechnology, has been used for depositing
nanostructured coatings. It is technically difficial feed powders of particle size less than 10 - 5
um due to the effect of surface forces on powdew fin the newly developed suspension plasma
spray (SPS) process, nanosized particles are sieghém a liquid before being injected into the
plasma plume, thus circumventing the normal feedmeghods, similarly, the solution precursor
plasma spray (SPPS) process deposits melted fekdstto a substrate as splats. The difference
between SPPS and SPS processes is the nature fefettetock material. The SPPS and SPS
methods combine the simplicity and high throughpfitthe plasma spray process with the
versatility and economics of the spray pyrolysiegesss to produce the desired nanostructured
materials [10]. In the SPPS process, metal saiptexes are dissolved in a water / organic solvent
to form a liquid solution, whereas in the SPS psscenetal powders are dispersed in a water /
organic solvent to form a powder suspension. Mogean SPPS, the coating is produced directly
from a solution precursor and all physical and dleaimreactions, such as evaporation,
decomposition, crystallization and coating formatioccur in a single step [11]. The coating is
built up by the overlapping and stacking of laygéeposited in each pass of the plasma torch.
Photovoltaic and dye-sensitized solar technologh lb@ed the application of liquids and

coatings during the manufacturing process. As rabgitese substances are very expensive, any



losses due to over-spray or quality control aremmized with the use in this study of new designed
ultrasonic feeding system. In efforts to reducemtfamufacturing costs of solar cell, control only a
few millimeters of expensive catalyst material {flcate range) The mist resulting from ultrasonic
treatment is most commonly used in fuel cell captipplication, highly porous and homogeneous
coating, efficient combustion and particles heaticantrol of drop size, and control of particle
velocities. In addition to using air, it is pos&ilib use various carrier gasses. Moreover, the air
atomizing spray method has disadvantages suchghenagrates of catalyst in air spray droplets,
Fig.1, the nanoparticles remain agglomerated, #fhdudty of control expensive catalyst material.
The morphology, crystalline structure, structurebgerties, optical properties, electronic
properties, and stoichiometry of TA®Ps and TFs have very sensitive deposition cantiti This
is an inherent disadvantage for many physical valemosition methods [11, 12] such as laser
ablation, where there are large variations in fht&cal and structural properties of the synthesized
NPs and TFs [13]. These variations in NPs propediese from small changes in the deposition
conditions, which are a key challenge in the dgwalent of techniques for the production of TiO
NPs and TFs at a large industrial scale. The nelesigned ultrasonic plasma sprayer offers a way
to keep the deposition system as simple as posaible keeping costs at a minimum and
maximizing throughput. The conventional depositinethod of titanium oxide thin film for the
photocatalytic application (anatase-Ej@tc.) can be deposited by various depositionniecies
such as sputtering, CVD, MOCVD, spray pyrolysisgd aol-get process. However, there are
several engineering problems associated with tdepesition processes such as low deposition
rate, high deposition time, and requirement of gpeand costly equipment, such as vacuum
equipment. The sol-get process is further hampleyettie difficulty of thick film deposition due

to break down by internal stress occurring duriagasition. One approach to improving the cost



and deposition time, low deposition rate, hightstgrmaterial powder cost, and ability to control
film’s structure and makeup is to use suspensiasrpa spray to deposit titanium oxide film.
Moreover, produce a design work with the suspengoecursor plasma spray equipment. The
Photovoltaic and dye-sensitized solar technologth bequire the application of liquids and
coatings during the manufacturing process. Withtrobshese substances being very expensive,
any losses due to over-spray or quality controbf@ms are minimized with the use of this newly
designed ultrasonic feeding system. In an efforettuce the manufacturing costs of solar cells,
by controlling as little as a few millimeters ofpensive catalyst material (flow rate range), the
mist resulting from ultrasonic vibration can be me@®mmonly used in fuel cell coating
applications. It provides highly porous and homagers coating, efficient combustion and
particle heating, controllable drop size, contiialégparticle velocities and the possibility of ugsin
several different gases instead of air as carres. ®n the other hand, the air atomizing spray
method has disadvantages such as agglomerates oétélyst in spray droplets. Nanoparticles
remain agglomerated, and there is difficulty collitrg the expensive catalyst material. Plasma
spraying has been widely used as high rate thiok fleposition process in the atmosphere
environment. In the plasma spraying, feedstock moa/dre melted and accelerated by a plasma
jet towards a substrate. Upon impact with the sabesstthe molten particles flatten and solidify to
form “splats”. However, development of a high rdilen deposition method using simple
equipment such as suspension plasma spray. Hemu®catalytic titanium oxide film deposition
by atmospheric suspension plasma spray usinguitatetra iso butoxide (TTIB, Ti(O€l9)4) as
feedstock was carried out. On the other hand, $tigting material powder cost such as use ethanol
as a diluted titanium buthoxide to raise the terapee of the combustion flame to use it as a liquid

feedstock for this deposition processes the higheisient powder cost need to be solved in this



study.

1.2 Motivation for thesiswork
Titanium oxide thin film for photocatalytic applitan (anatase-Ti@) etc.) [14] is typically

deposited using several deposition techniques asisputtering, CVD, MOCVD, spray pyrolysis,
and sol-get process. However, there are severahesming problems associated with these
deposition processes such as low deposition rapmgition time, and requirement of special and
costly equipment, such as vacuum equipment [154. Sdt-get process is further hampered by the
difficulty of thick film deposition due to break dm by internal stress occurring during deposition
[16]. One approach to improve the cost, depostiioe, low deposition rate, high starting material
powder cost, and ability to control the film’'s stture and makeup is to use various spraying
techniques that are more compatible with the dadacan better address the engineering problems.
The creation of outputs that correspond to the lprob of sedimentation for suspend patrticles in
case of suspension and the precise control oftthehgometry of precursor’s solutions prepared
by wet chemistry method need to be investigate reldeer need for precise control of structural,
morphological, and optical properties methods &pakiting titanium dioxide, as a thin films, and
the control only a few millimeters of expensiveatgst material (flow rate range) during the
deposition process. In addition, reduce cost oigent that used to deposition materials by spray
plasma need for deposited Ti@in films that produced in a singlstep route without the need
for laborious, expensive purification and excessineealing procedures. On the other hand, need

for full and accurate control of the depositionqass.

Plasma spraying has been widely used as a highthizte film deposition process in

atmospheric environment [17], difficulty of film ngponent and structure control and high



ingredient powder or/and solution precursor costdre be solved in this study.

In the plasma spraying, feedstock powders are thelted accelerated by a plasma jet
towards a substrate. Upon impact on the substretanolten particles flatten and solidify to form
“splats”. However, development of high rate filnmpdsition method using simple equipment such
as suspension plasma spray, solution precursomplaspray (SPPS). Hence, photocatalytic
titanium oxide film deposition by atmospheric susgien plasma spray, solution precursor plasma
spray, using TTIB as feedstock was carried out.tf@mther hand, high starting material powder
cost such as use ethanol as a diluted TTIB to theséemperature of the combustion flame to use
it as a Liquid Feedstock for this deposition preess the high ingredient powder cost needs to be
solved in this study [18]. Though, ethanol has eotyroperties is a versatile solvent, miscible
with water and with TTIB. In order to solve the pkem is to use a starting material without ethanol
and use only distilled water. In this process,riaction between the alkoxide precursor and the
desired amount of water occurred in an anhydroeshal medium. The hydrolysis and

condensation reactions can be summarized as follows

Hydrolysis: Ti(OGHo)4 + 4HO = Ti(OH) + 4GH7OH (D)

Combustion: Ti(OH)= TiO2 + 2H0 2

However, the liquid feedstock starting material (OH)s hydroxide) preparation was
difficult to make it distribution mixture becauss particles is un-dispersant, therefore if the
particles are large enough, then their dynamic \ehan any given period of time in suspension
would be governed by forces of gravity and sedimgm. Therefore, resulting in difficulty
atomization and then deposition. Consequently, WWaslucted Mixing process using simple

equipment In order to distribute the material ia thixture and reduce the particles size has been



successfully done, and it can be deposited onubstsate using suspension plasma spray, and
different spray parameter.

To the authors™ knowledge, no studies on the déposdf TiOz which starting material
Ti(OH)s hydroxide by suspension plasma spray have begortesl in the literature. These

observations and requirements motivate the workgmied in this thesis.

1.3 Literature Review

1.3.1 Suspension plasma spray (SPS)

SPS consists of the injection of a liquédrer containing the suspended solid powders into
the plasma jet. Therefore, particles must be pitppiispersed to provide a stable suspension
without excessive agglomeration or settlement, othbThis is achieved with the help of
appropriate dispersant and using milling procebsésre and mixing during the injection process
to prevent overly enlarged agglomerates and tokbtleam up if formed. A novel technology,
called suspension plasma spray (SPS), was developtte production of ceramic powders. This
technique reduces the time and energy [19]. (Ssspeplasma spraying: SPS). The nanometer-
sized particles are dispersed into the liquid phgsmeans of dispersants: the suspension is then
injected either as a liquid stream or as drops aftbulization. Depending upon the injection and
plasma jet conditions, the liquid stream or drapkete fragmented due to flow shear forces and
vaporized. Plasma spray coatings from liquid femdshave generated numerous new scientific
articles and conference contributions, particulailying the last 6-7 years. All these works are
based on results that emerged in the late-1990sméakpossible to manufacture nanostructured
thick (from about ten to hundred micrometers) cugdiexhibiting numerous unique properties,
such as good thermal insulation and resistancleonal shock, excellent wear resistance and

improved catalytic behavior. The two processes ased



1) Suspension thermal spraying with feedstock n@fdeanometer- or sub-micrometer sized
particles in suspension;

2) Liquid precursor thermal spraying with feed&tatade of a solution.

1.3.2 Solution Precursor Plasma Spray (SPPS)

Karthikeyan was the first to publish on using auioh precursor [20-22]. This early work
served as a proof-of-concept for the solution premy but well-adhered coatings were still not
able to be formed. Research continued, and in 20@fined process was published that could
produce thermal barrier coatings [23], YAG filmg[2and silicon ceramic coatings [25]. Research
on the technology has continued and grown, withUWheversity of Connecticut and Inframat
Corporation leading much of it. The resulting SR$8& thermal spray process where a feedstock
solution is heated before being deposited. Basipgaties of the process are fundamentally similar
to other plasma spraying processes. However, idistigajecting a powder into the plasma plume,
a liquid precursor is used. The benefits of utiiizthe SPPS process include the ability to create
unique nanometer-sized microstructures withoutifextion feed problems normally associated
with powder systems, as well as flexible, rapidlesqtion of novel precursor compositions.
Solution precursor plasma spray is a coating dépasprocess that uses conventional plasma

spray equipment and solution precursors ratherdbeamic or metal powders as starting materials.

1.2.3 Photovoltaic device
Following the decision of oil crisis to stop thewl of oil to the West during the 1973 oil
embargo, there was unrest in the West as the pfio# increased and a shocking picture of the
Prime Minister of Belgium riding a bicycle to hiffioe appeared in many newspapers around the
world. This instigated the search for an alterreaource of energy. Western scientists therefore

concluded that the best alternative is renewaldegyn26].



Conventional energy sources based on oil, coal,natgral gas have proven to be highly
effective deliverers of economic progress, buhatdame time damaging to the environment and
to human health. Furthermore, they tend to be cgkin nature, due to the effects of oligopolies
in production and distribution. These traditionakdil fuel-based energy sources are facing
increasing pressure along a host of environmerdats. Perhaps the most serious challenge is to
supply modern energy services to more than 2 hilieople who lack access to electricity and
still use traditional solid fuels [27]. This challge may even be one of the most pressing problems
facing humanity today [28]. Therefore, power getierasystems using renewable energy such as
concentrating solar power, hydropower, geothermizigl power, solar cells, and so on have been
studied at length.

Thin film coatings are used to protect photovol@évices such as solar cells, which are a
key renewable energy source and part of a quickdyvong renewable energy industry. Although
silicon has been mainly used in solar cells theeetao types of silicon photovoltaic cells: balk
types with required film thickness of 200 pm, amdogphous silicon photovoltaic cells with
required film thickness of 0.001 um. Amorphougsit is produced by depositing silicon thin
film onto substrate. While the cost is lower congghto crystalline types because less silicon is
used, even in this process the fabrication castiliigh [29,31].

Another type of photovoltaic device is the dye-#&resd solar cell (DSSC). Dye-sensitized
solar cell (DSSC) is the third generation of salall which was developed by O° Regan and
Gratzel in 1991 [32]. Dye-sensitized solar cellhaitit using silicon has been spotlighted recently.
The dye-sensitized solar cell consists of transgalectrodes, a photovoltaic device, electrolytes,
and catalytic electroconductive electrodes likeiplan and/or carbon [29]. The advantages of

DSSC are that it can be engineered into flexibleetd) low cost of sensitization material



production, ease of fabrication and low processpature. Due to the low cost of the overall
production of DSSC, it has been expected that B8Otype of solar cell will give a higher return

of investment (ROI) when compared to Siliconbas®drscell (Si-SC) [31].

In DSSC, titanium oxide anatase is the primary typed as a photovoltaic device. The
importance of TiQ as a photocatalytic material was discovered bjskima and Honda in 1972
[32].

In the photocatalytic process TA@ activated by illumination with (UV) light hawinan energy
higher than the band gap. Given a band gap of E@ =V for anatase and 3.0 eV for rutile.

TiO2 has several naturally occurring modifications, thest common ones being rutile,
anatase and brookite [33]. Titanium oxide alsolbeen widely used in various industries. As for
the utility, TiOz has been used for not only insulator and paintslso antibacterial coat [9]. T¥O
is almost the only material suitable of industtigke at present ,and also probably in the future.
This is because Tithas the most efficient photoactivity, the highetability and the lowest cost.

TiO2 used as a photo-catalyst was only anatase typeavge band gap.

One of the important goals of current solar cedesrch and manufacturing is to simplify
processing steps (this reduces fabrication cost&@neases the yield) and reduce equipment costs

[30]. On DSSC, the electric power conversion edindy can be raised to 30% [29].

1.2.4 Atmospheric plasma spray
The torch for plasma spraying is based on theli@estype plasma generator (Gerdien and
Lotz, 1922). The process of spraying with the ulsa plasma has been patented by Gage et al.
(1962), as well as by Giannini and Ducati (1968%][The plasma generator, depicted in Fig. 1.1,

consists of a circular anode, [34] usually of capped a cathode of thoriated tungsten [35]. The

10



cathode is made of graphite in a water-stabilibedht The electric arc discharge, supported by a
generator through the connectors [36, 37] heatthepvorking gases [38], which expand in the
atmosphere, forming a jet. The powder suspendeddarrier gas, is injected into the jet. The
particles of the powder after being melted and lacated in the jet impact the substrate and form
the coating. Fig. 1.2 shows a commercial plasmehtorstalled onto a robot arm. Atmospheric
plasma spray is the most versatile of all therrpahy processes. Using an electric arc to ionize
flowing process gases, the hot gas stream canrieotied to melt a very wide range of powder
feedstock materials to apply high-quality coatingsnetals, metallic alloys, carbides, cermets,
and oxide ceramics. Atmospheric plasma spray agatine used for many different applications,
just a few of which include bond coats, corrosioatmgs for many different service environments

and temperatures, wear coatings, restoration @mtand thermal barrier materials.
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Figure 1.1 Schematic of a section of a plasma torch: (1) an(®) cathode; (3) water outlet and
cathode connector; (4) water inlet and anode cdong®) inlet for working gases;
(6) powder injector; (7) electrical insulator
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Figure 1.2 A modern plasma torch installed on a robot: (1¢ho(2) compressedair barrier; (3)
compressed-air cooling; (4) powder injector (Pavdkivet al., 1991). Plasma torch
installed in The Monash University, Melbourne, Aaft.
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CHAPTER 2
Design of Suspension asblution
Plasma Spray feedstock feeder parameters

2.1 SPS Design Parameters
2.1.1 Introduction

Thermal spray feedstock is discussed with attentmnhe quality of the coatings and
components. The technological aspects, phasedfiddnand parameter optimization for each
thermal spray process differ with various alloyssf@&nsions consist of solid particles dispersed
in a liquid medium. In coating applications, themse particles of the coating material to be
deposited. The liquid medium’s function is to cattmg particles from a feed hopper to the torch.
Suspensions for coating applications must havela tegree of consistency to ensure stable and
repeatable deposition rates, efficiencies, and ipalygproperties. Suspension consistency is
difficult to establish because suspensions areamttly unstable unless certain measures are taken.
Particles have a natural tendency to settle anck stigether forming larger clusters or
agglomerates (Fig 2.1). This behavior is detrimieiotéhe operation of the liquid feed equipment
and hinders the achievement of stable and repeataaterial flow. For flow to be useful, the
particles in the suspension must be well-dispeadl homogeneous throughout the coating
operation. Although the stirring agitator in thguid feed hopper assists in mixing, the suspension
itself must be designed to resist settling and @ggtation. Particles as liquid suspensions used
for coatings mostly range in size from a few migdoewn to 0.01 microns, or 10 nanometers. The

suspended patrticles settle over time, which idakedimentation. While smaller particles do not
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settle as expeditiously as larger particles, thaydtto stick together more readily due to
electrostatic attraction, thence forming agglonmesafhese clustered particles sediment in the
same way that large single particles do. Sedimegnégticles are problematic for spray processes
because they can clog the narrow orifices in tlepesasion feeder. Suspension and liquid feed
systems must work together in an overall desigimaduce coatings with repeatable characteristics.
This study develops suspensions that are optimizg@erformance for the prototype liquid feed
equipment and achieve the desired properties fernticro- and nanoscale structures of the
functional layers produced. In an ideal suspengiom particles are fully separated, or dispersed,
in the liquid. If the particles are small and seped, the sedimentation process is much slower.
The problems are dealt with in previous researclereltagglomeration is counteracted by a
combination of chemical and mechanical processes:

» The agglomerates are pulled apart in the ligaidugh various types of high-energy mixing.

» The particles are treated in order to preveatrtfirom sticking together.

This is commonly achieved using a class of chenacalpounds called dispersants. Solid particles
attract each other. For this reason, energy isetttmseparate the particles from each other in the
second step of the dispersion process. Also, paliticles must be stabilized after they have been
separated from each other. The particles will mimveach other and glue together again when
particle-particle repulsion is insufficient. Theospaneous process of gluing together of solid
particles in a liquid is called flocculation. Thenttion of a dispersant is to prevent flocculation.
Dispersants do their job because the moleculesrladso the solid-liquid interface and assure
repulsion between the particles. One example iagbef a dispersant that imparts either a positive
or a negative surface charge to the particlesep keem separated through electrostatic repulsion.

Well-dispersed suspensions also benefit from redlutEosity, which allows them to flow more

14



easily in a pressurized feed system.

In this study, in order to avoid sedimentation bé thydroxide particles in the suspension,
mechanical milling of the suspension was condutidetteate an ideal suspension before using it
as feedstock. A new ultrasonic wave container vesggthed to keep the suspension particles fully
separated, or dispersed, in the liquid while th@gprocess occurs. One of the challenges of this
research was the problem of TiQarticles settling to the bottom of the spray repguring
spraying. The settling particles had a strong teogl¢o clog inside of the external sprayer nozzle
and reduce the quality of the coating achieved/enestop the spray entirely. In order to eliminate
clogging, a new ultrasonic container feeder washbgped to thoroughly suspend Tti@articles,
which could be used while spraying (Fig 2)e new feeder is designed to ensure high effigienc
and performance during spraying where the desigksvay low-energy input power (30 W) and
a simple fabrication process and design. This nestem of using ultrasonic waves to spray the
suspension particles to the plasma jet proved sstdein creating high-quality photocatalytic

film coatings.

2.1.2 The M echanism of The SPS Feeder

The mechanism of the feeder works when an ultraseave travels through a fluid, the
phenomenon of attenuation results from several ar@sins of absorption. At the beginning of
the propagation, the absorption is mainly due ® \fscosity of the liquid since the thermal
agitation did not have enough time to exert ithigfice. Each layer of the fluid tends to slow down
the displacement of the adjacent layers causingttieidamping of the wave as it penetrates into
the fluid. Besides viscosityhere is appearance of the conduction thermal phenon which

results from the heat transfer between the regaindilatation and compression. The wave
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propagation causes a thermal agitation withinlilnd tharacterized by the collisions of the atoms.
and rese the thermal energy of the liquid at th@esaime less viscosity due to increased
temperature of the liquid of 70°C shown in Fig .2l4is the Brownian motion which causes the
coupling or energy exchange between the wave mdaimh the internal motion (translation,
vibration, rotation). These waves motion keep tagiges of the suspension vibrate and rotation
while the ultrasonic works causing the particledyfaseparated, or dispersed, in the liquid. The
Brownian motion is a random motion of microscopatizles with different velocities resulting
from the increase in temperature and caused bynthecular shocks. The local periodic variation
of the pressure due to the wave propagation ingolvemolecular displacement (rotation +
translation). This displacement is caused by tleecase in the internal energy of the fluid. The
change of the potential energy causes a changbeosttucture of the fluid because of the
modifications of the distances between the diffeloms. To pass from one energy level to
another, each atom acquires a certain energyngavlisorder explained by the presence of holes
in the energy levels. These displacements areahe s those, which leads to the relaxation
mechanism, i.e. the return to equilibrium after thedification of the positions and the structure
of the fluid molecules. The return to the equiliion is achieved after a certain time named
relaxation time. The entropy of the fluid increasmad any increases in entropy means the
establishment of an irreversible equilibrium staecompanied by energy dissipation and

dispersion in the frequency domain.
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Sedimentation line

Figure 2.1 The sedimentation rate is measured by restingstispension in a glass container and
observing the clear liquid phase over time. Ther@ sharp interface between the growing cleardiqui
layer at the top and the settling suspension coinithe particles at the bottom

Wettmg Stabmsatlon
agglomerate ¢ Separatron

B @t

Figure 2.2 Three steps in the dispersion process.
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Figure 2.3 Dynamic viscosity of water function of temperature
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2.1.3 SPS Feeder Design Concept and Sketch

This method of the new ultrasonic feedstock mixeding system design covers the
procedure for SPS is based to avoid the sedimentgatiocess occur in the liquid and reduced
viscosity of the liquid, which allows the Ti(articles to flow more easily in a pressurizedifee
system. An ultrasonic container uses a ceramichdsn vibrating at an ultrasonic frequency (0.5
- 1.7 MH2z) to agitate the suspended particles aigkrthe temperature of suspension until 70 °C
while spray to the plasma jet (Fig. 2.5). The sprathod was external spray using an airbrush

atomization feeding system where the suspensitmsisatomized and sprayed into the plasma jet.

Air brush
Coating
T ALY
Ultrasonic wave container Anode(Nozzle) *Vater out
Catljode \ I H :.
\ — e~ — —
. N — R
e *
! L )
Water in 1
]l
Feedstock ; .
Plasma jet
N, A pgfer Substrate
source

Figure 2.5 Schematic diagram of the suspension plasma spR§)(&quipment
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Figure2.6 Side view of the SPS feeder
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Table 2.1: Feeder description in figure 1.1

Feature

Description

Materiel Outlet

Materiel outlet to the

plasma jet
Top cover Control Open close
cover
Container Contains liquid
feedstock
Standpipe Flexible Plastic Pipe

Ceramic diaphragm

Piezoelectric cerami
disk

Bottom cover

Control Open close
cover

21
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Figure 2.7 Photo of the SPS feeder container.
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2.1.4 Mechanical Components Drawing and Dimensions

Figure 2.8 Exploded view drawing of SPS feeder
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Table2.2:

Feeder components in figure 2.9

components

Material Outlet

Top cover

Standpipe

Container

Gasket

Ceramic diaphragm

Bottom cover
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SOUDWORKS Educational Product, For I

Figure 2.9 SPS feeder section view
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2.2 Ultrasonic Atomization Plasma Spray System UAPSS
Design Parameters

2.2.1 Introduction

Photovoltaic and dye-sensitized solar technologf In@ed the application of liquids and
coatings during the manufacturing process. As rab#itese substances are very expensive, any
losses due to over-spray or quality control areimized with the use of the newly-designed
ultrasonic feeding system. In efforts to reducerttaufacturing costs of solar cells, control was
reduced to only a few millimeters of expensive lyatamaterial (flow rate range). The mist
resulting from the ultrasonic atomizer is most camiy used in fuel cell coating application,
highly porous and homogeneous coating, efficiemhlmastion and particles heating, control of
drop size, control of particle velocities, and ttespossibility of using several gases insteadrof a
However, the air atomizing spray method has disaidepes such as getting agglomerates of
catalyst in air spray droplets (Fig. 2.15), the opaarticles remaining agglomerated, resulting in
difficulty controlling the expensive catalyst magébr

The morphology, crystalline structure, structunadgerties, optical properties, electronic
properties, and stoichiometry of TA®Ps and TFs have very sensitive deposition canditiThis
is an inherent disadvantage for many physical vajsposition methods [1, 2] such as laser
ablation, where there are large variations in fht&cal and structural properties of the synthesized
NPs and TFs [3]. These variations in NPs propesgiese from small changes in the deposition
conditions which are a key challenge in the devalept of techniques for the production of ZiO
NPs and TFs at a large industrial scale. It is s&agy to keep the deposition system as simple as
possible and keep costs at a minimum while at #mestime maximizing throughput. The new

designed ultrasonic plasma spray offers such aortpmty.
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Liquids breaking up into droplets resiritsn the surface waves generated at the freecurfa
of a thin film that forms as the liquid spreads rotlee atomizing surface. This technique is
characterized by a fine atomization, a low spralpaity and simple liquid feeding equipment.
Ultrasonic atomizers are well suited for medicatagg, techniques such as humidification,
combustion, drying, applications in agriculture tafiec powders production and surface coating.
Some experimental investigations dealing with glirac atomization are available in the literature
There are three major techniques of atomizersblast, electrostatic, and ultrasonic. The spray
pyrolysis technique using the electrostatic atomizealled Electrostatic Spray Deposition (ESD),
the technique using the air blast atomizer is naRredsurized Spray Deposition (PSD), and the
technique using Ultrasonic atomizer is generallyogmized as the ultrasonic or normal Spray
Pyrolysis (SP). In this study ultrasonic atomiaatplasma spray system (UAPSS) was designed
to provide a systematic and cost-effective mectmamibich is capable of depositing nanoparticles
and TiQ thin films with consistent crystalline structureda stoichiometry. The common
atomization techniques for feedstock feeding, whish pressure in order to generate feedstock
mist, generally produce drops over 100 times niwaa the atomization technique using ultrasonic.
UAPSS seeks to fulfill the need for more preciseta of structural, morphological, and optical
properties of TiQ@thin films. In this study the design was basedlata and analysis results using
MATLAB Mathematical Analysis Program. The prograrasaused to obtain and estimate an idea
for building input data design. The prototype wasigned using the SolidWorks program for the

final shape of the UAPSS design.
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Figure2.16 Drop spray pattern. (a) Cross section of air spiraplet. (b) Cross section of the
ultrasonically atomized droplet.

Table 2.3. Characteristics of atomizers commonly used iagpyrolysis

Atomizer Droplet size (um) Atomization rate #min)
Pressure 10-100 3-no limit
Nebulizer 0.1-2 0.5-5
Ultrasonic 1-100 <2
Electrostatic 0.1-10
High——
frequency —
input . gog%gcg 0
pe— 0 0oQ ©°%,¢
- g();;ocnc DGO(? o o
- - L) Dco o @ )o
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Figure. 2.17 Schematic of commercial ultrasonic atomi2er
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2.2.3 Mechanism of The UAPSS Feeder

The mechanism of the ultrasonic atomization plaspray system is shown in Fig. 2.12.
The liquid flows through the micro pump unit, pagsthrough the dispersion liquid delivery tube
to the automation container unit. The liquid wharops as droplets onto the ceramic diaphragm
by needle has 0.2 mm diameter to the piezoelemtriamic disc that converts electrical energy to
mechanical energy in the form of vibration. Thecdiscillates in presence of electrical current at
ultrasonic frequencies. As the frequency of odiiliaof the plate increases, wave crests form and
very minute droplets of liquid have enough enemyiteak the surface tension and disperse as

mist. The mist is moved into the plasma jet byieagases pressure.

| coofing unit | ERIE
I i nozzle
" I /
/ Micro pump H-HHH I ::::‘
—
Feedstock
material liquid | S e
precursor i
delivery Pressure control channel
— - ==
=]
u o
| s |
" { e0 O I
Ceramic diaphragm vibrating f'
. Power supply

Figure 2.18 Ultrasonic atomization plasma spray feeding sysiperation
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2.3 Design analysis parameters
The design was based on several factors. Theselgicl

* Nozzle type

Liquid characteristics (e.g. viscosity, solids @)

Flow rate

Fluid mechanics

The final design uses the plasma jet nozzle type. liquid characteristic was tested using
different viscous precursors and the fluid visgogiis chosen for the automation process using

the design. The precursor viscosity has been disclis the experiments section.

2.3.1Inlet carrier gasflow parameters

The inlet carrier gas flow parameters were caledlaising MATLAB as seen in the
following code, where N represents the number ¢éd)ad is the diameter of the small holes in
meters, and D stands for the diameter of the pipaaters. Other variables and calculated values
are explained using comments in the code. In thegnam, air flow at the inle, (m?3/s), is
calculated by multiplying the pipe's cross-secti@raa,A, by an assumed constant factor of 0.1

m/s.
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The equations are conservation of mass for equa(ibi3), and Bernoulli’s equation for (4,
5). The variables aréi is the number of holeg), for the volumetric flow rate between the i'th
control volume (shown as dotted lines in the figuge are the volumetric flow rate leaving each
hole i,p; is the pressure in the i'th control volumes the area of a hole, addis the cross-
sectional area of the pipe s the air density at the operating temperature.

There areV mass conservation equations for théoles,N equations for the flow raig

leaving each hole, andl — 1 equations for the pressure drop between holes)gg3N — 1
equations total), is the inlet flow rate and must be specified b/ diser. In the code, the equations

(5) were simplified using equations (4) to elimm#te pressures.

0=Q,-Q-q, fori=1 1)
0=Q_,-Q-q fori=2.N-1 (2)
0=Q,—q, fori=N (3)
2 (4)
1 (q)
p'_E'OLE i=1.N
1 (Q) ®)
p.+1‘p.:§,0L% I=1.N-1
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Figure. 2.19 Inlet gas flow rate pipe with holes.
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Figure 2.20 Inlet gas flow rate pipe with holes.

%%% %% %% %% % %% %% %% % %% %% %% % %% %% %
% Inlet gas flow rate pipe with holes simulation

%%0%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % %% %% %% % %%

N=11; %number of holes
d = 0.005; %m diameter of small holes
D =0.03; %m diameter of pipe

rho =1.2; %kg/m”"3 density of air at sea level
a = pi*xd"2/4; %area of small holes
A = pi*D"2/4; %area of pipe cross-section

Q_0=0.1*A; %m~"3/s flow rate

Q = linspace(Q_0,0, N-1); %Q_0*ones(1,N-1); %flow rates in

pipe between holes

g = zeros(1,N); %flow rate out of the holes

p = ones(1,N); %pressure below each hole

x0 = [Q,q,p];

options =

optimoptions(  'fsolve’ , 'MaxFunctionEvaluations' ,500*(3*N)"2,
" 'Maxlterations' , 500*(3*N), ‘Algorithm’ , 'trust-region-
dogleg’

x = fsolve(@(x)governingEquations(x, Q_0, a, A, rho ,
N),x0,options);

Q = x(1:N-1);
g = X(N:(2*N-1));
p = X(2*N:(3*N-1));

figure(1)
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subplot(3,1,1);

plot(1:N, g/a, ‘0" ),
xlabel(  'hole number’ );
ylabel(  ‘'velocity (m/s)' );
ax = gca;

ax.FontSize = 16;

subplot(3,1,2);

plot(1:N, p, 0" );

xlabel(  'hole number’ );
ylabel( ‘pressure (Pa)' );
ax = gca;

ax.FontSize = 16;

subplot(3,1,3);

plot(1:(N-1), Q, 0" ),

xlabel( 'hole number’ );

ylabel( ‘'flow between holes (m”3/s)’ );
ax = gca;

ax.FontSize = 16;

function  F = governingEquations(x, Q_0, a, A, rho, N)
Q = x(1:N-1);

g = X(N:(2*N-1));

p = X(2*N:(3*N-1));

%mass balances

k=1,
F(k) =Q_0-Q(1) - q(1); %equation (1)
for i=2:(N-1)
k= k+1;
F(k) = Q(i-1) - Q() - a(i); %equations (2)
end %for i
k=N;
F(K) = Q(N-1)-q(N); %equation (3)
%hole pressure equations
for i=1:N
k=k+1;
F(k) = p(i) - 0.5*rho*(q(i)/a)"*2; %equations (4)
end %for i

%between-hole pressure jump equations
for i=1:(N-1)
k = k+1;
F(k) = q(i+1)"2 - q(i)"2 - (a/A)"2*Q(i)"2; %equations
5
end %for i

end %function governingEquations

Listing 2.1 Inlet gas flow rate pipe with holes simulation
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2.3.2 Theoutput of inlet carrier gas

The following figures show the inlet carrier ga®gsure, velocity, and the flow rate
between the holes inside the ultrasonic atomizgtlasma spray as a function of the number of
holes. The pressure increases gradually from hateber 1 to hole number 11. Likewise, the air
velocity is increased gradually from hole numbetolhole number 11, whereas the flow rate

between the holes is decreased gradually fromraigber 1 to hole number 11.

4
1053356 <10 . . : : .

1.053354 )

1.053352 - 7

1.05335 - 7

1.053348

pressure (Pa)

1.053346 |- o 7
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hole number

Figure 2.21 The calculated hole air pressure as a functiorotg humber.
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Figure 2.22 The calculated hole air velocity as a function oliehnumber
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2.3.3 Theflow between station A and station B for design

The calculation analysis using MATLAB for the desig based on conservation of mass for
equations (6-8), and Bernoulli's equation for ecqurat (9-13). The);; are the volumetric flow
rates between points i andp}.is the pressure at point i, aAgdis the cross-section area at point i.

werei and j are any of the points A..F in the apparatus the air density at the operating

temperature.

Qae = Qgr (6)
Qer = Qrp @)
Qrp + Qcp = Qps Eg;

1 Q) . .1 (Q.)
w2 ) TR

1 Q) . 1(Q.) (10)
“2 ) T )

10Q.) L. 1/(Q,) (11)
T2 ) TR )

10Q) o, 1 (9) 12)
212, ) TR A

1 () . 1/(q,) (13)
22 ) TR )
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Figure 2.23 Shows a flow system. For steady flow between station A and station B.
Velocity arrows wer e calculated with the Plasma tor ch flow rate script in
Listing 2.

43



%%%%%%% %% %% %% %% % %% %% %% %% %% % %% %00

% Plasma torch TiO2 script 3/27/18

%%%%%6%%% %% % %% %% % %% %% %% % % %% % %% %% %% % %% %% %6 %% %0 %69
clear all

%define constants

g =9.81; %m/s”2 - acceleration of gravity

M = 0.039948; %kg/mol molecular weight of Argon
Ru = 8.3144598; %J/(K-mol) universal gas constant
R =Ru/M; %gas constant for Argon

%define parameters

p_room = 101300; %Pa - pressure of air in room

T_room = 20+273.15; %K - temperature of air in room
gamma = 1.67;  %specific heat ratio

par.rho = p_room/(R*T_room); %kg/m”3 - density of air (assumed
constant)

par.mu = 0.02*1e-3; %Pa-s viscosity

par.a = sqrt(gamma*R*T_room); %m/s speed of sound
par.D_A = 25e-3; %m

par.D_B = 7e-3; %m

par.D_C = 7e-3; %m

par.D_D = 7e-3; %m

par.D_E = 53e-3; %m

par.D_F = 6e-3; %m

par.A_A = 0.25*pi*par.D_A"2;
par.A_B = 0.25*pi*par.D_B"2;
par.A_C = 0.25*pi*par.D_C"2;
par.A_D = 0.25*pi*par.D_D"2;
par.A_E = 0.25*pi*par.D_E"2;
par.A_F = 0.25*pi*par.D_F"2;

par.L1 = 60e-3; %m
par.L2 = 70e-3; %m
par.L3 = 100e-3; %m
par.L4 = 50e-3; %m
par.L5 = par.L1/2; %m
%define input pressures
par.p_B =-0.06; %Pa
par.p_C =-0.01; %Pa
par.p_E =-0.005; %Pa

%solve the equations
x0 = zeros(1,8);

0%
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options = optimset( ‘Display’ , 'iter’ ); % show iterations
x = fsolve(@(x)equations(x,par),x0, options);
par.p_A = x(1);

par.p_D = x(2);

par.p_F = x(3);

par.Q_AE = x(4);

par.Q_EF = x(5);

par.Q_FD = x(6);

par.Q_CD = x(7);

par.Q_DB = x(8);

par.V_A = par.Q_AE/par.A_A;

par.V_B = par.Q_DB/par.A_B;

par.V_C = par.Q_CD/par.A_C;

par.V_D = par.Q_DB/par.A_D;

par.V_E = par.Q_FD/par.A_E;

par.V_F = par.Q_FD/par.A_F;

par

V = abs([par.V_A, par.V_B, par.V_C, par.V_D, par.V_
par.V_F]);

D = [par.D_A, par.D_B, par.D_C, par.D_D, par.D_E, p
Re = par.rho*V.*D/par.mu;

minRe = min(Re)

maxRe = max(Re)

maxMach = max(abs(V)/par.a)

%%%%%%%% %% % %% %% %% % %% %% % %% %% % %% %% % %9
%%%%%%%
% This function has the equations in it, in the for
% wherex=[p_ Ap Dp FQ AEQ EFQ _FD Q _CD Q_DB]
% par are par.p_B,p_C,p_E, rho, A_A, A B,A C, A D,
L1, L2, L3]
%%0%%% %% % %% %% % % %% %% %% % %% % %% %% %% % %% %
%%%%%%%
function  deviation = equations(x, par)
_A =x(1);

p_B = par.p_B;

p_C = par.p_C;

p_E = par.p_E;

p_D =x(2);

p_F =x(3);

Q_AE = X(4);

Q_EF =x(5);

Q_FD = x(6);

Q_CD = x(7);

Q_DB = x(8);

rho = par.rho;

A_A=parA_A;

A_B = par.A_B;

A_C=par.A_C;

A_D =par.A_D;

A_E = par.A_E;

A _F =par.A F;

ar.D_FJ;

mg(x) =0
and the
A E AF,

45

48/0%0%%

48/0%0%%



deviation(1) = Q_AE - Q_EF;
deviation(2) = Q_EF - Q_FD; %equation (7)
deviation(3) = Q FD +Q _CD - Q_DB; %equation (8)
deviation(4) = p_A + (0.5*rho/A A)’\Z*Q AE*abs(Q

(0.5*rho/A_E)*2*Q_AE*abs(Q_AE); %equation (9)
deviation(5) = p_E + (0.5*rho/A_E)"2*Q_EF*abs(Q

(0.5*rho/A_F)"2*Q_EF*abs(Q_EF); %equation (10)
deviation(6) = p_F + (0.5*rho/A_F)"2*Q_EF*abs(Q

(0.5*rho/A_D)"2*Q_DB*abs(Q_DB); %equation (11)
deviation(7) = p_D + (0.5*rho/A_D)*2*Q_DB*abs(Q

(0.5*rho/A_B)"2*Q_DB*abs(Q_DB); %equation (12)
deviation(8) = p_C + (0.5*rho/A_C)*2*Q_CD*abs(Q

(0.5*rho/A D)’\Z*Q DB*abs(Q_DB); %equation (13)

end %function equations

%equation (6)

%%%%%%% %% % %% %% %% %% % %% %% %% % %% %% %% % %
%%%%%%%% %% %%

% Draw the picture with labels

%%%%%%% %% % %% %% %% %% % %% %% %% % %% %% %% %%
%%%%%%%% %% %%

function  drawApparatus(x, par)

DB = x(8);

“A=par.D_A/2;
B =par.D_B/2;
_C =par.D_C/2;
D= par D_ D/2

;U;U;U;U;U;UOOOOO

L5 = par.L5;

figure(  'Position’
hold on;

, [1000 1000 600 900]);
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%axis square
%Plot the device outline

%Put the coordinate system at the centerline
X =10,0;

R_E, O;

R_E, L5-R_A]; %bottom right corner
plot(X(:,1),X(:,2), k)

X=[R_E, L5+R_A;

R_E, L1,

R_F, L1+L2;

R_F, L1+L2+L3;

L4/2,L1+L2+L3]; %right side
plot(X(:,1),X(:,2), k)

X =1[0,0;

-R_E, O;

-R_E, L1;

-R_F, L1+L2;

-R_F, L1+L2+L3;

-L4/2,L1+L2+L3]; %left side
plot(X(:,1),X(:,2), k)

rectangle(  'Position’ J[-L4/2, L1+L2+L3+2*R_B, L4, 2*R_B],
'‘FaceColor' [.7.7.7));

rectangle(  'Position’ J[-L4/2, L1+L2+L3-2*R_B, L4/2-R_F,
2*R_B], ...
'FaceColor |[.7.7.7]);

rectangle(  'Position’ JR_F, L1+L2+L3-2*R_B, L4/2-R_F, 2*R_B],
'FaceColor |[.7.7 .7]);

%Draw the velocity vectors
N_F =5; %number of velocity vectors to draw across the sect ion
F

%section A:

N_A = N_F*round(R_A/R_F); %number of velocity vectors to draw
across the section A

y_A =linspace(L5-R_A,L5+R_A, N_A);

X_A = R_E*ones(size(y_A));

u_A =-V_A*ones(size(y_A));

v_A = zeros(size(y_A));

%section B:

N_B = N_F*round(R_B/R_F); %number of velocity vectors to draw
across the section B

y_B =linspace(L1+L2+L3, L1+L2+L3+2*R_B, N_B);

x_B =-0.5*L4*ones(size(y_B));

u_B =-V_B*ones(size(y_B));
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v_B = zeros(size(y_B));

%section C:

N_C = N_F*round(R_C/R_F); %number of velocity vectors to draw
across the section C

y_C =linspace(L1+L2+L3, L1+L2+L3+2*R_B, N_C);

Xx_C = 0.5*L4*ones(size(y_C));

u_C =-V_C*ones(size(y_QC));

v_C = zeros(size(y_C));

%section D:

N_D = N_F*round(R_D/R_F); %number of velocity vectors to draw
across the section D

y_D =linspace(L1+L2+L3, L1+L2+L3+2*R_B, N_D);

x_D =-R_F*ones(size(y_D));

u_D =-V_D*ones(size(y_D));

v_D = zeros(size(y_D));

%section E:

N_E = N_F*round(R_E/R_F); %number of velocity vectors to draw
across the section E

x_E =linspace(-R_E, R_E, N_E);

y_E = L1*ones(size(x_E));

u_E = zeros(size(x_E));

v_E =V_E*ones(size(x_E));

%section F:

Xx_F =linspace(-R_F, R_F, N_F);
y_F = (L1+L2)*ones(size(x_F));
u_F = zeros(size(x_F));

v_F =V_F*ones(size(x_F));
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, 'AutoScale’ =, 'on' , ‘'AutoScaleFactor' , 0.3);

%Draw the text to label points
X=[R_E,L5;
-L4/2,L1+L2+L3+R_B;
L4/2,L1+L2+L3+R_B;
-R_F,L1+L2+L3+R_B;
0,L1;
0,L1+L2];
pIot(X( ,1),X(:,2), “r, 'MarkerSize' , 16);
X(;,1) = X(;,1) + R_E*0.02;

text(X(l 1), X(l 2), ‘A", 'HorizontalAlignment' , left’ );
text(X(2,1),X(2,2), '‘B' , 'HorizontalAlignment' , left’ );
text(X(3,1),X(3,2), 'C' , 'HorizontalAlignment' , left’ );
text(X(4, 1),X 4,2), ‘D", 'HorizontalAlignment' , left’ );
text(X(5,1)- R E*0.02 X(5,2)-
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L2*0.05, 'E' , 'HorizontalAlignment' , 'center' );
text(X(6,1)- R_E*0.02,X(6,2)-
L2*0.05, 'F' , 'HorizontalAlignment' , ‘center' );

end %function drawApparatus

Listing 2.3 Program to calculate the flow rates and veloctiegifferent points in the
apparatus.

par =
struct with fields:

rho: 1.6603

mu: 2.0000e-05
a: 319.2072

: 0.0100

: 0.0150

: 0.0080

- 0.0150

: 0.0530

0.0100

7.8540e-05

:1.7671e-04

: 5.0265e-05

:1.7671e-04

0.0022

: 7.8540e-05
L1: 0.0600

L2: 0.0700

L3: 0.1000

L4: 0.0460

L5: 0.0300

p_B:2

p_C: 2.3000

2.5000

7948

TmMoOOm@>,

>0 00000

>|>|>|>|>|
TMoOO®m >

E:
A: 0.
D: 2
F:0.7948

AE: 1.2362e-04
EF: 1.2362e-04
FD: 1.2362e-04
CD: 2.7225e-05
DB: 1.5085e-04
A:1.5740

B:

p_
p_
p_
p_
Q_
Q_
Q_
Q_
Q_
V_
V_B:0.8536
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minRe = 246.5412

maxRe =1.3067e+03

maxMach = 0.0049

Listing 2.4 Output of the plasma torch flow rate script.

2.3.4 Characteristics of flow in the UAPSS and gases mixing
point

Table 2.1 shows the characteristics of flow inetiét locations in the UAPS feeder. The air
flow rate inlet as a carrier gas and Ar flow rataswalculated to figure out the efficient mixing
points based on knowing the type of flow. Turbulemting occurs in jets and in other flows, so it
may be regarded as a universal phenomenon of ambel However, the higher turbulence flow

point found at location B suggests the efficiernting point is at location B in the plasma nozzle.
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Figure 2.24 Air carrier gas and Ar gas flow inside the UAPS®:&er
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Table 2.4 Characteristics of flow in deferent location indsdne UAPSS feeder. The cutoff for
turbulence was taken to bedre 4000.

Location p U % D Re | Types of
km /m3 kg/m-s | m/s m Flow

A 1.2 1.8x 107> [0.125|/0.065 | 541 Laminar

E 1.2 1.8 x 1075 [0.125|0.065 541 Laminar

F 1.2 1.8x 107> |[14.8 | 0.006 5920| Turbulent

C 1.6 1.8x107> |5.2 0.009 | 1970| Laminar

B 1.6 1.8x 107> [4.9 0.15 6533 | Turbulent
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2.4 UAPSS Feeder M echanical Components Drawing and
Dimensions

Figure 2.25 Exploded view drawing of UAPSS feeder.

53



Table 2.4 Feeder components in figure

# components

1 Argon Nozzle

2 Nozzle part 1

3 Nozzle part 2

4 Copper Pipe

5 Cover

6 Top conical shape

7 Droplet pipe

8 container

9 Inlet gas flow rate pipe with holes
10 Ceramic diaphragm with

bottom cover
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DETAIL F
SCALET:1

Figure2.26 Detail view of UA ultrasonic atomization plasmaapsystem.
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Figure2.27 3D view of UAPSS
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Figure 2.28 Different side view of UAPSS
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Figure 2.29 Sketch of UAPSS container in millimeter scale
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SECTION D-D
SCALE3

SECTION C-C
SCALE 3

12

12

Figure2.30 Section view of nozzle No.2
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Figure2.31 Section view of nozzle No.1
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SECTION A-A

Figure 2.32 Section view of Ar inlet nuzzle
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SECTION B-B
SCALET 1

Figure 2.33 Section view of copper pipe (Gas transmissioa)lin
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SECTION C-C
SCALE3:2

Figure2.34 Section view of top caver
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SECTION D-D
SCALE 1 :1

Figure2.35 Section view of top conical shape (Gas transimiskne)
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Figure 2.36 Section view of the container
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DETAILC
SCALES3:2

Figure 2.37 Mechanical drawing and dimensions of UAPSS febd&om cover with ceramic
diaphragm measurements are in millimeters
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Figure 2.38 3D view of droplet line pipe
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Figure 2.39 Mechanical drawing and dimensions of SPS feedttoifmocover with
ceramic diaphragm measurements are in millimeters
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CHAPTER 3:
Development of a Fabrication Process Using Suspensi
Plasma Spray for Titanium Oxide Photovoltaic Device

Abstract: In order to reduce the feedstock production obstispension, titanium hydroxide
particle dispersed suspension creation method tyohysis of titanium tetra iso butoxide (TTIB)
was developed. To avoid sedimentation of the hyideoparticles in the suspension, mechanical
milling of the suspension was conducted in ordecreate colloidal suspension. Consequently,
through the creation of colloidal suspension, cwatileposition could be conducted without
sedimentation of the hydroxide particles in thepssion during the deposition process. Though
the as-deposited amorphous coating was depoditedpating became anatase rich. In addition, it
was confirmed that the post heat treated anataseoiating which had enough photo-catalytic
activity to decolor methylene-blue droplets by posat treatment on the condition of 68Dfor
60 min. From these results, this technique wasddarhave high potential in the low-cost photo-

catalytic titanium coating production process.

3.1 Introduction

Thin titanium oxide films for photo-catalytic aption (anatase Tif) etc.) can be
deposited by various deposition techniques suslpaitering [39], metal-organic chemical vapour
deposition (MOCVD) [40], spray pyrolysis [41], teel-gel process [42], thermal spray [43,46], or
by various other methods. However, there are skeagineering problems associated with these
deposition processes, such as the necessity ofiraeguipment, low deposition rates, deposition

time, the requirement of special and costly equintres well as feedstock powder [47]. Recently,
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some atmospheric thermal plasma processes forutitanleposition have been successfully
developed [48]. It is still difficult to develop tlmospheric thermal plasma process, especially in
cases where low power DC arc discharge equipmdigiigy used. In our previous study, in order
to reduce equipment costs, a thermal spray prdoeghoto-catalytic titanium oxide coating was
fabricated using 1 kW class Atmospheric Solutioaclrsor Plasma Spray (ASPPS) equipment.
Titanium oxide film deposition was then carried @, 49]. Although photo-catalytic anatase rich
titanium oxide films were successfully deposited,fdedstock cost could not be decreased because
of the necessity of expensive anhydrous ethanottwis required to create the low viscosity
titanium iso butoxide solution (TTIB, Ti(QEl9)4) without hydration of TTIB due to residual water
in the ethanol. Although the anhydrous ethanohtitmn-oxide-suspension method is a possible
solution to the above problems, it is difficult teeuthis method in practice. This method creates
large secondary particles as a result of hydrolgsisto the presence of TTIB as well as the fact
that titanium dioxide is insoluble in water. It hasge particles, which solidify when in contact
with water (hydrolysis). These properties prevaetduspension from being stable and mixing with
nanoparticles in water. It is also difficult to iojer spray such a mixture. Titanium tetra-butoxide
was developed in the form of a titanium hydroxidsgension by using nothing but stable water to
prepare the titanium hydroxide suspension and llyemilling and filtering the suspension. The
suspension plasma spray (SPS) that developed neglstteek material seems to be highly

promising as a low cost starting material and enrdpid formation of functional thin films.

3.2 Experimental Procedure
3.2.1 Method

The tools used for mixing titanium oxide with wagee shown in Fig. 3.1. They consist of a

micro filter, a mixer, and a special container (rao&nd pestle) for mixing as well as for crushing
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and grinding. An amount of 2 mL of TTIB is dilutedth stable water, and 20 mL of water is
gradually added to the TTIB. It is then mixed frome to 4 minutes before performing suspension
filtration, in which we force large patrticles to pakrough the holes of the filter and take the shape
and size of the filter holes in the form of submicparticles. In order to reduce the particles to a
smaller size than the holes of the filter, milledtiokes are used. Mixing of the suspension is
continued after this grinding/milling process, urkie suspension is ready to use and is then
injected into the plasma jet. Titanium oxide defausby the suspension plasma spray is shown in
Fig. 3.2. Heat treatment is then performed on athges using an electric furnace. The heat
treatment is performed by gradually increasing lieat of the samples from 30 to 630 for

approximately 60 min.

(a) (b)

Figure 3.1 Creation of the titanium hydroxide suspension.
(a) Before hydrolysis; (b) After hydrolysis
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hydrolysis "o & ©
- %@q O
o qsu‘
; So,%°
Tetabuty titanate + H20 Ti{OH)4 suspensiion

22

suspenstion plasma spray

e

o -~
o pe oo,

coated substrate

Dense thin film

Figure 3.2 lllustration of the estimated film deposition metisan
in this suspension plasma spray (SPS) process

The equipment used consists of a plasma torch, pder feeding system, an air-pressure
spray (starter material feed), and a working Ar fgasling system. The plasma torch is cooled by
a water flow around the nozzle. The anode, whichalssspension feeding port at its head, has a
constrictor that is 6 mm in diameter. The nozzlevah in Figs. 3.3 and 3.4 explain how this
equipment was made for the experiment in this studgrder to promote the vaporization of the
starting material and to raise the temperaturgasfium particles, Ar was used as the working gas.
Mass flow rate of the gas was fixed at 5-10 SLM,thedlischarge current was fixed at 50-60 A.

The titanium hydroxide (Ti(OH) suspension submicron particles were suspendedtier.
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Feedstock Ar Power
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Figure 3.3 Schematic diagram of the SPS equipment

Figure 3.4 Plasma jet generated by our thermal spray equipmen
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3.2.2 Plasma spray parameter

Plasma Spray Parameters Titanium oxide depositasddpension plasma spraying is shown
in Table 3.1. The anode, which has a suspensiaing@ort at its head, has a constrictor that is 6
mm in diameter. The nozzle shown in Fig 3.4 denratet how this equipment was configured

for the experiment in this study. The anode is @80 in length and 20 mm in width.

Table 3. 1: Suspension plasma spray parameters used to tgpo3iCQ coatings in
the present study.

Process parameter Initial spray parameters. experimental 1-5
Sandblasting realized Always

Working gas Ar

Working gas flow rate, L/min 5-15

Spray distance, mm Out side 100-150

Discharge condition, A 60 - 50

Suspension liquid water

Feedstock ml Ti(OC4Hg)adiluted in wate22ml (suspension)
Suspension composition Ti(OH)4+ O; = TiO2 + H20

Suspension feed rate, ml/min 11

Feedstock nozzle injector diameter, mm 0.4

Deposition distance, mm 60-80

Static pressure in suspension container, Mpa0.25

Substrate, mm SUS304 (20x20x3)
Deposition time, min 2-3

*Created by hydrolysis of titanium tetra iso butbxi(TTIB, Ti(OGHo)4) (Volume ratio of
TTIB/H20=2/20)
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3.2.3 Suspension Preparation

Ethanol has solvent properties and is a versstilent, miscible with water and titanium
tetra-butoxide among many other materials. Howeiteis expensive. One way to solve the
problem of cost is to use a starting material thags not require ethanol and which uses only
distilled water. In this process, the reaction leswthe alkoxide precursor and the desired amount
of water occurred in an anhydrous alcohol mediune Aydrolysis and condensation reactions can
be summarized as follows:;

*Hydrolysis: Ti(OCGHo)a + 4H:0—Ti(OH)4 + 4GHsOH (1)
*Polymerization and crystallization (in the plasjghand on the substrate):
Ti(OH)4 —»TiO2 + 2H:0 (2)

It is difficult to inject or spray the suspensiorfdve the filtration process because of the
size of the particles. Therefore, it is necessanyse equipment to facilitate mixing titanium oxide
with water. The equipment consists of a filter fupaemixer, and a special container (mortar and
pestle), which is used for crushing, grinding, amding, as shown in Fig. 3.5. Then begins the
process of mixing for one to four minutes before tommencement of suspension filtration in
which we force large particles to pass throughhibles of the filter and take the shape and size of
the holes to form of submicron particles. In ortteobtain a smaller particle size than the holes of
the filter, we use the milled particles, and mixs$hepension after this process until the suspension

is ready for use. At this point, it is injecteddrthe plasma jet.
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Ti(OC,H,), (2ml) H20 (20 ml)

\' (- Ti(OH)s suspension
hydrolysis (-

)

mix filtration

Figure 3.5 Procedure of fine particles dispersed suspension.

3.2.4 Injection Method

A radial injection of the suspension feedstock masle by using two different modes: (i) an
internal injection mode (Fig. 3.6 a) using an aighr atomization feeding system, which was 0.4
mm in diameter in Table 1, and an internal portrf im diameter; an external injection mode (Fig.
3.6 b) using the same system, where the suspeissiost atomized and then injected into the

plasma jet.
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Figure 3.6 Configuration of the suspension plasma spray torch.
(a) lllustration of the feedstock injection port) (Appearance of the plasma jet.

3.3 Resaultsand Discussion

3.3.1 SPSTitanium Oxide Film

The coated samples before heat treatment seentedimoan amorphous phase (Fig. 3.7).
When the deposition was performed with a low s@lbstremperature, the starting material did not
have enough mobility to form a crystalline struetUfollowing that, heat treatment was conducted
on all of the titanium oxide films that were degedi on the substrate. The films were heated
gradually from 30 to 636C with a temperature increase of<tD min* for approximately 60 min.
In respect to the XRD patterns of the heat trefibed, anatase crystalline peaks appeared for all

samples and became sharper by increasing disténocesl = 60 mm to 80 mm. Fig3.8 shows

the XRD pattern of the samples deposited at 80 Glnmnm deposition distance. At 80 mm in
deposition distance, the starting material hediimg was longer than that of the 60 mm sample.
Therefore, the quantity of deposited particlesCatn was thought to be higher than the quantity
of the 60 mm sample. From these results, it wasqurahat crystallization of the titanium films

occurred during heat treatment.
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Figure 3.7 XRD patterns of SPS films before heat treatmeht. eposition distancei: Fe
(substrate)).

7 d=80mm
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Figure 3.8 XRD patterns of SPS films after heat treatment
(d = deposition distance,; Anatasenm: Fe (substrate)).
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The top-surface and cross-section micrographs epesmsion sprayed coating using
differing distances are shown in Figs 3.9 and 3Tb@ microstructural investigations revealed that
the suspension plasma coating presented a morphoMuch was caused by the way that the
suspension was injected into the plasma jet. Thém in the case of 60 mm in spray distance (d
= 60 mm), is homogeneous and has a grainy struclure top-surface microscope analyses
revealed the presence of agglomerates of grainsthgporous, loosely bound, and have a thick
film. On the other hand, in the case of d = 80 ria,film had a grainy and porous structure. The
difference in the coatings’ microstructure and acefshape can be related to the type of suspension
and evolution of the suspension droplets in therpkajet. According to the particle sizes shown,

the film deposition rate dramatically increasedwititcreasing deposition distance.

(a) Top-surface (hpss-section.

Figure 3.9 Micrographs of suspension sprayed coating degubsit d = 60 mm.
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(a) Top-surface (b) Cross-section.

Figure 3.10 Micrographs of suspension sprayed coating debaite = 80 mm.

3.3.2 Photocatalytic Activity of TiO2 Coating

In order to confirm the photo-catalytic propertytbé coatings, photo-catalytic activity of
the sprayed Ti® suspension coating was evaluated by using UV iat@h equipment and
measurements of the degradation of an aqueousisolat methylene-blue were conducted
(decoloration test) (Fig.3.11) [9]. Fig 3.12 shatlws results of the methylene-blue decoloration
test in the case of the coating deposition at &@lce of d = 80 mm. In both cases of the coatings
at the distances of d = 60 mm and 80 mm, decotwratould be confirmed after 1 week of UV
irradiation. From these results, it was confirmtat this technique has enough potential to deposit

photo-catalytic titanium oxide films.
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Methvlene blue droplet  Substrate

Figure 3.11 Schematic diagram of the equipment used in meatieyldue decoloration test.

Figure3.12 Results of methylene blue decoloration test wthercoating was deposited
at d = 80 mm (d = deposition distance).
(a) Before UV irradiation; (b) After 7-day UV irraion.
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3.4 Conclusions

In order to develop low cost materials that canused for the titanium dioxide film
deposition process, deposition of high-rate filnmgdow cost materials was carried out. Thick
photo-catalyst film was obtained using an atmosphsuspension plasma spray with spray
injectors as a fabrication process. Consequentigtase film was obtained, and it was confirmed
that the anatase films had photo-catalytic propety using a methylene-blue droplet test and its
discoloration test. These results show that thisdost starting material with atmospheric SPS has

the potential for a high rate and low cost, funcélp oxide film deposition.
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CHAPTER 4

Deposition of photo-catalytic Tilfilm by low power atmospheric
suspension plasma spray using Antbrking gas

Abstract: As a photo-catalytic titanium oxide film depositiprocess, thermal spray is hoped
to be utilized practically on the condition thatdtrelatively easy to deposit anatase rich films.
However, because of its high equipment and feelgtowder costs, it is very difficult to introduce
thermal spray equipment into small companies. ik gtudy, to develop a low cost thermal spray
system, low power atmospheric suspension plasmay spgquipment is used with a titanium
hydroxide suspension created by hydrolysis of iitantetra iso butoxide using Ar anc: Bs
working gases. For avoiding sedimentation of thelrbyide particles in the suspension,
mechanical milling of the suspension was condutdezteate colloidal suspension before using it
as feedstock. Moreover, an Ultrasonic wave contaives used to keep the suspension particles
moving while the spray process was conducted. Alfefilm deposition, as for the coating, anatase
rich TiOz film could be obtained. For characterization & titm, microstructure observation by
optical microscope and X-ray diffraction was catr@ut. Consequently, by creation of colloidal
suspension, deposition could be conducted witheditsentation of the hydroxide particles in the
suspension during operation. Thus it was provetthigafilm had enough photo-catalytic property

to discolour methylene-blue droplet.

4.1 Introduction

TiOz is almost the only material suitable for indudttise at present, and probably in the
foreseeable future as well. This is because: Tiés the most efficient photo activity, the highest

stability, and the lowest cost [50]. Various defiosi techniques can deposit thin titanium oxide
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films for photo-catalytic applications (anatase—Jitc.). For example, sputtering [51],
metalorganic chemical vapor deposition (MOCVD) [5jray pyrolysis [53], the sol-gel process
[54], thermal spray [55], and various other methddewever, there are several engineering
problems associated with these deposition processel as the necessity of vacuum equipment,
low deposition rates, deposition time, the requertrof special and costly equipment, as well as
feedstock powder [56]. In this study, the purpesi® idevelop a low cost thermal spray system and
low power atmospheric suspension plasma spray ewuip A thermal spray process for photo-
catalytic titanium oxide coating was fabricatedngsl kW class Atmospheric Suspension Plasma
Spray (ASPS) equipment. Ar and &e mostly used for their mass [57]. Since Ar t@stly gas,

a low running cost deposition condition such asgisi low cost Wdominant working gas was
required. Feedstock material was created by hysiobf titanium tetra isdoutoxide using Ar and
N2as working gases. In order to avoid sedimentatichehydroxide particles in the suspension,
mechanical milling of the suspension was conduttietteate a colloidal suspension before using
it as feedstock. A new ultrasonic wave containes wsed to keep the suspension particles from
moving and separated while the spray process waducted. In this study, in order to develop 1-
kw-class ASPS equipment, Ar/Mere used as the working gases as well as the ¢adtatgtic

titanium oxide film deposition made by using theP$Sequipment which we developed.

4.2 Materialsand Methods

Fig. 4.1 shows the schematic diagram of the thesmay equipment used in this study.
This equipment consists of a plasma torch, DC p@warce, feed-stock using ultrasonic supplying
system and a working gas supply system. Table fbivs the deposition conditions. The tools
used for mixing titanium oxide with water are tlzene as the one shown in Fig. 3.5. It consists of

a micro filter, a mixer, and a special containeoffar and pestle) for mixing as well as for crughin
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and grinding. An amount of 2 mL of TTIB is dilutedth stable water, and 20 mL of water is added
to the TTIB and mixed to form submicron particl€ése hydrolysis and condensation reactions can
be summarized as follows: *Hydrolysis: Ti(GHb)s + 4HO — Ti(OH)s + 4GHOH (1)
*Polymerization and crystallization (in the plasied and on the substrate): Ti(OH) TiO2 +
2H20 (2). An ultrasonic container uses a ceramic diagmraibrating at an ultrasonic frequency
(0.5 - 1.7 MHz) to agitate the suspended partigias 4.2) and raise the temperature of suspension
until 70 °C (Fig.4.3) while spray to the plasma(feig.4.4). The spray method was external spray
using an airbrush atomization feeding system wheresuspension is first atomized and sprayed
into the plasma jet (Figs.4.4, 4.5). Three hundred four 15 x 15 x 1 mm stainless steel plates
with polished surfaces were used as the subsffdie.substrate was horizontally set on the
substrate holder, and the central area of the sawgpd placed perpendicular to the axial center of
the plasma jet. The spray distance (the distantveclea the nozzle outlet of the plasma torch and
the surface of the substrate) was varied from ARmm. The deposition time was 15 min. The
input power for discharge was fixed at 50 A. Depositemperature (the substrate temperature
during the film deposition) was measured by a tlmn@ter (IGA-CST2, LEC Co. Ltd.). After the
titanium oxide film deposition, the microstructures the films were investigated by X-ray
diffraction (CuKa, 40 kV, 100 mA). In order to camh photocatalytic property of the film,
methylene-blue wettability and decoloration teshggJV irradiation equipment (Fig. 4.6) were

carried out.
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Figure4.1 Schematic diagram of the suspension plasma sfiR$)(equipment.

Table 4.1. Suspension plasma spray parameters used to dépo3iilC> coatings in this study.

Process Parameter Value
Sandblasting realized Always
Working gas composition Ar/N2
. . Ar5 /N2
Working gas flow rate, L/min 0.136
Spray distance, mm 40-120
Discharge current, A 50
Constrictor diameter of plasma torch nozzle, mén
Ti(OH)4
Feedstock suspension
*
Feedstock spray port, diameter, mm 7
Deposition distance, mm 40-80-120

* Created by hydrolysis of titanium tetra-isobudi(TTIB, Ti(OGHo)4) (volume ratio of
TTIB/H20 = 8/70).
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Figure 4.2 Appearance of the suspension particles locatdtediottom of the container
(a) Before agitate the suspended particles
(b) After agitate suspended particles using ulmaswaves.

Temperature (°C)
!

0.5 1 15 2 15 3 35
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Figure 4.3 Temperature of liquid (suspension) as a functiotmoe
on the frequency of 2.4MHz.
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Figure4.5 Configuration of the suspension plasma spray taitin
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Figure4.6 Schematic diagram of the equipment used in metigrblue decoloration test

4.3 Results

One of the challenges of our research was thblgmm of TiQ particles settling to the
bottom of the spray hopper while spraying. Theliggtiparticles had a strong tendency to clog
inside of the external sprayer nozzle and reduegtiality of the coating achieved or stop the spray
entirely. In order to eliminate clogging, we haddevelop a new kind of ultrasonic container to

thoroughly suspend Tiparticles, which could be used while spraying Bid.
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This container uses ultrasonic vibrations at 0.52\M2.4 MHz to vibrate the Tiparticles
in the suspension. Vibration is started at 0.5 Midd the frequency is increased gradually to 2.4
MHz to prevent excessive splashing. Vibrating 4t\NHz ensures uniform suspension of particles.
As a side effect of the vibration, the suspenseongerature is raised by either friction or cavitati
from 40 °C to 70 °C shown in Fig.4.3. Sprayingasntnenced once the suspension reaches 70 °C.
Substrate temperature: In our experisiem found that the substrate temperature was quit

low, the surface temperature increases with deicrgdéise spraying distance shown in Fig. 4.8.

90
80
70
60
50 ~e
40
30
20
10

0

@

Substrate temperature (°C)

20 40 60 80 100 120 140
Deposition distance (mm)

Figure 4.8 Substrate temperature as a function of distance.

In the case of d=40 mm the substrate temperatuse8@sC and d=80 mm was 65°C d=120 was
50°C which enables this coating to be sprayed aeniads sensitive to heat damage. Spraying this
coating on glass, for example, should presentsioai damage. Despite the high temperature of
the plasma jet, due to the effect of heat trangsfean the suspension is aerosolized, the temperature
at the surface of the substrate is significanttjuced. In our previous study, it was discoveretl tha
the addition of N increased the thermal energy of the Ar plasmaHetvever, in the previous
study, Nwas used at a rate of 2.5L per minute, wheredssrstudy N was used at a rate of 0.1L

per minute.
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In general, when working with Ar plasma jets, thermal energy increases with increased
Ar working gas flow rate. However, in this cases thermal energy of the jet increases as a result
of the working gas being a mixture of Ar and Nhis is critical as high temperature is needed in
order to phase change th&: particles from the amorphous phase to the anatassepwithout
damage the substrate. By using this Ag/mhixture, a high temperature plasma jet was ablzeto
achieved. In general, when working with Ar plasrets] the thermal energy increases with
increased Ar working gas flow rate. This is critiaa high temperature is needed in order to change
the TiQ: particles from the amorphous to the anatase phmgenot so hot as to damage the
substrate. By using this Ar /2Mnixture, it was possible to achieve high thernmedrgy at the front
of the plasma jet, but lower the energy near thstsate, allowing for low substrate temperature.

Although low substrate temperature usually impgadesto-catalytic film, excellent photo-

catalytic film was still obtained when sprayingd@mm shown in Fig. 4.9.

Intensity (au.)

28 (CuKa)

Figure 4.9 XRD patterns of the samplea ( : anatiose, : rotil€e(substrate)).
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XRD patterns of the films deposited atdiiféerent deposition distance using. A white color
film with smooth surface was obtained with depaositilistance of 40 mm. And also, a white color
film with coarse surface was deposited with depmsitistance of 80 mm. According to the XRD
results, though well crystallized anatase and eutiere included in the film deposited with
deposition distance of 40 mm, the degree of crysityl of the film decreased with increasing
deposition distance. Finally, amorphous 7fm was deposited with deposition distance of 120
mm. Good photo-catalytic results were obtainedCabh@h. At 120mm however, the coating was
amorphous and the plasma jet lacked sufficienttéenergy to effectively provide the substrate
with a photocatalytic coating.

Fig. 4.10 shows the optical micro graphs of thdase and fracture cross-section of the
titanium oxide film deposited sample on the cowditof 40 mm. As shown in this figure, a porous
structure film was deposited. On the conditiongt@fand 80 mm, films with almost the same
microstructure were deposited. The film with almasiform thickness distribution could be
obtained on any conditions. Furthermore, this filad enough photo-catalytic property to decolor

the methylene blue perfectly by 20 h ultravioleadtiation Fig. 4.11.
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Figure 4.10 Optical micrographs of the cross sections andasarfnorphologies of the titanium
oxide films deposited on all distance. (a) Surfa@phology (b). Cross-section.
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Figure4.11 Results of methylene blue decoloration testd(@40 mm. (b) d = 80 mm.
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In order to measure photocatalytic properties, difation testing and a decoloration test
using methylene blue were conducted. By obseriegdecoloration of the coating, the photo-
catalytic activity of the film could be conclusiyvedletermined in both cases of 40mm and 80mm
in spray distance. Although the coated samples staieed with methylene blue, the decoloration
of the methylene blue was complete after 20 hottB/airradiation (Fig. 4.11). From these results,
it was proven that highly crystallized film coule ldeposited in distance of 40mm by perfect
vaporization of suspension particles starting nigtespray to the plasma jet using the newly

developed system.

4.4 Conclusions

In order to develop low cost materials that canubed for the titanium dioxide film
deposition process, deposition of high-rate filnmgdow cost materials was carried out. Thick
photo-catalytic film was obtained using an atmosighsuspension plasma spray with external
spray as a fabrication process. Consequently, lextgihoto-catalytic film was obtained, and it
was confirmed that the anatase films had photdytatgroperties by using a methylene-blue
droplet test and its decoloration test. This newteay using ultrasonic waves to spray the
suspension particles to the plasma jet proved sstulen coating high-quality photo-catalytic film.
From these results, this low cost starting matevith new atmospheric SPS has the potential for

a high rate and low cost, functional, oxide filnpdsition.
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CHAPTER 5:

Design and Optimization of Ultrasonic Atomizatiolagma
Spray System for Coating Photo-Catalytic 7idin Films

Abstract: The designed ultrasonic atomization plasma spratesy (UAPSS) provided a
systematic and cost-consistent crystalline strectund stoichiometry. UAPSS seeks to fulfill the
need for more precise control of structural, motpgizal, and optical properties of Ti@hin films.

In the experiment, an ultrasonic atomizer set teequency of 1.7MHz was used to atomize the
starting material, ethanol titanium tetra butoxi@lbe carrier gas was Ar and its flow rate was 1.6
L/min. The working gas was Argon, and its flow ratas 3.4 L/min. Deposition distance was
varied from 20 to 100 mm and spray time was 15 temuTiQ thin film including rutile and
anatase was deposited. Methylene blue decolonztd&iing suggests that the depositec Tilh

has effective photo-catalytic properties. The dépdsfilms featured a porous structural
morphology andiniform thickness. From these results, the newlrgieed ultrasonic atomization

plasma spray system seems to be highly promisintpéorapid fabrication of functional thin films.

5.1 Introduction

Titanium dioxide (TiQ) is one of the most researched semiconductor sxilat has
revolutionized technologies in the field of envinoental purification and energy generation. It has
found extensive applications in heterogenous plavabygsis for removing organic pollutants from
air and water, and also in hydrogen production framotocatalytic water-splitting [58]. TiO2
semiconductor is the most popular variety of phatalyst because of its excellent optical and

electrical properties, low cost, non-toxicity, aftemical and thermal stability [59]iO2 has been
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used for antibacterial coatings, dye-sensitizedrsmlls and other applications because of its good
photo-catalytic property [60]. In Ti&Odeposition, solution precursor plasma spray (SPR&3
many advantages over other processes, due tafisleposition rate and lack of requirement of a
vacuum chamber unlike in other processes. Howemecpnventional SPPS, initial costs and
running costs are high because of the customiz&5&fuipment commercial feedstock powder
required. On the other hand, photovoltaic and ayesitized solar technology both require the
application of liquids and coatings during the nfacturing process. With most of these
substances being very expensive, any losses daoeetespray or quality control problems are
minimized with the use of new ultrasonic atomizatpasma spray system (UAPSS). An effort to
reduce the manufacturing costs of solar cells wadenby precise control and wide range of flow
rate (from 0.01l/min to 12I/min). The new UAPSS t@nmost commonly used in fuel cell coating
applications. It provides highly porous and homagers coating, efficient combustion and particle
heating, controllable drop size, controllable mdetivelocities and the possibility of using several
different gases instead of air as a carrier gas.

On the other hand, the commeraidtkasonic spray nozzle systems can be used fgr onl
spray pyrolysis applications as a thermal deposgioplication while the new UAPSS design can
be used for different thermal deposition processeh as plasma spray process. In this study, a
low cost thermal spray system for photo-catalyii©zTfilm deposition was created. Low power
atmospheric solution precursor plasma spray (SRE8jpment based on commercial welding
equipment was also created for this study. TTIBOTuHo)4) was used as feedstock for titanium
oxide film depositionUsing this new UAPSS and material, photo-catalffhin was successfully

deposited.
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5.2 Experimental

Figures 5.1 and 2,3 show the schematic diagram 3nhdiieow of the UAPSS ,SPPS
equipment used in this study. This equipment ctsmsika plasma torch, DC power source, and a
feedstock supply system which utilizes an ultrascamiomization plasma spray system. The
ultrasonic atomization plasma spray system consibta ceramic diaphragm vibrating at an
ultrasonic frequency (1.7 MHz), micro pump, feedk{@Ar carrier gas control flow rate channel,
plasma feed nozzle, cooling unit, and a matered fieozzle shown in Fig 5.2.

For theultrasonic atomization plasma spray feeding systpenation the liquid flows through
the micro pump unit, then passes through the dspeidiquid delivery tube to the automation
container unit. The liquid drops as droplets ondd&amic diaphragm, a piezoelectric ceramic disc
that converts electrical energy to mechanical gnerghe form of vibration. The disc oscillates in
presence of electrical current at ultrasonic fregies. As the frequency of oscillation of the plate
increases, wave crests form and very minute dregletiquid have enough energy to break the
surface tension and disperse as mist. The mistoigethinto the plasma jet by air compressor
pressure shown in Fig 5.1.

The working gas was Argon, and its flow rate waklL3min. The carrier gas was Ar and its
flow rate was 1.6 L/min. Film deposition was conidacusing Ar working gas, 20V/ 70A input
power and 20-100mm depostion distance shown ineTaldl. The TTIB undergoes a nucleophilic
substitution reaction with ethanol, in which thetdde group substitutes for the hydroxyl on
ethanol, forming Ethyl Butyl Ether and Titanium Hwgdide. In equation 1, ethanol is the
nucleophile, in the reaction of TTIB and water, @ras the nucleophile. The reaction of TTIB with
water is referenced in Chapter 4. Water is a seongcleophile than ethanol, thus the reaction of

TTIB with water proceeds more quickly than reacfiognB with ethanol. This is the reason why

99



titanium hydroxide is evolved. The reaction of TMith ethanol can be summarized as shown in
eg. (1).
Ether and Titanium Hydroxide, The reaction canulamarized as shown in eq. (1).

(1) 4C2HsOH+Ti(OCiHg)a = 4CHs-O-CaHo+Ti(OH)a4

Ultrasonic atomization unit Cooling unit
o, -

Micro pump ‘ = Anode(Nozzle) Water out
Cathode M
f 1) :
®) N\ |
[N

.l'l ]
Dispersion liquid J

i

Substrate

Figure 5.1 Schematic diagram of SPPS,UAPSS equipment.
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Figiure 5.2 Ultrasonic atomization plasma spray feeding sysipseration

Figure 5.3 3D view of UAPSS design
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Tableb5.1. Solution plasma spray parameters used to deesitiO: coatings in this study.

* Created by titanium tetraisobutoxide (TTIB, Ti(@4)4) (volume ratio of TTIB/GHsOH =

2/20).

Process Parameter Value
Sandblasting realized Always
Working gas Ar
Working gas flow rate, L/min 5
Carrier gas Air
Carrier gas flow rate, L/min 1.6
Ultrasonic atomizer set MHz 1.7
Deposition distance, mm 20,40,60
Discharge current, A 70
Constrictor diameter of plasma torch nozzle, mm 15
C2HsOH diluted
Feedstock

TTIB* solution
Feedstock spray port, diameter, mm 7

Substrate Plasma torch

Plasma torch

_*_.

Figure5.4 Appearance of the internal feedstock spray eglhsma jet
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5.3 Resaults

Photovoltaic and dye-sensitized solar technolodk bequire the application of liquids and
coatings during the manufacturing process. As rabstese substances are very expensive, any
losses due to overspray or quality control problemes minimized with the use of this newly-
designed ultrasonic feeding system. By controlliagylittle as a few millimeters of expensive
catalyst material, a thin film of TiQwith rutile and anatase was deposited using theW&PSS.
However, several factors affect the ability ofculd to be atomized. These include viscosity, solid
content, miscibility of components, and the spedaifynamic behavior of the liquid. There are no
hard-and-fast rules governing a liquid’'s atomizapilising ultrasonics. Some liquids that seem
easy to atomize at first can prove difficult, whokkers that seem impossible actually perform well.
There are, however, guidelines that offer a godétation of the probability for success. Liquids
can be categorized as follows: pure, single compilicpiids (water, alcohol, bromine, etc.), true
solutions (salt water, polymer solutions, etc.)J amxtures with undissolved solids (coal slurries,
polymer beads/water, silica/ alcohol, suspensiets). For solutions, the only factor limiting
atomizability is viscosity.

In general, the upper limit of viscosity in theteabmixture is 0.0358 Paes., per Table 5.2.
According to the XRD results, the degree of crystigy of the film decreased with increasing
deposition distance (Fig. 5.6), despite the incusaf well-crystallized anatase and rutile in the
film. Crystallized rutile was included in the fildeposited at a distance of 20 mm, and crystallized
anatase was included in the film deposited at @nlt® of 40mm. For the deposition distance of
60 mm, both crystallized anatase and rutile wectu@ed in the film. Fig. 5.5 shows the optical

micrographs of the surface and the fracture crestiems of the titanium dioxide film deposited
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sample for the distances of 20 mm, 40 mm, and 60 Tima surfaces are porous and have uniform
thickness and distribution at almost the same deposdistances due to the fine size of the
ultrasonically atomized particles. A coated sampdes stained with methylene blue, and after 24
hours of UV irradiation the decolorization was cdetp, with measurements confirming
degradation at spray distances of 20mm, 40mm, &mdn®6 (Fig. 5.12). The methylene blue

decolorization testing suggests that the depo3i@dfilm has effective photo-catalytic properties.
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Table 5.2 Properties of tested viscosity of TTIB, Ethanoktare in deferent volume ratio of
TTIB/C2HsOH

TTIB, Eth Mixture Viscosity, Pa.s
1 5% TTiB 0.0325
2 10% TTiB 0.0358
3 15% TTiB 0.0374
4 20% TTiB 0.0375
5 25% TTiB 0.0388
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Figure 5.5 XRD patterns of the samplev ( : anata>, utilerO : Fe(substrate))

106



|5LI-.‘.'.'E‘£1'.H1= ﬁlm”mllil

"

d= 60mm

(a) (b)
Figure 5.6 Optical micrographs of the cross sections andasermorphologies of the titanium
oxide films deposited at all distances. (a) Surfacephology, (b) Cross-section.

107



Befor
(0%
Irradiation

SR

24 br
v
Irradiation

() (b)

Figure 5.7 Results of methylene blue decoloration test.
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5.4 Conclusion

In order to develop a low-cost titanium oxide fitlaposition process using thermal spray
equipment, the new UAPSS was designed and oxidel&position was carried out. Consequently,
the following conclusions were obtained.
1. High-rate film using low cost materials was eadrout.
2. Thin photo-catalyst film was obtained using amaspheric SPPS with internal spray as a
fabrication process.
3. Precise control of structural, morphologicald aptical properties of methods for depositing
titanium dioxide, and thin films can be obtainethg:new UAPSS.
4. Excellent photocatalytic film was obtained, a@nhevas confirmed that the anatase films had
photo-catalytic properties by using a methyleneslatoplet test and its discoloration test.
5. The new design system using UAPSS to spray tiréirgy material solution particles to the

plasma jet proved successful in coating high-quailitotocatalytic film.
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Chapter 6: Summary and Conclusion

Development of fabrication processes using suspenand solution plasma spray for
titanium oxide photovoltaic was completed for thatmlasma spray applications. The newly
designed fabrication process for titanium depasitechniques were studied for different plasma
output power, parameters, secondary and differamtec gasses, different flow rates. The new
design for deposition of titanium oxide has impottparameters for coating output efficiency.

Deposition of high rate films was carrmat in order to develop low cost materials for the
titanium oxide film deposition process. A fabricatiprocess using an atmospheric suspension
plasma spray produced thick photo-catalytic filafter obtaining anatase films, their photo-
catalytic properties were obtained using a methedelnie droplet test and its discoloration test.
According to these results, there is potentialddrigh rate and low cost, functional, oxide film
deposition using this low-cost starting materiahvatmospheric SPS.

This is achievable because of film quality contfidin deposition efficiency and the new
ultrasonic container which has been designed liaaithis low-cost starting material. Atmospheric
suspension plasma spray with external spray pratdubek photo-catalytic film. Using a
methylene blue droplet test and discoloration tastphoto-catalytic properties of the anatasesfilm
were confirmed for the entire design plasma spa@yi¢ation processligh-quality photo-catalytic
films were successfully coated using ultrasonic e@gato spray the suspension particles to the
plasma jetThese results show the possibility for a high rede, cost and functional oxide film

deposition using the new atmospheric SPS.

The new UAPSS was designed and oxide diéposition was carried out in order to
develop a low-cost titanium oxide film depositiorogess using thermal spray equipment. Thus

the following conclusions were obtaineteposition of high rate film using low-cost matésiaA
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fabrication process utilizing atmospheric SPPS witernal spray produced thin photo-catalytic
film. Using the new UAPSS, precise control of stanal, morphological, and optical properties of
methods for depositing titanium dioxide and thim8 can be obtained. Excellent photo-catalytic
film was obtained, and the photo-catalytic progsrdf the anatase films were confirmed using a
methylene-blue droplet test and its discoloratiest.tThe coating of high-quality photo-catalytic
film was successful through the new design systemtiwuses UAPSS to spray the starting
material solution particles into the plasma jetnéks the present work focused on the preparation
of starting material and designing new methodsfdorication of titanium oxide film. The new
design was stable for all different deposition esses using different starting materials. These
new designs and processes have great potentiakfduture development of thermal plasma spray

technology.
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