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Abstract

Coatings are used to modify and increase the functionality of a bulk surface or
substrate without modifying the bulk properties of the material. The present work aims at
obtaining uniform adhesive coatings of alumina and silicon carbide on different substrates
viz., titanium, Ti6Al4V and inconel by pulsed laser deposition technique using Q-switched
Nd: YAG laser at low temperature. Processing parameters such as laser fluence, substrate
target distance, substrate temperature and target density during deposition were standardized
to get adhesive films. Coated films were characterized using scanning electron microscopy,
energy dispersive X-ray spectroscopy, spectrophotometer, optica  microscope,
nanoindentation, surface roughness measurements using 3D optica profilometer, adhesion
test. Microhardness and corrosion studies were carried on substrates and after coating.
Composite microhardness of ceramic coated substrates was measured using Knoop indenter
and its film hardness was separated from composite hardness using a mathematica model
based on modified area-law of mixture. Then by including indentation size effect the film
hardness was compared with values obtained using nanoindentation method. Composite
hardness as well as film hardness of the ceramic coating was found to be higher compared to
the substrates. Corrosion behavior of substrates after ceramic coating was studied using
3.5% NaCl solution by potentiodynamic polarization and electrochemical impedance
spectroscopy measurements. The Nyquist and the Bode plots obtained from the
electrochemical impedance spectroscopy data are fitted by appropriate equivaent circuits.
The pore resistance, the charge transfer resistance, the coating capacitance and the double
layer capacitance of the coatings were obtained from the equivalent circuit. Alumina coated
substrates showed more corrosion resistance than silicon carbide coated substrates. After the
corrosion testing, the surface topography of the uncoated and the coated system were
examined under scanning electron microscopy. Experimental results confirmed the
possibility of using Nd: YAG laser for ceramic film deposition which improves the

microhardness and corrosion resistance of the substrate considerably.

Key words: Ti6Al4V; Inconel; Titanium; Silicon carbide; Alumina; Hardness; Pulsed laser

deposition; Corrosion; Ceramic coatings.
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CHAPTER -1

INTRODUCTION

1.1 Need for coating

Coating is a covering that is applied to the swafatan object, usually referred to
as the substrate. Coatings are used to modify acr@dse the functionality of a bulk
surface or substrate without modifying the bulk gedies of the material. Surface
coating is now being used in virtually every acégechnology, including automotive,
aerospace, missile, power, electronic, biomeditattile, petroleum, petrochemical,
chemical, steel, power, machine tools, and construndustries. They are being used to
develop a wide range of advanced functional proggerincluding physical, chemical,
electrical, electronic, magnetic, mechanical propsrat the required substrate surfaces.
Either thick or thin films can be used as coatinggnany cases thin films do not affect
the bulk properties of the material. They can, hawve totally change the optical,
electrical transport, and thermal properties ofusfage or substrate, in addition to
providing an enhanced degree of surface proteciibm film coatings are widely used in
a variety of applications either as structural cweats or as functional coatings. The
former case implies thin films on machine toolsléxrease wear or protective overcoats
to shield surfaces from an adverse environment.|dtter case, for example, implies thin
films on optical components for reflection moditiceas or gas proof films as ion
conductors in high-temperature fuel cells.
1.2 Importance of substrate materials
1.2.1 Titanium and Ti6Al4V

Titanium and titanium alloys, especially Ti6Al4Vtreaexcellent candidates for
aerospace applications such as aircraft turbinenesg chemical apparatus, surgical
implants and heat exchangers owing to their higbngth to weight ratio and excellent

corrosion resistance. After their introduction hetearly 1950s, these materials, in a



relatively short time, became backbone materials fany industries. The largest
consumer of titanium alloys is aerospace industry.

The major requirements to the materials for thecraft industry are their
characteristics of specific strength and heat t@st®, fatigue resistance, crack
resistance, and sufficient corrosion resistancegr@t importance is the processibility of
titanium alloys in manufacturing aircraft items andmponents — their plasticity in
deformation, weldability, and machinability (ValentN. and Moiseyev 2006). Titanium
alloys are used for a variety of components inclgdsritical structural parts, fire walls,
landing gear, exhaust ducts (helicopters), andaular systems. In fact, about two thirds
of all titanium metal produced is used in aircraftgines and frames. In engine
applications, titanium is used for rotors, compoesdlades, hydraulic system
components, and nacelles. The use of titanium endlloys have expanded in recent
years to include applications in nuclear power {gan chemical machine building,
shipbuilding, the auto industry, in equipment ftwe toil and gas industry, the food
industry, medicine, and civil engineering, food ggssing plants, marine components and
medical prosthesis etc.

Wide range use of titanium and its alloys in apag® industry is in making
various parts which have moving contact. There Hasen many attempts at increasing
the wear resistance of these alloys. High fricooefficient and low wear resistance of
titanium and its alloy, seriously limit extensiveage, especially in situations involving
rotating mechanical linkage (Zaytouni, M. and RigieJ.P. 1996). The high corrosion
resistance of titanium alloys is also decreasednwbeal mechanical abrasion removes
the protective oxide film (Mischler, S. et al. 1998owever, their poor room-
temperature wear resistance and high-temperatudatmn resistance require surface
treatments. Use of coating would enhance the wesastance and oxidation resistance of
these materials. There are also many other indlispplications where it is necessary to
improve the surface mechanical properties of erging components without modifying
its bulk properties. However in all these applicat where there are important stresses



imposed on the surface of the moving part, the sidheperformance of the coating is
crucial for durable use.
Background of titanium alloys

Titanium is a relatively light, silver-gray metd&ure titanium has high melting
point of 1668°C. Titanium is allotropic, with HCPrystal structure o) at low
temperatures and a BCC structupg #bove 882°C. The existence of the two different
crystal structures and the corresponding allotrapansformation temperature is of
central importance since they are the basis fotdiye variety of properties achieved by
titanium alloys. The addition of other metals totanium base will favor one or other of
the two crystallographic forms. Titanium alloys atassified into three groups depending
on the phases present, alpha, alpha-beta, andablets. The alpha-phase alloys of
titanium, which is categorized as commercially patanium, is relatively weak in
strength but offers a combination of good corrogiesistance, good weldability, creep
resistance, receptive to heat treatment coupleld ®ase of processing and fabrication
(ASM Metals Handbook 1990 and Donachie, M.J.Jr.0200he beta-phase alloys are
receptive to forging while offering excellent fraot toughness. The dual phase, i.e. alpha
+ beta alloys offer a combination of excellent ditgtand strength when proper heat
treatment is given, which makes them stronger tthen alpha-phase and beta-phase
counterparts (Boyer R.R. 1996 and Askeland,D.R R0R#mic weight of titanium is
47-9 (Askeland, D.R 2007). The density of purentitem metal is 4500Kg/fh which is
about 60% that of steel (Donachie, M. J. Jr. 20t Askeland 2007).

Alloying elements are added to stabilize onéherdther of these phases as shown
in Figure 1.1, by either raising or lowering thansformation temperatures (Collings,
E.W. 1984). Aluminum is the strongest metallic @pétabilizer, used in commercial
alloys, which raises the beta transus and impagts-temperature strength to the alloy.
Certain alloying elements used in commercial allg/g., Cr, Fe, Mn, Mo, V) are beta
stabilizers, which lower the beta transus. Additddrihese elements strengthens the beta
solid solution and increase the amount of betanetaat room temperature. Thus, the

beta may be changed from an unstable form to alestfsm, even below room



temperature. In alpha-beta alloys, the beta preasean unstable condition. These alloys
can be heat treated to achieve strengthening lib@ansformation of the beta phase to
alpha, which is finely dispersed in the beta phaseong the alpha-beta alloys, Ti6AI4V
is by far the most popular titanium alloy. Morenha0% of all alloys in use today are of
this composition. The alloy was developed in theyeB950s in the United States at the
lllinois Institute of Technology and is thereforeeoof the very first titanium alloys to be
made. There are two reasons for the success ofldWA-irst, the good balance of its
properties like hardness, yield strength elasticluhas, tensile strength etc. Second, it is
by far the most intensively developed and testémhiim alloy, which is a major
advantage — especially in the aerospace industeylargest user of Ti6Al4V. The next
largest application of Ti6Al4V is medical prosthesevhich accounts for 3% of the
market. The automotive, marine, and chemical intksstalso use small amounts of
Ti6Al4V.The typical ultimate tensile strength of 6HI4V is around 900-1100 MPa,
which is affected by heat treatment (microstrugtucemposition (oxygen content) and
texture (primarily in sheet) (Collings, E.W. 198#idaDonachie M.J.Jr. 2000). The
ultimate shear strength of Ti6AI4V is generally 6@¥the tensile strength. This applies
to all wrought and cast forms and includes botheated and solution treated and aged
conditions. Depending on heat treatment conditishear strengths range from
480 to 700 MPa. (Donachie M.J.Jr. 2000).
1.2.2 Inconel

Inconel belongs to a family of austenitic nickelamium-based superalloys. This
family of alloys was developed for high-temperaturadizing environments. These
alloys typically contain 50-80% nickel, which petsthe addition of other alloying
elements to improve strength and corrosion resistamhile maintaining toughness.
Inconel alloy is a standard engineering materiat fse in severely corrosive
environments at elevated temperatures. It is sgdigb oxidation at temperatures up to
1177C. In addition to corrosion and oxidation resisgnénconel has desirable
combination of high strength and workability, aschardened and strengthened by cold-

working. This alloy maintains strength, ductilignd toughness at cryogenic as well as



elevated temperatures. Inconel retains strength awide temperature range, attractive
for high temperature applications where aluminurmh stieel would succumb to creep as a
result of thermally-induced crystal vacancies.sltused in gas turbines, rocket engines,
pressure vessels, tooling, and aircraft structuBecause of its resistance to chloride-ion
stress-corrosion cracking and corrosion by hightpuwater, it is used in nuclear
reactors. Other typical applications are furnacdfles) electronic components, heat-
exchanger tubing, chemical-and food-processingpegent, carburizing baskets, fixtures
and rotors, reactor control rods, nuclear reactonpmonents, primary heat-exchanger
tubing, springs, and primary water piping (Myer KuR002 ). Density of inconel is
8740Kg/n? Melting point of the inconel lies in the range &55-1413 C.

Inconel alloys which are widely used in high-tengtere applications show an
undesirable loss of wear resistance under thoseittmms. So it is necessary to improve
the surface mechanical properties of engineeringpoments without modifying their
bulk properties. A well established method to owetre this surface loss of the alloy is by
coating with high hardness ceramic materials. Tiim coatings of ceramics exhibit
enhanced mechanical, tribological, anti-corrosiod anti-oxidation properties in hostile
atmosphere. So, it is necessary to have a homogsnathesive coating of ceramic
material on the surface of inconel.

1.3 Importance of coating materials

Ceramics are defined as solid materials composedhaiganic nonmetallic
materials (Kingery, W.D. et al. 1976). Ceramics dawique thermal, mechanical,
chemical and electrical properties, but their highrication cost, brittleness, size and
shape limitations as monolithic components restniahy potential applications. One way
to avoid these drawbacks is to use ceramics asigsain metallic substrates.

Ceramic films and coatings are both active fiadflsesearch and widely used
areas of technology. The relatively high hardnesd mertness of ceramic materials
make ceramic coatings of interest for protectiosubstrate materials against corrosion,
oxidation and wear resistance. The electronic guitta properties of ceramics make



ceramic films and coatings important to many etedtr and optical devices. (John, B.
W. and Richard, A. H. 1993)

The increasing need to extend life and maintenayckes of components has
also been a motivator for the use of these maseasalcoatings in gas turbines, power
plants, cement plants, gas burners, incinerati@mtpl Thus, many researchers have
devoted themselves to developing coatings thabeanilored for numerous applications.
Although conventional techniques such as electtimglawere popular, they often
suffered from adhesion, and hence reliability peais. Other techniques, such as sol-gel,
were useful in selected applications but do noerofiiniversal capability to create
coatings sufficiently thick to withstand the higdntperatures of exposure. Thin ceramic
coatings deposited by vapour deposition technicuuesh as physical vapor deposition
and chemical vapor deposition are widely used a& \&ed corrosion resistant coatings.
These coatings include diamond, TiC, TiN, ZrNp@d, SiC etc. Since the deposition
processes operate at atomic or molecular levelstitueture of the coatings can also be
controlled on that level and well developed, destsectures having properties of dense
monolithic materials can be produced. However, tiiekness of these coatings is
typically less than 1@m, since thicker coatings suffer from high interstxksses or the
same brittleness as dense monolithic ceramicsulrstudies the two important ceramic
elements used for coating on the substrate mateaet silicon carbide (SiC) and
aluminuin oxide (AdOs).

1.3.1 Silicon Carbide (SiC)

Recent interest in silicon carbide originates fiitgrexcellent mechanical, thermal
and electronic properties. Wide band gap (2.0 @oek/), high breakdown electric field
strength , high electron saturation drift velocitygh thermal conductivity, and extreme
resistance to chemical and radiation attacks m#éRe&very promising material for high
power and high frequency electronic devices. (Morkd. et al. 1994 and Zopal, J.C. and
Skowronski, M. 2005). SiC is covalently bonded axthibits high hardness and high
melting temperature. Therefore, SIiC coatings exhmany interesting properties as

materials for high temperature mechanical and lwoidgoal applications in hostile



environments. (Zaytouni, M. and Riviere, J.P. 1996)C has the key property like low
density, high strength, low thermal expansion, higgrmal conductivity, high hardness,
high elastic modulus, excellent thermal shock tasise and superior chemical inertness.
It has been employed to protect various kindoof and machine parts from excessive
wear (Mernagh, V.A. et al. 1991) and, in spacdiagiions, it has been used to preserve
the outer shell of thermionic energy converter agfaihe high heat found in combustion
atmosphere (Louis-Claude, D. et al.1989). Becatigs ohemical stability and resistance
to attack in radiation environments, the nucleaustry has investigated the use of SiC
coatings to protect steam generator tubes fromngraaular stress corrosion cracking and
radioactivity build up and as first-wall alloys folsion reactors for high levels of induced
radioactivity and hydrogen uptake (Gruss, K. A. &avis, R. F. 1999 and Ho, S. K. et
al. 1993).

Silicon carbide (SiC) is the most widely used naide ceramic. It occurs in two
crystalline forms: the cubig -phase, which is formed in the range 1400-280@nd the
hexagonat. — phase formed at 208D (Barry, C. and Grant Norton, M. 2007).

1.3.2 Alumina (AlLO3)

Alumina is an outstanding ceramic material duetsoseveral excellent physical
and chemical properties like high compression gtignhigh hardness, resistant to
abrasion, resistant to chemical attack by a widge&aof chemicals even at elevated
temperatures, high thermal conductivity, resistemtthermal shock, high degree of
refractoriness, high dielectric strength, high tleal resistivity even at elevated
temperatures, transparent to microwave radio fregjee (Atul Khanna, et al. 2006).
Also availability in abundance has made alumineaetitve for engineering applications.
According to their excellent mechanical, opticaldaglectrical properties, aluminium
oxide thin films are used in a very large rangeapplications, such as wear-resistant
coatings (Wang, J. et al. 2001) corrosion resisbamtiers (Haanappel, V. A. C. et al.
1995), optical waveguides (Pillonnet, A. et al. @0@nd passivation barriers in metal
oxide semiconductor devices (Yi-Shung, C. and &hjiR. 1990).



Alumina is a very interesting crystalline matergthibiting many crystalline
phases. The alpha), kappa k), and xetay) phases are called the “alpha series” with
hcp stacking of oxygen atoms; whereas, the ganymaheta 0), eta () , and deltad)
phases form the “gamma series” with fcc stacking oafygen atoms. The most
thermodynamically stable form ig-aluminium oxide and is known as corundum.
Various properties of ADz;and SiC are summarized in Table 1.1

Ceramic coatings can be produced by chemical vaeposition and various
physical vapor deposition processes such as theswaporation, arc ion plating,
magnetron sputtering, thermal spraying etc. Amohgsé methods, pulsed laser
deposition (PLD) is found to be a powerful techmida produce adherent thin films.

1.4 Introduction to surface coating techniques

Coating technologies are commonly classified adogrdo coating thickness.
Usually, those up to 10m are considered thin-film coatings. The main asgemwvever,
is that thin films can have completely differenbjperties compared to bulk material and
thicker coatings, in part due to their differentcrostructure. Common processes in
recent thin-film technology include chemical vapleposition (CVD) and physical vapor
deposition (PVD) technology. The fact that coatingterial is applied to the substrate on
an atomic scale, in the form of individual atonm)g, clusters, or molecules, is common
to nearly all processes. CVD and PVD techniquessiegoating material via the gas
phase
1.4.1 Chemical vapor deposition (CVD)

CVD is a process in which the substrate is expdsedne or more volatile
precursors, which react and/or decompose on th&trsid surface to produce the desired
thin film deposit. The resulting solid materialirs the form of a thin film, powder, or
single crystal. By varying experimental conditiomg;luding substrate material, substrate
temperature, composition of the reaction gas mextgas flows pressure, etc., materials
with a wide range of physical, tribological, andentical properties can be grown. A
characteristic feature of the CVD technique isitsellent throwing power, enabling the
production of coatings of uniform thickness andpamies with a low porosity even on



substrates of complicated shape. Another impoffeature is the capability of localized
or selective deposition on patterned substrate€\MD, the chemical reactions require
temperatures of up to 20D to provide the necessary activation energy. C\id a
related processes are employed in many thin filpliegtions, including dielectrics,
conductors, passivation layers, oxidation barriemductive oxides, tribological and
corrosion-resistant coatings, heat-resistant cgstinand epitaxial layers for
microelectronics. In CVD, the chemical species bealeposited is generally reduced or
decomposed on the substrate surface, usually att@igperatures. Care must be taken to
control the interfacial reactions between coating aubstrate and between substrate and
gaseous reaction products. In contrast to PVD, glozess can operate under low-
pressure conditions and atmospheric pressure.

1.4.2 Physical vapor deposition (PVD)

PVD processes encompass a wide range of vapor-peabeologies and a
variety of methods to deposit thin solid films Ietcondensation of a vaporized form of
the solid material onto various surfaces. PVD imesl physical ejection of material as
atoms or molecules and condensation and nucleatitrese atoms onto a substrate. The
vapor-phase material can consist of ions or plaanthis often chemically reacted with
gases introduced into the vapor, called reactiymsigon, to form new compounds. PVD
processes include thermal evaporation, electeamb(e-beam) evaporation and reactive
electron beam evaporation , sputtering (planar mgn, cylindrical magnetron, dual
magnetron, high-power pulsed magnetron, unbalanoeggnetron, closed field
magnetron, ion beam sputtering, diode, triode) eswttive sputtering , filtered and
unfiltered cathodic arc deposition (non-reactivel aeactive), ion plating, pulsed laser
deposition etc. PVD coatings are used in varioydiegtions. Not only applicable for
conventional wear-resistance coatings, PVD can ymediecorative coatings, thermal-
barrier coatings, and optical surfaces, e.g. farroglectronics. Usually, PVD involves
high-vacuum technology. PVD allows thin-film depasa of metalloid and ceramic
coating materials on virtually any technically rdat substrate. Apart from alloys and

metals, ceramic, as well as glass substrates, @astics can be PVD coated using high



energy pulses (lasers) in order to reduce proesspdrature. PVD process has the ability
to produce unusual microstructures and new crggfedbhic modifications, e.g.
amorphous deposits. In this process the subseatpdrature can be varied within very
wide limits from low to high temperatures. The dgp®having very high purity can be
obtained in PVD process. The main disadvantage$\dD processes are the low
deposition rates and the difficulty in applying d@&icoatings efficiently. Because of the
technology used in PVD manufacturing, particleshef source material can only travel in
a straight line. Therefore, it's more difficult make finishes for odd-shaped objects.
Additionally, this technology can require very higgmperatures as compared to PLD,
which need to be monitored closely by workers.dl&tion and operating costs for PVD
can also be quite high.

1.4.3 Pulsed Laser Deposition (PLD)

Soon after the discovery of the laser, researchegan focusing their lasers at
materials to observe the interaction. Smith H M @ndher A F (1965) were amongst the
very first to irradiate materials for the purpodetian film growth. In their study they
observed some of the qualities that make pulsedt Beposition (PLD) one of the main
advances of the last two decades in the field sérlanaterial processing. Due to the
inherently short duration of laser pulses, everrgias of the order of hundreds of mJ,
when focused, correspond to enormous peak powelslédvom megawatts cffor
nanosecond lasers to gigawattscamd terrawatts cthfor picosecond and femtosecond
laser pulses, respectively. Any material, evendhbat absorb poorly at the wavelength
of the incoming photons, when irradiated at sugfhHaser intensities will be almost
instantaneously heated beyond their boiling tentpezaand a vaporization process will
subsequently be initiated from the surface. Theradtion of the laser pulse with the
vaporized particles can even create a dense platinge containing highly energetic
ions, neutral atoms and electrons. Regardlesseahttoming direction of the initial laser
pulse, the plume expansion will be highly forwartedted with the distribution centered
normal to the local target surface. The ejectedenst contained in the plume

(predominantly atoms, ions and small moleculeghén incident on a substrate located
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typically between 0.03 to 0.1 m in front of theget. Because of the highly forward-
directed nature of the PLD plume, the materialdeot on the substrate contains nearly
the same relative ratio of atoms, or stoichiomedsythe target. If the sticking fraction is
close to unity, and if the substrate is heated ppraximately half the melting
temperature, the material will often self-assemili® complex crystalline structures
highly oriented or even epitaxial with the substrat

The ability to transfer the stoichiometry of a nedimponent target to a growing
film is the most important advantage of PLD comgat@ other conventional physical
vapour deposition techniques and it makes PLD teenger technique for ceramic thin
film research. Other advantages of PLD include ah#ity to deposit material in high
pressures of reactive gases (because there ardlanterits or discharges) and the
simplicity of the PLD set-up. For ceramic thin fémthe ability to easily control
multicomponent stoichiometry, especially the oxygentent, in a simple set-up makes
PLD a highly reproducible technique (Colin, E. WidaJulian, D. C. J. 2004).
1.4.3.1 Advantages and disadvantages of PLD

PLD is the technique using the energy of a las@aporize a target material. This
laser ablation is based on the interaction betweatter and very short laser pulses. The
duration of a laser pulse is short such that exgtgrigh power can be delivered by each
pulse. Further, these energetic pulses are fodosesty small areas yielding high energy
densities. When the energy densities are high dntaignelt the target and break the
bonds of the material, ionized components are &jeahd form a plasma plume which is
subsequently transported to the heated substrdteeact on the surface to form a thin
film. PLD can produce films whose stoichiometries aearly the same as that of the
targets because of the extremely high temperageasrated at the lasers focus point,
which can evaporate all elements without preferembés is of great benefit when films
of relatively complex composition are grown. By iBasdjusting the ratio of different
elements when targets are made, films with idehtetgos of different elements can be
achieved. PLD requires lower deposition temperatuttean most other deposition
techniques because of the high kinetic energiegdqubout 100 eV) (Kuzma, M. et al.
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2000) of the ablated ionized components from tingets. So the substrate temperature
can be relatively low compared with other film gtbwechniques, which is important for
the growth of materials whose growth temperatutdagh (Chrisey, D. B. and Hubler, G.
K. 1994 and Miller, J.C. and Haglund, R. F. 1998)his technique can be used to
produce quality films of various kinds such as semductors, high Jsuperconductors,
ceramics, ferroelectrics, multilayer polymers, ¢@tsubo, S. et al. 1990, Kidoh, H. et al.
1991, Tsuboi, Y. et al. 1999 and Tsuboi, Y. etl&98). In particular, PLD is useful for
ablating materials in the combinational forms tbahnot be easily produced by other
methods (Lowndes, D. H. et al. 1998 and AgostinElliet al. 2000). Recently, PLD has
also been used to synthesize nanotubes (Zhang,aY.. 998), nanopowders (Geohegan,
D.B. 1995), quantum dots (Goodwin, T. et al 19%f)d some organic thin films that
have applications in optoelectronics (Wang, L. id &wok, H. S. 2000).

There are a number of advantages of PLD over dilnerdeposition methods. Some of
them are listed below:

(i) The biggest advantage is that it is versafNezery wide range of materials, including
oxides, metals, semiconductors and even polymens, b grown by PLD. All that
required is a target of the desired composition.eas in Molecular Beam Epitaxy
(MBE) and Chemical Vapor Deposition (CVD), diffetesource of precursors are
required for each element of the desired compound.

(ii) It has the ability to maintain target compasit in the deposited thin films. Because
of the very short duration and high energy of tasel pulse, target material plumes
instantly move toward the substrate and also esenyponent of the phase has a similar
deposition rate. This makes optimization of thea$#on process much easier.

(iif) The energy associated with the high ionic o in laser ablation plumes (typically
of the order of 10% and rising with increasing deit laser power density) and high
particle velocities (of the order of 4@n.s%) appear to aid crystal growth and lower the
substrate temperature required for epitaxy.

(iv)Other advantages are that PLD is clean, lowt,casid capable of producing

multilayered films simply by switching between seldifferent targets.
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There are certain disadvantages to PLD. Thesedaclu
() The ablation plume cross section is generathals (of the order of cf) due to a
limited laser spot size. This, in turn, limits te@mple size that can be prepared by PLD.
In addition, this also brings difficulty in conttiplg thickness uniformity across the
sample. This problem can be overcome, to some gxtigrscanning the laser beam on a
larger size target.
(i) The plume of ablated material is highly forwladirected, which causes poor
conformal step coverage. It also makes thicknesstoring difficult.
(i) Finally, there is an intrinsic “splashing” saciated with laser ablation itself, which
produces droplets or big particles of the targetena on the substrate surface. From an
industrial perspective, this is particularly sesa@s it will result in device failure.

By standardizing the processing parameters thissel\dhntages can be overcome
and uniform adhesive films can be obtained on thstsate using PLD.
1.5 Summary of literature review

Titanium and its alloys are well known for theirghi specific strength a

outstanding corrgion resistance, but the friction and wear propsrtf these materi:
can cause probleniis various industrial sectors. There are grear@ss to overcome t
poor corrosivewear resistance of titanium alloys through appedprsurface techniqu
A series of surface modification processes, inclgdithermo chemicaldiffusion
treatment (Muraleedharan, T. M. and Meletis, E1992 and Galliano, F. et al. 2001)
laser surface melting (Tian, Y. S. 2005), ion inmpddion (Qiu, X. et al.1990 an
Lidong, Z. and Erich, L. 2002) chemical and phykicapor deposition (Met, C. 2003)
and Kessler, O. et al 2002) and spraying (Lidonga@ Erich, L. 2002)successfull
improved their wear resistance through surfacedrmang. In most processes, howe
therequest in industrial applications for titanium atsdalloys is not completely satisfi
because the modified surfaces with improved wesist@ance show deteriorated corro:
resistance, and/or the modified surfaces and digabBims no longer havéné improve
properties due to the insufficient thickness orlipgeoff. Therefore, developing ne

surface engineering techniquissnecessary for the improvement in wear and cimmn

13



resistance of titanium and its alloys.

High temperature materials suchiekeahbase superalloys are currently use
numerous high temperature applications which reqbioth mechanical strength :
oxidation resistance (Pieraggi, B. 1987). In theseditionsan undesirable loss of wt
resistance of inconel has been obsen®&d.it is necessary to improve the sur
mechanical properties of engineering componentshonit modifying their bulk
properties. Garbacz, H. et al. (2006) reported BOANI—Al multilayer coatings, whic
have been produced on inconel 600 by glow dischagmgsted oxidizing of substra
precoated with aluminum by magnetron sputtering. Thisgers have a diffusi
structure and can be produced on parts of comptlicsthapes. The presence of thglAl
layer on intermetallic Al-Nimparts high hardness (7.2 GPa) and good weartaase
In this paper, the influence of the multilayeredtwags on the mechanical propertie
inconel 600 was investigated. The structure of Eyeas examined on a scanr
electron microscope withnergy dispersive spectrometer and the surface tapbg
using a profilometer.

Coated materials have many applications in indusiyatings permit onéo
obtain wear-resistant metaels, thermal barriers in the aircraft and autoreoindustry
insulaing layers in microelectronics, etc. The relialilif coated materials has becon
growing field of interest in the recent past. AuddB. (2000)reported about particul
mode of failure of these materials, the buckle-eidelamination.

PLD is well known as a reliable, economical techeidor the growth of thin
films. There are number of interesting charactessthowever, that distinguish this
method from other thin film techniques. In partaylthe vapor species are typically
characterized by average energies far above thoseuetered in thermal evaporation
and chemical vapor based approaches. As a resiltpiy have the potential to realize
films with a smoother morphology at low substraeperatures if the surface species
can retain some portion of the initial kinetic egyeafter adsorption.

Gottmann, J. et al. (1998) and Hirschauer B.€1296) reported that alumina

deposits can be produced by evaporating metallim@ium target in the presence of
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oxygen gas, or alternatively, by straight evaporatf alumina target. In the latter case,
the application of background oxygen is also pdestb ensure the desired stoichiometry
of the deposit.

Hirschauer, B. et al. (1996) & (1997) showed tHatrana films grown near room
temperature show an amorphous microstructure. dsorg the substrate temperature
increases the crystallinity and orientation of teposit. Highly crystalline and oriented
structures require as high substrate temperatgr8S@°C. Similar effect can be obtained
by annealing the specimens after the depositiobstfate heating and / or post-annealing
also induce the growth of grain size, as well aagsphtransformations, since PLD alumina
has several possible crystalline forms, e.,gy, 6 and6. Cibert, C.et al. (2008) studied
and compared the properties of alumina thin filnepasited by PLD and plasma
enhanced chemical vapor deposition (PECVD) at reemperature and at 88D, At
room temperature films are found amorphous whil80f°C they-type structures are
found. Analysis indicates that films deposited HyDPare of high purity, density and
stoichiometric compared to PECVD. Alumina films dspped by PLD showed
interesting chemical, structural mechanical, opicaperties compared to PECVD.

Conventionally silicon carbide thin films have begrown by chemical vapor
deposition. This technique has, however, few majomwbacks, namely, substrate
suffering from high temperatures (typically 130006°C) and relatively high hydrogen
content of the film. Jipo, H. et al. (1999) and gaN.H. et al. (2006) reported that SiC
films can be grown at lower temperature withoutidewg the stoichiometry. Silicon
carbide films grown in lower temperatures (X50or lower) usually show amorphous
microstructure. In these cases, Si and C atomsairalways covalently bonded (as is the
case of SIC polytypes); also systems, where unei@fi- and C-rich phases coexist or
Si- and C-atoms form a solid solution, are possib®wever, the formation of
stoichiometric SiC is usually necessary, to obtidia desired properties of the film.
Generally, good thermal, mechanical and chemiadilgty are characteristic of pulsed
laser deposited SiC. Thus, it can be used as aingoamaterial under extreme

environments and the application field is wide. Mos the applications are in high-
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power and high-frequency electronic devices or eleitironic components. In addition,
SiC thin films are used as protective and tribatagcoatings.

Jamey, S.P. et al. (2000) examined the PLD growt8i©G thin films on (100)
silicon and (0001) sapphire substrates over a mtbstemperature range of 280JC.
In-situ characterization using reflection high-aneelectron diffraction indicates that
films deposited on sapphire above %Pusing low laser fluence, initially grow as siag|
crystal material. X-ray diffraction shows either -8€C features or no features at all,
independent of the type of substrate. Atomic fargeroscopy shows very smooth films,
with an average surface roughness @ 3t a substrate temperature of Z5@nd 0.7A
at 900C.SiC films deposited using PLD technique at ro@mperature, 37C and
480°C are carried out by Katharria,Y.S. et al. (2008)S and FTIR analysis showed the
formation of Si - C bonds in the films. TEM and alen diffraction were used to study
the structural properties of nanocrystallites fadme the films. Nearly stoichiometric
thin films containing nanocrystals ofSiC were prepared by PLD at RT as a result of
high supplied energy to evaporate particles byl#iser. This makes surface diffusion
easier, the grown films were found to be very sihdwving root mean square (RMS)
roughness of about 2nm or less.

Direct measurement of film hardness by conventionierohardness testing is not
possible for a large range of indentation loadsabse the substrate also participates in
the plastic deformation occurring during the in@ioih process. It is often assumed that
this phenomenon, which involves the two materibksgins to be noticeable for loads
such that the depth of the indent exceeds one t&hthe film thickness (Cai, X. and
Bangert, H. 1995). In this situation the hardnassilber H is thus the result of combined
substrate and film contribution. In order to detierenthe true hardness of the film, it is
necessary to separate these combinations usingrousnenathematical models. These
models were proposed for that purpose on the bafidifferent assumptions. G.
Guillemot et al.(2010) compared Jonsson and Hognraddel (Jonsson, B. and
Hogmark, S. 1984), Burnett and Rickerby model (®tr; P.J. and Rickerby, D.S.
1987), Chicot and Lesage model (Chicot, D. and gesa. 1995), Korsunsky, A.M. et al.
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(1998) and Puchi-Cabrera model (Puchi-Cabrera, Z2082). Models with the objective
to fit the entire range of the experimental dataenwoposed. The authors concluded that
both Korsunsky and Puchi-Cabrera models allow \pe#idicted hardness of the film
since they give an adequate fitting of the obsew@dposite hardness data. On the other
hand, the Jénsson—Hogmark and Chicot—Lesage macelsoth obviously not able to fit
the composite hardness data and consequently atsalole to predict the film hardness.
However they showed that that both the JonssonHaoginark and Chicot and Lesage
models can be made suitable to find the film hasdr®y incorporating the indentation
size effect (ISE) by taking into account a lineatation between hardness and the
reciprocal indentation depth.

Nanoindentation technique is now widely used inleatng the mechanical
properties of small volumes such as thin-film. Ipbloon, A. (2000) reported the
hardness (H) and elastic modulus (E) of@lfilm, glass, and stainless steel. These were
evaluated by analyzing the load—depth curve meddweanoindentation technique.

William, G.V.K. et al. (2006) studied the corrosi@moperties of TIAIN/CrN
multilayer coatings. Potentiodynamic polarizatiomda electrochemical impedance
spectroscopy (EIS) were used to study the corroseravior of the coatings. Scanning
electron microscopy and energy dispersive X-rayyasmawere used to characterize the
corroded samples. The potentiodynamic polarizatiests showed lower corrosion
current density and higher polarization for the toags compared to substrate. The
porosity values were calculated from the potentiashyic polarization data. The Nyquist
and the Bode plots obtained from the EIS data vikted by appropriate equivalent
circuits. The pore resistance, the charge transf@stance, the coating capacitance and
the double layer capacitance of the coatings wetairmed from the equivalent circuit.
Corrosion pits were observed after corrosion tgstivhile examining the corroded
samples under scanning electron microscopy. Liat &l. (2003) reported on corrosion
behavior of PVD coated steels in 0.5 N NaCl aquesmistions by EIS and established
equivalent circuits for EIS model and also reportedEIS interpretation of corrosion

behavior.
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1.6 Scope and objective of the present work

Thin film coatings on the surface of a materiallwilodify the surface related
properties of the material without modifying itslbproperties. As the literature survey
indicates, there had been some work done by earestigators on pulsed laser
deposition of AJO; and SiC on different substrates like silicon, $app glass etc. These
films were deposited at room temperature and $jigtiiove that show amorphous nature
and have poor adhesion to the substrate. In treeptavork, flms were deposited from
room temperature to 480, so that the minimum temperature needed to deesice
coatings could be determined. Further, improvenienmicrohardness and corrosion
resistance of the substrates after coating wasestud@litanium and its alloy Ti6Al4V and
inconel were chosen as substrate materials to weptbe hardness and corrosion
resistance by the application of thin ceramic fdoating on their surface. AD; and SiC
coating were applied separately on surface of satiesinaterial. Coating was carried out
using PLD technique. After deposition effect of g@esing parameters like target-
substrate distance, temperature of substrate,ttdegesity, laser energy on the coated
ceramic films were studied. Coated substrates wleaeacterized using XRD, SEM, UV-
Visible spectroscopy and optical microscope. Hasdnedhesion, surface roughness,
corrosion resistance of the ceramic film coatedntim and its alloy Ti6AI4V and
inconel were studied in detail.
Objective of the present investigation is

e To obtain adhesive coatings ofz@k and SiC on different substrates viz., titanium,
Ti6Al4V and inconel by pulsed laser deposition t@gae at low temperature.

* To obtain adhesive coatings of8; and SiC, the laser processing parameters like
temperature, target substrate distance, laser gneagd target density are
standardized.

» Characterization of substrate, target materialsguXiRD, SEM, chemical analysis.

» Characterization of coated films using XRD, SEM aptical studies.

e To carryout microhardness and nanoindentation esudf the substrates and after
coating. Separation of film hardness from the cositpohardness using a model
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based on area-law of mixtures and compared witlfilthehardness measured using
nanoindentation technique.
» Conducting corrosion studies of substrates befodeadter coating.
1.7 Overview of the thesis

The thesis work present here is divided into sixptars. Chapter 1 describes the need
for taking up the present work by supporting ithwiiterature survey. This chapter also
presents the objective of the work that has beetmedaout.

Chapter 2 gives the detailed experimental desonpif the PLD technique used to
develop SiC and ADs thin film coatings on substrates. It also conchidescription of
different characterization techniques like XRD, SEMd absorption spectroscopy.
Hardness measurements using microhardness testemasmoindentation technique and
corrosion studies by Direct Current PolarizatiorCE) and Electrochemical Impedance
Spectroscopy (EIS) is described.

Chapter 3 beginsvith a characterization of substrate and coatingeras using
XRD, EDAX, and chemical analysis. It is followed standardization of PLD processing
parameters like target-substrate distance, substeatperature, target density, laser
energy to obtain uniform adhesive ceramic coati@gracterization of the PLD coated
substrates are also explained using XRD, EDAX andgiical method using uv —visible
spectrometer.

Chapter 4 starts with a microhardness studies @tedosubstrates using Knoop
indenter. Separation of film hardness from compgokdrdness by using a mathematical
model is discussed. Film hardness obtained using itiodel is compared using
nanoindentation method.

Chapter 5includes corrosion studies on substrates beforeafted ceramic coating
using direct current polarization and electrocheimpedance spectroscopy.

Chapter 6summarizes the results obtained and conclusionsndfeom the present
investigations.

Figures of different chapters are collected andwhim appendix |. Tables are given

in appendix Il. The references for the researchkvearried out are followed by appendix
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Il. Brief bio-data containing contact address, gication and list of publications are

enclosed at the end of the thesis.
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CHAPTER -2

EXPERIMENTAL DETAILS

2.1 Pulsed laser deposition of thin films

2.1.1 Lasers

Conventionally two basic types of lasers are usddLD, excimer and Nd: YAG.
An excimer laser typically uses a combination ofirsrt gas (argon, krypton, or xenon)
and a reactive gas (fluorine or chlorine). An exa@irgain medium is pumped with short
(nanosecond) current pulses in a high-voltage mtedischarge (or sometimes with an
electron beam), which create so-callextimers(excited dimers) — molecules which
represent a bound state of their constituents iontlye excited electronic state, but not in
the electronic ground state. After stimulated argpneous emission, the excimer rapidly
dissociates, so that reabsorption of the generatddtion is avoided. This makes it
possible to achieve a fairly high gain even for aderate concentration of excimers.
Different types of excimer lasers typically emitwegengths between 157 and 351nm,
which includes ArF (argon fluoride), KrF (kryptotudride), XeBr (xenon bromide),
XeCl (xenon chloride), XeF (xenon fluoride).

The Nd: YAG laser is the most commonly used typeahmercial solid state
laser. Neodymium-doped yttrium aluminum garngiNdyAlsO;12 (Nd: YAG) possesses
a combination of properties uniquely favorableltmer operation. The cubic structure of
YAG favors a narrow fluorescence line width, whigsults in a high gain and a low
threshold for laser operation. The YAG host is hardgood optical quality and has a
high thermal conductivity. Pulsed Nd: YAG lasers &ypically operated in the so called
Q-switching mode: An optical switch is inserted time laser cavity waiting for a
maximum population inversion in the neodymium idrefore it opens. Then the light
wave can run through the cavity, depopulating tkeited laser medium at maximum

population inversion. In this Q-switched mode otfpowers of 20 megawatts and pulse
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durations of less than 10 nanoseconds are achidldedYAG lasers typically emit light
with a wavelength of 1064 nm, in the infrared. Thigh-intensity pulses may be
efficiently frequency doubled to generate lasehtligt 532 nm, or higher harmonics at
355 and 266 nm.

2.1.2 Laser ablation — principle & origin

The PLD can be typically divided into four stagé¥:.Laser radiation interaction
with the target, 2) The formation of plasma plumel aransportation towards the
substrate, 3) Interaction of the ablated specidah Wie substrate, 4) Nucleation and
growth of thin film on the substrate (Bauerle, MO0Q and Metevand, S. and Meteva,
K.1989).

Laser radiation interaction with the target

The first process step of the PLD technique isitkeraction of the high-intensity
laser pulse with the target. This mechanism depstradggly on the properties of the
laser, like fluence, frequency, pulse duration aadelength. Laser radiation from IR to
UV interacts primarily with the outer electrons afoms and sometimes, though less
commonly, with a particular set of atomic or molecwibrations or phonons. These
wavelengths do not induce nuclear disturbancesdnathey affect the energy levels of
the inner core electrons of atoms. The optical grigs of any material will therefore be
mainly affected by the nature of its outermost ®tets and thus can be predicted by
knowing their electronic configurations. In the ead PLD, electronic sputtering is the
main mechanism of laser-target-interaction.

Electronic sputtering consists of various process#isof which involve some
kind of excitation or ionization. As the photons thie target, they produce electron-hole-
pairs and electronic excitations. As a consequeitiee electron-lattice interactions, the
temperature of the lattice increases strongly. Thi®llowed by desorption of particles.

Lattice defects and loose interatomic bonding fiaté the desorption.

Formation of plasma plume and its transportation
The ejection of particles from a surface induced itvgdiation with a high

intensity laser beam leads to the formation ofaudlof ablated material called plume,
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which moves rapidly away from the surface. Usualych a laser ablation cloud (plume),
consists of excited or ground-state electrons, iand. An example of a plume is a
strongly light-emitting cloud growing in all diraohs, but preferentially along the target
normal. The physical parameters in the plume, tagmass distribution, ion and atom
velocity, and the angular distribution of the plusecies, play an important role for
applications of laser ablation in mass analysislasier induced plasma and in the
production of thin films by PLD (Chrisey, D.B andibler, G.H, 1994).
Interaction of plume with the substrate

The thickness distribution in film deposition on saibstrate is determined
by the plume shape that has evolved during the restpa from the target surface to
the substrate. The behavior of the plasma depeamagether the process is carried out in
vacuum or presence of background gas. The profflethe plume is described
by cose curve, where 4 < n < 15, and n depends partigulari gas pressure.
The presence of the background gas has an influemcescattering and Kkinetic
energy of the particles in the plasma, as well as tbe rate of deposition
(Boyd, W. 1996). As a result of fluorescence antbnebination processes occurring in
the plasma, the plume emits visible light. Thisqdreenon offers a mean to monitor the
deposition process. Laser ion mass spectroscopyptichl emission spectroscopy are
examples for techniques used for plume monitorifige ablated species have high
kinetic energy of typically greater than 30eV anghhinitial velocities of greater than
10* m/s (Chrisey, D. B. and Hubler, G. K. 1994). Thmegy impinge onto the surface of
the substrate and may induce various types of dan@adhe substrate. However, the
reduced kinetic and internal excitation energiethefablated species can also be used to
assist film formation and to promote chemical rieens.
Nucleation and growth of thin films

Nucleation and growth of thin films depend on mdagtors such as density of
the target of laser, energy of laser, degree ataiion, types of condensed particles on
the substrate. In general, when considering therétieal models of film nucleation and

growth in PLD, there are three conventional motlege-dimensional growth of islands,
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two-dimensional growth of monolayers and the fororabf full monolayers followed by
the growth of separate three-dimensional islande Thermodynamics related to the
surface energies of the film and the substrateradtes which mode dominates the
growth of the film. The three-dimensional growthisiinds (also called Volmer-Weber
nucleation and growth) involves a number of atosai@le processes taking place after the
particles arrive on the substrate. The total freergy of each atomic cluster determines
the balance between the growth and dissolutiongss®s. By decreasing the temperature
or increasing the deposition rate the free enefghe cluster nucleation and growth can
be made more negative, i.e. the nucleation ratthefclusters can be increased. The
lowering of the temperature may, however, decetetla¢ formation of the equilibrium
structure of the deposit, which increases the pdggi of metastable or amorphous
phases (Chrisey, D.B. and Hubler, G.K. 1994). Ddpenon the size and shape of the
nuclei and the interface energies of the clustdrsgate and vapor, it can be energetically
made favorable for the film to grow as complete players instead of three-dimensional
islands. This growth mode (also called Frank-vanMerwe nucleation and growth) is
more possible in the conditions, where the filmface energy is low and the substrate
surface energy is high. However, the atomic praxeskiring the Frank-van der Merwe
nucleation and growth are essentially the samena¥almer-Weber-mode, but the
thickness of the islands corresponds only one nayeol Similarly, the nucleation rate
can be controlled by changing the temperature@dd#position rate, as described earlier.
The third possible mode is called Stranski-Krastinacleation and growth. The

film formation begins with complete monolayers, lafiter 1-5 monolayers the growth
continues by island formation. The reason for kimgl of behavior is probably the lattice
stress, which is higher on the surface of the dgmbanonolayers than on the bare
substrate. In the nucleation and growth modes,assumed that the nucleation occurs on
random sites, homogeneously on the whole subsdtatace. In practice, the surface of
the substrate is not uniform enough to ensure timedgeneous nucleation: there may be
defects and dislocation intersections providing enfavorable nucleation sites. Thus, for
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example, the preparation of the substrate can bawemarkable effect on the nuclei

density and nucleation rate.

2.1.3 Effect of processing parameters

The parameters that are important for the growtttheffilm, which have to be
optimized, are the laser wavelength, pulse duraiwhfluence, target-substrate distance,
the ambient gas and its pressure, the substrafeetatare and target density.

For a choosen material and a fixed laser wavelerthth laser fluence on the
target has the most significant effect on the paldite size and density. The laser fluence
can be varied by varying the laser power or therlapot size. At constant laser power,
the particulate number density is higher with tegghfocus. In general, there exists
threshold laser fluence, below which the parti@dadre barely observable. Above the
threshold laser fluence, the particulate numbesitheimcreases rapidly with increasing
fluence. However, the rate of increase reduceshiglzer fluence, indicating saturation.
The saturation of the particulate deposition arih fileposition is largely due to the
saturation in the ablation process.

The laser wavelengthd) comes into play mainly in effectiveness of the
absorption of the laser power by the target. Forstmmetals, the absorption
coefficient () decreases with decreasihgHence the laser penetration depth in metals is
larger in the UV range than in the infrared raniger other materials, the variation of
absorption coefficient with wavelength is more cdemp since various absorption
mechanisms, such as lattice vibration, free caaleorption, impurity centers or band
gap transition, can take place. The absorbanceea@ses with increasing wavelength,
green light at 533 nm is almost 10 times less diggbthan at its 266nm counterpart. A
deeper penetration depth (that is largéy achieved by Nd: YAG laser in IR 1064 nm
wavelength than the excimer laser in UV is perhtdgs most significant factor that
determines the particulate size density. (ColinMEand Julian, D. C. J. 2004).

During the film deposition in vacuum, the effecttafget-to-substrate distance is
mainly reflected in the angular spread of the e@dtux. Increasing the target-substrate-

distance is useful in coating large area substratese the plasma plume becomes wider
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as it gets further away from the target. The filgnewn at the longest possible ablation
distance results in very uniform films with the @dieack of low growth rate and low yield
(Hirschauer, B et al. 1996)

The substrate temperature should be at least htghar0.3 T,, where T, is the
melting temperature in K, to obtain good crystainalthough epitaxial films have been
grown at lower temperatures than those used byr ddehniques. However, a lower
deposition temperature will prevent or at leastitliharmful film and/or ambient gas-
substrate interaction, (Park, J. et al 1998 and &&cKR.A. et al. 1991), unwanted
substrate interdiffusion process, and re-evaparatiovolatile component. (Prusseit, W.
1992).

The incoming laser will dig a deep hole if it fatla a stationary target. When the
target is rotated, the laser beam will dig a mubhllewer trench. There are several
scanning techniques to ensure uniform erosion eft#iget, which are economically
justified. Moreover, changing randomly the direntiof the incoming laser beam avoids
the formation and development of micro-relief thaill unpredictably change the
removal rate. The denser the target, the bettectystallinity and morphology of the
grown film.
2.2 Deposition of film on the substrate
2.2.1 Substrate preparation

Substrate materials Titanium, Ti6AI4V and Inconélsize 0.22x0.22 mwere used

for ceramic coating. The surface of the substrates wequentially polished using
polishing grinder (Chennai Metco) at a rotatiomexh of 500rpm with SiC waterproof
abrasive paper from 320 grit to 2000 grit size amboth polishing was done on velvet
cloth using AJOs; suspension of 1, 0.5, 0.3-micron size, to anayeroughness (Rof
30-50 nm. After polishing, the substrate surfasese cleaned in acetone in ultrasonic
bath for 20 minutes.
2.2.2 Target density measurement

Al,O3 and SiC pellets of purity 99%, having differentndties were used as

targets for ablation. Its density was measured aiewabsorption test method (Singer, F.
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and Singer, S.S. 1963). Initially dry weight of tpellet was determined (D). Then the
pellets were immersed in water and boiled for boar and then cooled, retained at
room temperature for 24 hours. The surface of thaed pellet was slightly wiped off
using wet cloth and its saturated weight is deteew{S). The cooled pellet was
suspended in water and its immersed weight wasrdeted (1). Using the following
formulae true density and porosity of the pelleegsendetermined.

S-D

Apparent Porosity GAP) = o1 (2.1)
. D
Bulk density =(BD) = so1 (2.2)
. BD
True or Apparent density(¥D) = 1-AP (2.3)

2.2.3 Pulsed Laser Deposition System

The essential parts of a pulsed laser depositiD)PBystem are the vacuum
chamber, vacuum pumps, laser, laser optics, taajder and substrate heater.

In the present study, the depositions were cawigdn a laser ablation vacuum
coating unit (HIND HIVAC) consisting of a vacuum athber and a diffusion pump
backed by an oil sealed rotary pump. The schend&gram and photograph of the PLD
unit are given in figure 2.1 and figure 2.2 resp@ty. The pressure of the chamber was
monitored by Pennig and Pirani vacuum gauges. d$ey lused for the deposition process
is a Q-switched Nd: YAG laser (Laser spectra) whiah produce a laser beam of 1064,
532, 355 nm wavelengths and up to 800 mJ pulsegeser For the present work
wavelength of 1064nm was used. This laser hamlsation of 10 ns and is capable of
a maximum repetition rate of 10 Hz and laser beamahdiameter of 0.01 m.

The laser beam was focused using a convex lenscaf fength 0.5 m to a point
size with diameter of approximately 0.001 m dhe target. So the fluence is

approximately 170 KJ/fa when laser energy of 135 mJ pulse was made tmfiathe
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target. The target substrate distance was variettan the uniform film thickness. The
rotation speed of the target was maintained ap# rThe laser beam was directed on to
the target at an incidence angle of.43he pressure in the chamber was maintained at
10° mbar. Silver paint was used to bond the targeth® target holder. Since the
evaporants are ejected as a highly forward — diceptume of material along the target
normal, the substrate must be held directly oppdsithe target. The substrate was kept
on the substrate holder with heating arrangemeangusmple clamping mechanism. The
temperature was recorded using a thermocoupleoierwires were used to heat the
substrate. Figure 2.3 shows the photograph of pliormed due to laser interaction
getting deposited on substrate inside the laseatiahl chamber. The following
parameters were varied during deposition.

1) Target—to-substrate distance (0.03, 0.05, @A8m)

2) Substrate temperature (Room temperature, 1@),300 & 456C)

3) Laser energy (85, 135 mJ)

4) Apparent target density {85. 3690 Kg/mi, 3490 Kg/mi, 3150 Kg/ni.)

(SiC: 4BKg/nT, 2430 Kg/ni)
2.2.4 Heat treatment

Heat treatment is used under two different cond#ito improve film adhesion to
the substrate.

Substrate heating: During deposition of the coatiregerial on the substrate, it is
maintained at certain temperature in the ablatibantber. Temperature effect on
adhesion is studied by maintaining the substratdiftgrent temperatures namely RT,
100, 200, 300, 45C

Heat treatment after deposition:,®k coated substrates were heat treated in air at
450C after deposition. SiC coated substrates weré theated at 85t in vacuum.
These heat treated coatings were used for XRDestudi
2.3 Roughness measurement

Profilometer is a measuring instrument used éasuare a surface's profile,

in order to quantify its roughness. A diamond styikimoved vertically in contact with a
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sample and then moved laterally across the saropla $pecified distance and specified
contact force. A profilometer can measure smalfager variations in vertical stylus
displacement as a function of position. A typicedfpometer can measure small vertical
features ranging in height from 10 nanometres nalllmetre. The height and position of
the diamond stylus generates an analog signal wkidonverted into a digital signal
stored, analyzed and displayed. The radius of dmhstylus ranges from 20 nanometres
to 25 um, and the horizontal resolution is controlled hg scan speed and data signal
sampling rate. The stylus tracking force can rang@ less than 1 to 50 milligrams.

Surface roughness can affect a component's cheraitdl physical stability.
Surfaces that have to stand up to hostile enviromsn@emperature, humidity, or hostile
chemicals) must be as smooth as possible in oodpretsent the minimum surface area
for attack, and to have as few defects or weakssa®tpossible. Mechanical malfunction
can be found in high performance engine machines pelnich are required to move or
rotate at high speed without wear. Excess surfaoghmess can lead to unacceptably
high levels of frictional heating, causing damage aven failure (http://www.schmitt-
ind.com/support-technical-papers-scatter.shtmi12/2010).

When stylus of the profilometer moved across ceatadoated junction region, it
will indicate surface variation across this regiddoating thickness can be measured by
surface variation at coated—uncoated junction regl@aylor Hubson stylus profilometer
is used to measure the thickness of the coated film

Average surface roughness of substrates and filomted under different
conditions were measured using 3-D optical surfaadilometer. Vecco 3D optical
surface profilometer was used to measure the surfagghness based on the principle of
interference of light between the ray reflectedrfrthe surface of interest and the ray
from an optically flat reference surface. Deviationthe fringe pattern and dark and
bright lines produced by the interference are eeldab differences in the surface height.

3D image is obtained by using an imaging array.
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2.4 Hardness measurement
2.4.1 Microhardness test

Indentation microhardness is a reliable test metl@d the evaluation of
mechanical characterization of the coatings. Inromardness testing a diamond indenter
with specific geometry is indented onto the surfafetest specimen using a known
applied load from 18 to 1 Kg. Usually to measure microhardness of hhid films,
standard indenters like Knoop, Vicker, Berkovich. gare used. The Knoop indenter is a
better choice for hard brittle material where thdentation cracking would be relatively
minimized when compared to Vicker's indenter at laene load. It is reported that by
Ferro, D. et al. (2006), that measurement errolKobop indenter diagonal is less
compared to Vickers diagonal. The Knoop indentaisoshallower (depth approximately
1/30 the long diagonal) than the Vickers indentat{depth is approximately 1/7 the
average diagonal) when the same load is appligde@material. Hence, the Knoop test is
better suited for testing thin coatings. Hardnésthio films has combined effect due to
the influence of the substrate and the film thadte to the so-called “composite
hardness”. The composite hardness includes the @woamp of the substrate hardness
depending on the relative depth of penetrationraadhanical properties of the both film
and the substrate. Film hardness is separated tinentomposite hardness based on a
mathematical model.

Microhardness is determined by using CLEMEX Micnaimess tester. Knoop
and Vickers indenters were used for the test. La#d3.025, 0.050, 0.1, 0.2, 0.3 and
0.5 Kg were applied and were maintained for 10aseeach coating surface. Averages of
10-15 indentations at each load were used to me&sudness.

2.4.2 Nanoindentation

Intrinsic hardness of coated material is found gisiysitron Tribo indenter. This
instrument can measure the hardness and elastgtacds of thin films and coatings.
Berkovitch type diamond indenter is used to measheenanoindentation. A load of
1000-150QN was applied to the surface and the penetratigsthdef the tip was
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continuously recorded. From the loading and unlogdcurves nano mechanical
properties were evaluated.
2.5 Scratch test

It is qualitatively performed using TQCCC2000 Adiloastest kit, in which two
cuts/scratches were made perpendicular to each (@tice type pattern) on the coated
substrate. Then pattern was brushed several tiraek and forth along each of the
diagonal lines of the lattice pattern. An adhedmee was applied parallel to scratched
lattice pattern and pulled off steadily a@fgle. Careful examination of the magnified
scratch areas using optical microscope (400x) tsvitee adhesion of the film to the
substrate.
2.6 Spectrophotometer

Ultraviolet-visible (UV-vis) spectroscopy is usemdbtain the absorbance spectra
of a compound in solution or as a solid. UV-vis@pescopic data can give qualitative
and quantitative information of a given compoundnuwlecule Spectroscopically we
observe the absorbance of light energy or electgmetzc radiation, which excites
electrons from the ground state to the first singbecited state of the compound or
material. The UV-vis region of energy for the elentagnetic spectrum covers
1.5 - 6.2 eV which relates to a wavelength rang&Q@i - 200 nm. The Beer-Lambert
Law,

Axcl (2.4)

where A is absorbance (unitless, usually seen lasusuits or arbitrary unitsk is the
molar absorptivity of the compound or moleculedtusion (M*cmi?), | is the path length
of the cuvette or sample holder (usually 1 cm), anslthe concentration of the solution
(M).

UV —Visible Fiber Optic spectrophotometer (SD-20@ean optics Inc) is used to
record the optical spectrum of coated films onaglly flat glass substrates.
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2.7. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a methodhigh-resolution imaging of
surfaces. The advantages of SEM over light micnogcanclude much higher
magnification (>100,000X) and greater depth ofdielp to 100 times that of light
microscopy. The electrons interact with the atohet itnake up the sample producing
signals that contain information about the sametface topography, composition, and
other properties such as electrical conductivitye Types of signals produced by an SEM
include secondary electrons, back-scattered elextfBSE), characteristic X-rays, light
(cathodoluminescence), specimen current and tratesh@lectron

The SEM generates a beam of incident electrons ielectron column above the
sample chamber. The electrons are produced byre@hemission source, such as a
heated tungsten filament, or by a field emissioth@de. The energy of the incident
electrons can be as low as 100 eV or as high ase30depending on the evaluation
objectives. The electrons are focused into a stedim by a series of electromagnetic
lenses in the SEM column. Scanning coils near titecd the column direct and position
the focused beam onto the sample surface. Ther@bebeam is scanned in a raster
pattern over the surface for imaging. The beamatao be focused at a single point or
scanned along a line for X-ray analysis. The beam loe focused to a final probe
diameter as small as about 10 A.

The incident electrons cause electrons to be edritten the sample due to elastic
and inelastic scattering events within the sampsigace and near-surface material.
High-energy electrons that are ejected by an elasillision of an incident electron,
typically with a sample atoms nucleus, are refetea@s backscattered electrons. The
energy of backscattered electrons will be comparablthat of the incident electrons.
Emitted lower-energy electrons resulting from iséla scattering are called secondary
electrons. Secondary electrons can be formed blsiools with the nucleus where
substantial energy loss occurs or by the ejectibioasely bound electrons from the
sample atoms. The energy of secondary electrotypically 50 eV or less. To create an

SEM image, the incident electron beam is scannedraster pattern across the sample's
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surface. The emitted electrons are detected fdn pasition in the scanned area by an
electron detector. The intensity of the emittecttetan signal is displayed as brightness
on a cathode ray tube (CRT). By synchronizing tiRI'Gcan to that of the scan of the
incident electron beam, the CRT display represr@snorphology of the sample surface
area scanned by the beam.

In our studies surface topography of the coatednoer films were studied using a
scanning electron microscope (JEOL JSM 5800) armdggn dispersive X-ray spectroscopy
(EDAX) was carried out for the compositional an&ys
2.8 X- ray diffraction (XRD)

X-ray scattering techniques are a family of nontdesive analytical techniques,
which reveal information about the crystallograpsticicture, chemical composition, and
physical properties of materials and thin filmsra¥ss are electromagnetic radiation with
a wavelength of approximately 1 A, which is abdwe same size as an atom. XRD uses
X-rays diffracted by a sample to get the crystallinformation. When the incident X-ray
beam is diffracted by a sample, enhanced diffracbocurs only when the following
Bragg’s condition is achieved:

2d siei=n (2.5)

where d is the spacing between two crystal lagle@es of the sampl@, is the X-ray
wavelength, 6 is the angle between the incident/diffracted beamd the sample
crystalline planes, and n is a natural number, lemsve in Figure 2.4. Therefore, by
scanning the specimen over a range of abglkee count of the diffracted X-ray is related
with crystalline information such as the d spacevien the crystal planes. The detecting
area of XRD is normally in the range of square imidters.

Characterization of the substrate and coatingemnah was done using X-ray
diffractometry (JEOL) using Cuiradiation (1.54 A) with nickel filter.
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2.9 Corrosion studies

The general techniques used for corrosion perfocenavaluation of the coatings
are DC Polarization (DCP) and Electrochemical Ingme# Spectroscopy (EIS). The
corrosion behavior of the coated and uncoated gitbstin the present work was studied
using DCP and EIS. All studies were carried outrbynersing samples in 3.5% NaCl
solution in open air and at room temperature, ugpnotentiostat/Galvanostat Gamry
Instruments (PCI 4G750-47065) system.

2.9.1 Direct Current Polarization (DCP)

DC polarization test is a potential dynamic comosiesting technique. When an
electrode is polarized, it can cause current tovfloa electrochemical reactions that
occur at the electrode surface. The amount of ourgenerated is controlled by the
kinetics of the reactions and the diffusion of taeats both towards and away from the
electrode. In a cell where an electrode undergo@srm corrosion at open circuit, the
open circuit potential is controlled by the equilion between two different
electrochemical reactions. One of the reaction®iggas cathodic current and the other
anodic current. The open circuit potential is dls® potential at which the cathodic and
anodic currents are equal (Figure 2.5). It is refgéto as a mixed potential. The value of
the current for either of the reactions is knowrthas corrosion current. Mixed potential
control also occurs in cells where the electrod®iscorroding.

All electrochemical measurements are performedgustonventional three
electrode cell, using a platinum plate as an aamilielectrode, saturated calomel
electrode (SCE) as a reference electrode. The egparea to the corrosive medium is
1 cnf. The sample is cleaned in distilled water beforelilog to the sample holder. The
sample is placed in such a way that Luggin capiltdrthe reference electrode is close to
the working electrode and this arrangement is dseall tests. The current density is
measured and usually plotted on a logarithmic scdie corrosion potential (k) and
the corrosion current {;) are obtained from the Tafel plots. The corrospmential

(Ecom) OF the open-circuit potential is the potentianatal will assume when placed in
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contact with a conductive medium. The value ofdbgosion potential is determined by
half-reactions of the corrosion process,Hs characteristic of the corroding system and
is unrelated with the electrochemical instrumentatiThe Tafel plot provides a direct
measure of corrosion current, which can be usezhliulate the corrosion ratéNestor,

P. 2004). The corrosion resistanggsygiven by

R —i —{E} (2 6)
P Icorr AI AE -0 .

Where, | is the total current at a potential &£ the open circuit potential.

B=Pa Bc/2.3036a + Bc) (2.7)

Ba & Bc are the Tafel proportionality constants for the dio@and the cathodic reactions
respectively. The corrosion rat€R) is calculated from the Faraday’s law (Dean, S.W.
1977) using the following equation

CRumy)= B327* 1, * EW)/d (2.8)

whereEW s the equivalent weight of the testing matergaldd is the density of testing

sample in Kg/ml By substituting the value df.r, CRis calculated. Variations of the
Tafel plot may occur depending on the nature ofptteéection mechanism of the coating.
2.9.2 Electrochemical Impedance Spectroscopy (EIS)

EIS is considered as one of the most importantiigcie for investigation of the
electrochemical behavior of passive films. Impe#gameasurements were conducted
using a frequency response analyzer (FRA). Thetgapaovas recorded in the frequency
range 10mHz — 300KHz. The applied alternating paerhad root-mean-square
amplitude of 10mV. After each experiment the impemadata was displayed as Nyquist
and Bode plots. The Nyquist plot is a plot of inmegly impedance (Z versus real (2).
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From the Nyquist diagram it is possible to obt#ie value of the both resistance i.e., the
electrolyte resistance (R at high frequencies and charge transfer resistéR;), at low
frequencies. The Bode plot is a plot of log Z vertag f (magnitude plot), and phase
angle 0) versus log f (phase plot), where log Z is theohllte impedance and f is the
frequency. The advantage of the Bode plot is tiat data for all the measured
frequencies are displayed along with the impedamadges. Furthermore, the frequency
dependence of the phase angle indicates whetheranere time constants occur, which
could be used to determine equivalent circuit (R&gameters. A circuit description code
(CDC) is assigned for the acquired data and thelieend) data are curve fitted and

analyzed using ZSimpWin software.
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CHAPTER -3

CHARACTERIZATION OF SUBSTRATE, TARGET AND COATED FI LMS

3.1 Characterization of substrate and target mateals

Three different materials namely CP titanium, Ti@¥land inconel were choosen
as substrate materials and SiC angDAlas target materials. Characterization of substrate
and target materials has been done using XRD, ERAXKby chemical analysis. X-ray
diffraction data of target, substrate and coatkxdsfiwas collected and compared with the
standard data (JCPDS data) to determine the plpassent in it. Compositions of the
materials were determined using EDAX and cheminalysis.

3.1.1 Substrate materials

Basic characterization of substrate material isedboy X-ray diffraction, optical

microscopy, EDAX and chemical analysis.

3.1.1.1 Titanium commercial purity 99.2%)

Commercially pure titanium sheets of 0.10 m x 0.% 0002 m were procured from Alfa

Aesar.

i) X-ray Diffraction

In X-ray pattern no extra peaks were found othan Titanium. All the peaks

correspond ta- Ti phase. Figure 3.1 shows the XRD pattern of Titaniu

i) Microstructure

The microstructure of the commercial purity titamiwafter etching with Kroll's
reagent at 400x magnification is shown in figur2 & shows bright and dark regions.
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The dark regions in the above micrograph are duwitted alpha grains of cp titanium.
(http://www.feppd.org/ICB-Dent/campus/materials f@rosthetic dentistry/ Alloying
effect.htm, June 2, 2011).

iii) Chemical composition
Chemical composition of the titanium as determifgdchemical analysis and
EDAX is listed in table 3.1. Figure 3.3 shows tH2AX of titanium substrate.
3.1.1.2 Ti6AI4V
Ti6AI4V substrates used for coating were cut frelabs of dimensions 0.05m x
0.05m x 0.0025m. These substrates were provideWiknam Sarabhai Space Centre,
Trivandrum. The results of characterization of A/ substrates are given below.
i)  X-ray diffraction
Figure 3.4 shows the X-ray diffraction pattern a6Al4V. XRD pattern shows
the existence of a & B -Ti phases, which is the characteristic of two gghé& + )
Ti6AI4V alloy.
i) Microstructure
Optical microscopy also confirms the existenceno& [ phases. Fine polished
surface of the Ti6AI4V is etched with Kroll etchgta0% HF, 5% HN@ and 85% HO)
and optical micrographs were taken at 400X magatibhm as shown in figure 3.&.and
B phases were clearly observed
iii) Chemical composition
Chemical composition of the Ti6Al4V is listed irbta 3.2. Figure 3.6 shows the
EDAX of Ti6Al4V substrate. The discrepancy in comjfiimn among the two methods
can be due to the two phase structure of the titaralloy.
3.1.1.3 Inconel
Inconel 601 substrates used for coating were ou fslabs of dimensions 0.05m
X 0.05m x 0.0010m. These substrates provided byravik Sarabhai Space Centre,
Trivandrum, were characterized using the followmethod.
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i) X-ray Diffraction

By comparing the obtained XRD data with JCPD8sfi(33-0945) it has been
found that diffraction angles were matching witkkanel 601. Figure 3.7 shows the X-
ray diffraction pattern of Inconel.

i)  Microstructure

Fine polished inconel was etched with etchantnf@®HCI, 2 ml HSO,, and 1 ml
HNOs). Microstructure observed at 400x magnificationswshown in figure 3.8.
Different microstructures were observed at diffémegions on the surface.

iii) Chemical composition

Chemical composition of the inconel as obtainedtwy different methods is
listed in table 3.3. Figure 3.9 shows the EDAX méanel substrate. The discrepancy in
composition between chemical analysis and EDAX @alule to different microstructures
in different regions on the surface which is chaastic of inconel 601.
3.1.2 Target materials
3.1.2.1 SiC
1) X-ray Diffraction

SiC in the form of pellet of diameter 0.04m wap@ied by BHEL, Bangalore.
The pellet was powdered to collect the XRD datagi}-ray diffractometer. Figure 3.10
shows the XRD pattern of SiC. All peaks corresptmna SiC.
i) Density measurement

SiC pellets of two different densities were usedaaget to study the effect of
density on ablation rate. The density of theseepeliwas measured using water
absorption test method (Singer, F. and Singer, 6&3). The apparent densities of these
pellets were found to be 2840 Kg/and 2430 Kg/m
3.1.2.2Alumina
i) X-ray Diffraction

XRD pattern of Alumina is given in Figure 3.11.1 Ahe peaks correspond to
a - A|203.
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i) Density measurement

The apparent densities of 8; pellets using water absorption test method were
found to be 3690 Kg/f 3490 Kg/ni and 3150 Kg/rh
3.2 Standardization of processing parameters of PLD

Generally in PLD, laser beam interaction with targesults in plume, which
contains a mixture of atoms molecules electrons iclasters and micron, sized solid
particles. The plume rapidly expands in the vacuwith narrow forward angular
distribution towards the substrate to form the d#pdaterial deposition on the substrate
depends on the laser processing parameters like fhence, frequency & spot size,
ambient gas pressure in the vacuum chamber, tatgettrate distance, target density and
surface topography of the target material, sulsstr@mnperature during deposition, etc.
The above mentioned predominant factors influefgeudniformity which in turn affects
surface topography, structure, orientation and entogs of the deposited thin films. In
our studies the following parameters were varied arandardized to obtain uniform
adhesive ceramic coatings. The processing parasnetere target-substrate distance,
substrate temperature, target density and laseggne
3.2.1 Target -substrate distance

The effect of variation of target-substrate distana the deposited ceramic film
was studied. Alumina was coated at different tasgdstrate distances (d), viz., 0.03,
0.05, 0.08 and 0.10m using 28k target of density 3150 Kgfnwhile maintaining all
other deposition parameters constant. The top yetograph of the coated sample at
different target substrate distance is shown iargg3.12. It was observed that the angular
spread of the plume resulting from the interacbéthe laser beam with target broadens
with increasing distance as shown schematicallthenfigure 3.13Non-uniform films
with different thickness deposited at 0.03 and On@3arget substrate distance show
larger thickness at the central region. Three mtistregions were observed at 0.03 m
distance (sample A) and it merged into two at On@Sdistance (sample B). Films
deposited at 0.08, 0.10 m distances (sample C) sleyeing single uniform region. The

resulting coatings were of different thickness androstructures as shown in the

40



figure 3.14. Uniformity in the film can be improvdy increasing the target substrate
distance d, but the rate of deposition will deceemsth increasing distance. Different
surface morphology, non-uniform thickness, différesverage surface roughness,
microhardness variation were found in the differegfions of films deposited at 0.03 and
0.05 m.

The optical microstructure of partialéstribution of the sample A in 3
distinct regions (I, IlI, Ill) of figure 3.13 are sWwn in figure 3.15. In the region I,
distribution density of the particle is more ansiaabigger sized particles can be seen. The
heavier particle having slow velocity tends to camcate in the central region of the
plume. Since the substrate is kept normal to thenp| region | receives the heavier and

more number of particles in addition to lightertjes..

Particle distribution continues with this sequemtehe region Il & Ill. Table.3.4
shows the variation of hardness and average rosghnéh distance, which correlates
the properties of the film with the characteristidshe plume interaction with substrate.
The density and size of the deposited particle len dubstrate reduces as the target-
substrate distance increases. Uniform films wese abtained at 0.8 m target substrate
distance. The coated films were observed to beoumifeven at the target substrate
distance of 0.10m. But the thickness of the filntaoieed at 0.10 m was less. So, the

minimum target substrate distance to grow unifafm was optimized as 0.8 m.

Figure 3.16 a), b), c) shows the 3-D surface pooféter photographs of the
Al,O3 coated on Ti6AI4V at d =0.03 m. It shows thredeatd#nt regions with 3 different
average roughness,Ralues. Similarly Figure 3.16 d), e) is at takend=0.05 shows
two distinct regions with two different;Ralues and Figure 3. 16 f) is the photograph of
d=0.10m showing single uniform region.
3.2.2 Target density

Target density is another parameter that altersrdbe of ablation and the film
thickness. Sintered pellets were used as targatrrast Targets of different density were
chosen for our studies. It is well known that hagnsity and highly homogeneous targets
yield the best films. AD;was deposited using three targets of different egpalensity
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3690, 3490, & 3150 Kg/fhand SiC targets of apparent density 2840 and 2¢86K

under identical conditions. Rate of ablation varigéth density of the target as follows:

Al,O3
Density (Kg/m) Ablation rate (nKg/sec)
3690 0.833
3490 1.190
3150 2.944
SiC
2840 2.500
2430 4.416

It was observed that the rate of ablation is lessriore dense targets and more
for less dense targets. Deposition period shoulthtreased to obtain the required film
thickness using high-density targets. The opticadrostructures of the alumina coated
samples are shown in figure 3.17 a), b), ¢) andosilcarbide coated samples in figure
3.17.d), e). The patrticle size in the deposited matéialmost same for different density
targets. But the density of particles is less witbrease in density of the target. The
ablation of the high-density targets reduces thmodigion rate to a large extent. Uniform
films were found to be obtained at low density éisgalumina target of apparent density
3150 Kg/nf and silicon carbide 2430 Kgfin In addition to that required film thickness
will be obtained at shorter period. Still lower dép targets could not be ablated by laser,
since the laser beam penetrates deeper into et tay crater formation in a short period
without much ablation of the material.

Density of the target should have certain optimvatue to ablate it to form
deposit on the substrate surface below which amas not possible due to the crater
formation into the depth of the ablating pellet admbve which the ablation rate is very

small.
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3.2.3 Temperature of the substrate

Good adhesion of the film to the substrate isngpartant factor that protects the
substrate surface from the damage. Film adhesidinetsubstrate was studied for silicon
carbide and alumina at room temperature and byingrtemperature up to 430.
Optical micrograph of AD; and SIiC deposited on Ti6Al4V substrate at differen
temperatures is shown in figure 3.18 a), b), c),edl) and f). Delamination of the film
was observed in both SiC and,@} films deposited at room temperature and afC0gs
shown in figure 3.18 a), b), ¢) and d). The ripdlasned as observed were caused by the
large compressive stresses in the film (Chopra,. K269). Substrate heating during
deposition reduces the stress produced during ¢pesition of the film and results in
good adhesion with the substrate due to the enbaditfeision of the particle on to the
substrate surface. The substrate temperature elffieicty deposition on the adhesion was
studied for AJO3 and SiC film at 104C, 200C, 306C and 456C. Films grown at 16
also show film delamination in certain regions bé tcoating. Delamination was not
observed in films grown above 2t So to obtain adhesive films substrate tempegatur
should be greater than 2@

Generally films grown near room temperature werer@mous. Increasing the
substrate temperature increases the crystallimty @ientation of the deposit. Similar
effects can be obtained by annealing the specimieisthe deposition. Substrate heating
and /or annealing also induce growth of grain sagewell as phase transformation.

Alumina coated at room temperature on Ti6Al4V stdiss was annealed in air
after the deposition at 680 for one hour. It was observed that annealingr afte
deposition would make the films more brittle resgtin cracking of the films during
indentation. But when the films grown at 460on the substrate were again annealed in
air, they were not brittle. This may be due tofienation of TiQ during heat treatment
on the surface in the former case since the adhegithe film was poor and absence of
formation in the second case. To overcome delaromaf film, substrate temperature
was maintained at 480 during deposition.
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3.2.4 Laser energy
Alumina target of apparent density 315 Kdimas ablated for 30 minutes using two
different laser energies namely 85 mJ and 135 Fgure 3.19 shows the particle
distribution of the deposited alumina film usindfelient laser energies. Particle size of
the deposited film remains same in both the filmgasited using different laser energies.
Only the deposition rate is reduced with decreaskser energy. So, for ablation, we
have chosen 135 mJ laser energy.
After repeated trails and checking the reprodiititof the results, the following
processing parameters were standardized.
1. Target substrate distance — 0.08m
2. Density of the target
Al,Os - 3150 Kg/nt
SiC - 2430 Kg/m
3. Temperature of the substrate — 260
4. Laser energy -135 mJ
These processing parameters were kept same $@s;AINd SiC coatings on three
substrates viz., titanium, Ti6Al4V, inconel. Aftetoating these substrates were
characterized and used for microhardness and ¢omnretudies.
3.3 Characterization and properties of the PLD coad substrates
3.3.1 XRD
Deposition of ablated alumina on the substrate e@adirmed by XRD. XRD
pattern was collected on alumina coated inconek dfeat treatment. Figure 3.20 shows
the XRD pattern of AlO; coated at 45 on inconel and heat treated at ¥5Gor 4
hours. AbO; peak in the pattern confirms its existence indbating. Since the thickness
of the film is very less, intensity of the alumiXaray peak is very less. Slow scanning
between the 30 and 4@onfirmed the existence of alumina peak. It is ijeshown in
the figure 3.211t’s found to bex-alumina phase.
Amorphous SiC films were obtained while depositatgt50 C. No XRD peaks

were found indicating the amorphous nature of aaterb film. To convert it into
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crystalline film SiC substrate is annealed in vaouat 856C for 1 hour. XRD peak
corresponding tax-SiC was found after annealing (figure 3.22). TEhe&dRD patterns
confirm the presence of target material in the iogat

The presence of coated materials was further aoefir by optical absorption
studies.

3.3.2 Scanning electron microscopy (SEM) studies

Surface morphology of the SIiC and.®} thin film coatings on Ti6AlI4V
substrate was studied using SEM as shown in fig8re8 and 3.24. In SiC film, as
shown in figure 3.23 we see the existence of spakparticles (micro droplets) of
submicron size which ranges from 838 nm to 62 nnerdédtructure of the coated film is
found to be uniform throughout the surface. Existeof particles of different size is
quite common in PLD films. Particle size does nepehd much on the energy of the
incident laser beam. Same sized particles weredserved when films were deposited
using laser beam of lower energy (85mJ). But deerea laser energy reduces the
ablation rate.

Surface morphology of the AD; deposited on the surface of the Ti6AI4V using
alumina target of apparent density 3150 Kyisnshown in figure 3.24. The particle size
of the deposited particle varies from 1000 nm tnB88 As reported in literature, similar
results were obtained for coatings on other sutestraso.

3.3.3 Energy-dispersive X-ray spectroscopy (EDAX)raalysis

EDAX of SiC on Ti6Al4V and Alumina on Ti6Al4V veacollected. This
analysis confirmed the presence of relevant elénmethe deposited coatings. At two
different energies EDAX was collected. At low enerGoating element peak was
prominent. Due to the very low thickness of thetitmg when intensity of the incident
beam was increased substrate peak becomes promiBe2t a) and b) was collected at 5
KV and 15 KV incident energy on SiC on Ti6Al4V afigure 3.25 c) and d) show
EDAX of Al,O5; on Ti6AI4V substrates at low and high KeV incitlenergy.
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3.3.4 Optical characterization of coatings

Optical characterization is another method usecbnfirm the presence of the
target material in the coatings. The optical barap gnergy and Urbach energy
calculations for SiC and AD; coated on glass substrates were carried out wgitigal
absorption data. The Tauc’s power law is used taiolihe optical band gap enerBy.
(Tauc, J. 1972)

ahv =consthv -E,)° (3.1)

where Eg is the optical band gap energy ahd is the photon energy of the incident
radiation, the exponemptin the equation is 2 for indirect optical transitiandp=1/2 for
direct optical transition. The energy band ggpof SiC and AJOszfilms are calculated by

2 as a function ofw

extrapolating linear region of the curve obtaingdplotting @hv)
in the case of SiC (indirect band gap) anthw)? versushy in the case of AD; (direct
band gap) as shown in figures 3.26 & 3.27. Hyevalues are found to be 3.32 eV for
Al,0Ozand 2.07 eV for SiC film. These values are comgaralith the reported values of
3.2 eV for ALO3; (Rose, V. et al. 2003) and 2 - 2.9eV for SiC (Parkl1998). Generally
amorphous films have low band gap energy compaceygialline films. This is observed
to be true in case of SiC films coated in the preserk.

The coated films in the present work are amoughno nature. This is confirmed by
optical absorption data. At longer wavelength ie spectrum, there is an absorption tail
described by Urbach exponential law (Urbach, F.3)9&hich describes the amorphous

nature of the film. The Urbach energy is relateth®mabsorption coefficient as

athv)=a exp{h%zu) (3.2)

where a, is constant. The Urbach ener§y is the measure of disorder in the system.
Figure 3.28 and 3.29 correspond to the pibtna as a functionof hv. The value of

Urbach energy is calculated by fitting the lineagion of figure 3.28 and 3.29 by the
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method of least squares to the straight line egoaina =hv/E, +constani and is

found to be 1.49eV for AD3; and 1.39eV for SiC film. The Urbach enerByis the
measure of structural disorder in the system. Tddaevof Urbach energy obtained for
SiC and A}O; confirms that the obtained films to be amorphousature. Absence of
sharp XRD peaks also confirms that coated filmsaanerphous in nature.
3.3.5 Adhesion test

Scratch tests were carried out on SiC coatings siegbon Ti6Al4V at 108C,
200°C, 300C and 456C. The scratch tracks were produced by applyiegstme force
of 50N on the samples of coating thickness 0.5umguré 3.30 a)shows SEM
micrograph of scratch tested SiC coated Ti6Al4pakkited 208C and figure 3.30 b) is
that of the film deposited at 4%D. In figure 3.30a), deep cracks were observed epetp
to SEM image of SiC coated on Ti6Al4V substratae to the less adherence of film to
the substrate surface. Figure 3.31 shows the é¢pneerograph of the scratch tested
Alumina coated Ti6AIl4V substrate at 3@ and 456C. Coating thickness and forces
applied to produce scratches on SiC coating waresa

In both the cases films deposited at ¥58how better adhesion with the substrate
in comparison with the lower temperature deposfila. Also no cracking of film is

observed at the edges of the scratch tracks.
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CHAPTER- 4
HARDNESS STUDIES
4.1 Separation of film hardness from composite hamess using microhardness data

Hardness of thin films has combined effect dueht® ihfluence of the substrate
that leads to the so-called “composite hardnesk&é domposite hardness includes the
component of the substrate hardness depending eomethtive depth and mechanical
properties of both film and the substrate. At lovaads, coating dominates more on the
composite hardness but at higher loads substratendtes more than the coating on the
composite hardness. Relative contributions of time &nd the substrate to the hardness
have to be separated. In order to determine tleehtandness of the film, it is necessary to
separate these contributions. A model based onlaneaf mixtures can be used to find
the true hardness of the film. These studies viié gnformation about the selection of
appropriate coating thickness and substrate hasdbhesgive a required composite
hardness. Numerous mathematical models were prdposethe basis of different
assumptions. Most common model is based on the “iam of mixtures” approach. It
was originally proposed by Jonsson and Hogmark41L8& Vickers indentation and it
was adapted to the geometrical configuration ofKheop indenter (lost, A. 1998 and
Ferro, D. et al. 2006). Drawbacks of Jonsson angntéskmodel can be overcome by
incorporating the indentation size effect ( ISEjhie analysis (lost, A. 1996).

In the Knoop hardness measurement, the Knoop hssdseobtained from the

following relation

HK = 142297L2 4.1)
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whereHK is the Knoop hardness in GPa, 14229 is a condigmgndent on the indenter
geometry.P is the applied load in N, is the length of long diagonal of the resultant
rhombic impression ipm.
The composite hardnesg di the film-substrate system is expressed as
He= (As / A)H: + (AJA)Hs
H (A /A7) (He- (AJA) Hy) (4.2)
whereA is the contact ared] is the hardness; the subscriptd ands are related to the
composite, film and the substrate, respectively ArdA; + As. By means of simple
geometrical relations depending on the Knoop iratént, equation fos / A can be

written as

A=y et (4.3)

where L is the length of the large diagonal, t is the kh&ss of the film, & 2.908 for
brittle film on the soft surface or ¢ = 5.538 fouftsfilm on the soft surface (Torregrosa, F.
et al. 1995). Usually, measured hardness varids ladgtd due to ISE which was not been
taken into account in Jonsson and Hogmark modelssbm and Hogmark model is
improved by incorporating the ISE taking into aatba linear relation between hardness
and the reciprocal indentation depth (lost, A. 1996 Guillemot, G. 2010). To obtain
the true hardness of the film, the hardness vanatiith applied load is written as

H,=H, +By/ 4.3

H, =H, +% (4.5)

whereH;, andHs, are the absolute hardness of the film and thetatbsespectivelyB;
andBs are constants ardis the indentation diagonal length. Substitutiqgagion (4.3),
(4.4) and (4.5) in (4.2) and neglecting second odde terms, the composite hardness

becomes
H =H_ + B% (4.6)
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where B, :(BS +2ct(H,, —HSO)). To evaluateHs, andBs values, hardness measurements

on substrate were performed. The experimental latersus 1L is approximated well
by a linear regression. The experimental data erh#drdness of the film-substrate was
plotted against 1/L and the intrinsic hardnesshef film (Hy,) was calculated from the
slope of the regression line (B 2ct (H, -Hsg). The intrinsic hardness of the substrate
was evaluated from the microhardness data on th&irsie.

To verify whether the film is brittle or soft we sdrved the nature of indentation
on the surface of the coating. If the film is betit accommodates the indenter by crack
formation. If it is a soft film it plastically defms to match the shape of the indenter.
When the film is soft for Vickers indenter ¢ = 1dafor Knoop indenter ¢ = 5.538 where
the film is plastically strained to match the shapdiamond indenter. ¢ = 0.5 for Vickers
indenter and ¢ = 2.908 for Knoop indenter whenfilneis brittle and accommodates the
indenter by crack formation.

During the indentation, impression was observearafhe indentation using
diamond indenter. If the film is brittle, it accoronates the indenter by crack formation.
If it is a soft film it plastically deforms to mdicthe shape of the indenting indenter.
Figure 4.1 shows the difference in brittle and $ibft after indentation. The indentation
shown in figure 4.1 a) and b) are made with loAdON on the SiC film coated on the
Ti6Al4V substrate. It can be observed that filmwhaoft nature by plastically straining
to match the shape of the indenting Vickers and dfnaliamond tip. Brittle film
accommodates the indenter, during indentation bgkcformation in the interior of the
impression as shown in figure 4.1 c), d). In ttése indentation was made on the heat
treated AJO;3 films deposited on the Ti6AI4V substrate at thedlod500gf.

So crack formed film after indentation is consiadkas brittle film and plastically
strained film as soft film to choose the value ohstant c. From optical micrographs of
indentation, we can conclude that heat treate®Afilms are brittle and SiC films are
soft in nature in the present work. But as depdsaeimina and SiC films are showing

soft nature.

50



4.2 Hardness measurement of AD; and SiC coatings
4.2.1 Inconel

Figure 4.2 a and b shows the dependence of measaregosite film-substrate
hardness on the inverse of indentation diagonahfg®; and SiC coatings on inconel. A
least-square fit to the plots of the equation (4.6sults in the slope
B= (Bst2ct (Hio-Hso)). The value ot is chosen depending on whether the film is brittle
or soft since the nature of the films will be dr#at from their bulk material. For Knoop
indentation its value is 2.908 for brittle film aBdb38 for soft film (Torregrosa, F.et al.
1995 and Ferro, D. et al. 2006).

In the present study, there is no cracking of fdmobserved in AD3; and SiC
deposited substrates even at high load (10 N) susthawn in figure 4.2. Soft nature of
the film is due to the amorphous structure of thated film (Esteve, J. et al. 2001 and
Sridharan, M. et al. 2007). Since the depositicraisied out at low temperature (4%5),
deposited ceramic films are not transformed inystailine form as confirmed by optical
absorption and XRD data.

From the above reasoning, assuming the filmetasddt, the c value is selected as
c = 5.538. Using the value & andHs, of substrate, the intrinsic hardness of the films i
calculated using the equation (4.6). The slopéefstraight line obtained by plottiry.
versusl/L (figure 4.3) is used to calculate the intrinsienfihardnes#ds,. The intrinsic
hardness of the coated films is listed in table #lte film hardness is increased 2.4 times
(138%) with SiC coating 1.9 times (94%) by.@} coating.

Ti6Al4V and Titanium

Hardness measurement of,@f and SiC coatings on Ti6Al4V and titanium
substrates are tabulated in table 4.2 .The slopleeastraight line obtained by plottirké;
versusl1/L for Al,O; and SIiC coatings on Ti6Al4V and A); and SiC coatings on
titanium are respectively represented in figure &.4and b) and 4.5 a) and b). It was
found that film hardness is greater than substhatelness in both cases. The film
hardness is increased in Ti6Al4V substrate 3.1 gif#1%) with SiC coating and 3.3

times (229%) with AIO3; coating. In case of titanium substrate the in@eas
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microhardness is 3.1 times (209%) with SiC coa#ind by 2.4 times (137%) with AD3

coating.

4.3 Nanoindentation

Generally it is not possible to measure the progeudf a thin film independent of
the substrate, unless coating is very thick, usiogventional testing equipment. To
determine the film hardness indentation depth shdea 10% of the film thickness. In
such cases nanoindenter is used. The elastic noddline film can also be determined
using this method. Common feature of this methoithas it continuously monitors load
and displacement as the indentation is produced. f€ature of continuous depth and
load recording allows thin film properties to betabed directly from the data without
need to measure indentation diagonals.

A schematic representation of a section througlndantation showing various
guantities used in analysis is shown in the figlu& Figure 4.7 shows the schematic
representation of indentation load (P) versus dsgghent (h) data obtained during one
full cycle of loading and unloadingAs the indenter is driven into the material, both
elastic and plastic deformation processes occugyming a hardness impression that
confirms to the shape of the indenter to some cbrdapth, b As the indenter is
withdrawn, only the elastic portion of the displa@t is recovered, which effectively
allows one to separate the elastic propertieseohthterial from the plastic.

The fundamental relations from which H andalg be determined are
H=P/A 4.7)
E.= (N/A)Y?* SI(2B) (4.8)
Where Eis the reduced elastic modulus gha a constant that depends on the geometry

of the indenter. A is the projected contact aredhef indenter, S = dP/dh. A reduced

modulus, Eis used in equation (4.8)
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To account for the fact that elastic displacemeatsur in both the indenter and

the sample, the elastic modulus of the test mat&tiss calculated from Hising:
1/E= (1v?/ E) + (13?1 B) (4.9)

wherev is the Poisson’s ratio for the test material, Bnahd v; are the elastic modulus
and Poisson’s ratio, respectively, of the inden{€or diamond E=1141 GPa and
vi=0.07) his the contact depth; s final depth when the indentation if fully draywm is
the displacement of the surface at the perimetetacb where as h is the total
displacement.

Table 4.3 and 4.4 lists the hardness dadng’s modulus value obtained by
nanoindentation on SiC and alumina coated on Ti@Aldconel, and titanium substrate.
Atomic force microscopy (AFM) images of the nananthtion are shown in figure 4.8.
The film hardness obtained by nano indentationriggte is compared with the value
obtained from a model which separates the film h@sd from the composite hardness.
4.4 Comparison of film hardness obtained from thenodel and nanoindentation

During nanoindentation, indentation deipthO times less than that of film
thickness. The absence of kickbacks and elbowsarunloading curve of Al203 or SiC
coated different substrates (Figure 4.9 (1), (3)) (ndicates the absence of substrate
effect in the nanoindentation data. So, it can decluded that the hardness obtained
from nanoindentation is solely due to surface filBmilar observations were made in
(Beegan D. et al 2008) while studying the effecthsd substrate on Cu films. So it is
assumed that hardness value obtained using nambatide method gives the film
hardness. The comparison of film hardness obtafnmd the model, applied on the
composite hardness of the film coated substrateddo agree with the data obtained
using nanoindentation technique (table 4.5). Incdse of Ti6AI4V substrate we found a
little difference in hardness values obtained usirgglel and nanoindentation technique.
This could be due to the two phase structure ofTiGAl4V alloys. Since it is a two

phase ¢ andp) alloy, there is a difference in hardness valuex @nd  phases of the
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Ti6Al4V alloy. So in general, the hardness model found to be valid for the

measurement of film hardness from the compositdress.
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CHAPTER -5
CORROSION STUDIES
5.1 Potentiodynamic polarization measurements

The Tafel plots obtained for Ti6Al4V, titaniunmadonel, with A}Os; and SIC
coatings of thickness (t) Qub in 3.5% NaCl solution at room temperature arexshm
figure 5.1, 5.2 & 5.3 respectively. The corrosianigntial (Eor), the corrosion current
density (ko) and the corrosion rate are deduced from the Tédgli vs. E) plots. Its
values are listed in table 5.1, 5.2 & 5.3. For Ti@Al4V substrate thegd is about 0.54
nA/m? which decreases to 0.045A/m? for alumina coatings and 0.088/m? for SiC
coatings. Similarly for inconel substrate thg.lis about 0.369UA/m? decreases to
0.0235pA/m? for alumina coatings and 0.10QA/m? for SiC coatings and titanium
substrate the.d. is about 0.506A/m? decreases to 0.0238\/m? for alumina coatings
and 0.286uA/m? for SiC coatings. Corrosion rate is directly prajmral to ko, It is
found that CR reduced drastically after ceramidiogaThe decrease in corrosion rate of
Ti6AI4V substrate is 2 times with SiC coating, 8mes with ALO3; coating. On inconel
substrate it is reduced to 1.5 times with SiC cwgtB.4 times with AlO3 coating. In case
of titanium substrate, corrosion rate reduced 2otilmes with SiC coating, 6.1 times with
Al O3 coating.

Alumina coated substrates exhibit excellent o resistance. Improvement in
the corrosion resistance of the substrate aftesnacier coating is due to the fact that
ceramic coating passivates the surface of the ibsind prevents the corrosion attack
by the electrolyte. Generally, in physical vapopa&ted coatings, electrolytes enter into
the substrate through the defects like pores amtonaracks and cause the corrosion of
the substrate (Harish, C. B. 2009). The protectiwatings must fulfill the two main
requirements to achieve the remarkable effect arosimn resistance. They are strong
adhesion to the substrate and low density of pareks cracks. Absence of pores and
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micro cracks, complete surface coverage and gobdsamh of the ceramic film coating
to the substrate obtained by PLD technique whidimaeoes the corrosion resistance of
the substrate. Enhanced corrosion rate of coatingsubstrate indicates that the coated
films are having negligible concentration of poagsl cracks.

5.2 Electrochemical impedance spectroscopy studies

Electrochemical impedance spectroscopy is usefuthe study of localized
corrosion of coatings/substrate systems, and offaigantages over conventional
electrochemical polarization techniques. Modelingl anterpretation of EIS spectra
becomes the key to extracting useful informationthwiegard to the details of the
electrochemical corrosion characteristics. EIS nindgeis carried out through an
equivalent circuit (EC), which is an assembly ofceit elements, representing the
physical and electrical characteristics of the tetehemical interface. The relevant
equivalent circuits are developed by non-linearstieaquare curve fitting to the
exponential data to build up a description of thituence of different coatings deposited
on the substrate.

Figures 5.4 — 5.9 shows the impedance responE®Af4V, inconel and titanium
with Al,O3 and SiC coatings as Nyquist and Bode plots. Theulylot shows an
unfinished semicircle, which is attributed to thege transfer controlled reaction. Bode
plot phase angleersus log f showed that the phase angle approach@sand remains
constant between the higher and lower frequencyz(mKHz) suggesting that a highly
stable film is formed on the surface. The simptifiequivalent circuits are shown in
figure 5.10. The values of solution resistance),(Bharge-transfer resistance.§RPore
resistance (f3, total capacitance (Q) of the constant phase et (CPE) are listed in
Table 5.4. The Rincreases in the following order: substrate (T#6A inconel and
titanium) < SiC coated substrate <@} coated substrate, which shows thaitlcoated
substrate has higher corrosion resistance. ThesatiR; are strongly dependent on the
passive film characteristics and are an indicatibtine corrosion of the materials.

The Rvalues obtained from the polarization study alaoyvn the same order.

Figure 5.7, 5.8 and 5.9 (log versus logf) plot show that the absolute impedance
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increases in the same order ag Rhe equivalent circuit for the substrate is shawn
Figure 5.10 a). It consists of a double layer cdapace, which is parallel to the charge
transfer resistance, both of which are in serig$ Wie solution resistance between the
working electrode (WE) and the tip of the Luggimidary. The double layer capacitance
provides information about the polarity and the amto of charge at the
substrate/electrolyte interface. Constant phaseezie (CPE) describing the non-ideal
(eg capacitive) characteristics of the electrocleaiminterface, designated as Q, is
introduced to achieve a more accurate simulatiorelettrochemical corrosion The
capacitance is replaced with CPE for a better tyufiti CPE accounts for the deviation
from ideal dielectric behavior and is related te flurface in homogeneities. This element

is written in admittance form as

Y(©) = Yo(jo)", (5.1)

whereY, is an adjustable parameter used in the non-litezest squares fitting and n is
also an adjustable parameter that always lies twdsn 0.5 and 1. The value ofi
obtained from the slope of Iafjversus log fplot (Fig. 5.7. 1), 5.8. 1), 5.9. 1)). The phase

angle @) can vary between 8Qfor a perfect capacitor (n = 1)) ané (For a perfect

resistor (n = 0)). The CDC for the equivalent cirquoposed for substrate is R(Q)R
(figure 5.10 a). When the sample is immersed ineleetrolyte the defects in the coating
provide the direct diffusion path for the corrosireedia. In this process the galvanic
corrosion cells are formed and the localized caorodominates the corrosion process. In
such cases, electrochemical interface can be dividgo two sub-interfaces:
electrolyte/coating and electrolyte/substrate. phaposed equivalent circuit for such a
system is shown in Figure 5.10 b). The parametethe equivalent circuit B and Q
are related to the properties of the coating aedetbctrolyte/coating interface reactions.
R.: and Q are related to the charge-transfer reaction atléarolyte/substrate interface.
The CDC of the proposed equivalent circuit for tbated sample is R (Q[R(QR)]). From
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the EIS data given in Table 5.4 it is seen tRatlecreased from SiC coating to alumina
coating indicating that SiC coatings had more pamed less dense microstructure as
compared to alumina coatings.
5.3 SEM Studies after corrosion

After the corrosion testing, the surface topographgd the corrosion
characteristics of the uncoated and the coate@msgstvere studied by scanning electron
microscopy and EDAX, respectively. Pits were formaxla result of corrosion attack
which appears as a small dark spots. These pits @leserved on the uncoated substrate
as shown in the figure 5.11 but were absent in & @l,0O3; coated substrateEDAX

analysis indicates the presence of sodium (Na)CGiridrine (Cl) in the dark regions.
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CHAPTER -6

SUMMARY AND CONCLUSIONS

The major requirements to the materials for theraft industry are their
characteristics of specific strength and heat t@st®, fatigue resistance, crack
resistance, and sufficient corrosion resistanderospace materials like titanium, its
alloy Ti6AIl4V and inconel have attractive propest such as specific strength, low
density, relatively high melting point, good oxidet and corrosion resistance. But they
have poor tribological property, which limits theise in severe wear conditions. The
high corrosion resistance of these materials is discreased when local mechanical
abrasion removes the protective oxide film. Coatiage used to modify and increase the
functionality of a bulk surface or substrate withouodifying the bulk properties of the
material. In many cases thin films do not affdat bulk properties of the material.
Degradation of surface properties of these matedah be overcome by coating ceramic
materials like AJOz and SiC on their surface using film depositiorhteques.

As part of this thesis work the AD; and SiC coatings using PLD on three
substrates viz., titanium, Ti6Al4V and inconel wedeposited and characterized.
Characterization of target, substrate materials @atings were carried out. Effect on
microhardness and corrosion resistance due torpres® ceramic coatings was studied.
The substrate material surfaces were sequentialighed with silicon carbide papers
from 320 to 1500 grit size before the depositiohe Bamples were polished to a mirror
finish of average roughness jR®f 20 nm using alumina suspension of 1, 0.5,0&on
size. Fine polished surfaces were cleaned in aeetming ultrasonic bath before
deposition. Target and substrate materials wereactexrized using XRD. The XRD
peaks correspond w phase of titaniumg + phase of Ti6Al4Va phase of AlO; and

a- SIC. Densities of the targets were determinedavlter absorption method. Thin films

59



of Al,O3 and SiC can be deposited on the substrates bgdgldser ablation using Q-
switched Nd: YAG laser of wavelength 1064 nm, @fgiuency 10Hz, of beam diameter
0.01m was focused by a spherical lens of focaltlefgpbm to spot size of Imm diameter
and made to fall on to a flat target surface. Lésam was directed at an angle of @5

to the rotating target. Target is rotated contirahpwat the rate of 40 rpm, in order to
avoid crater formation. Deposition was done in waoulevel of 1 mbar. Laser
processing parameters play an important role imnging the film properties. The
coatings of different microstructure and thicknass obtained by varying the target —
substrate distance. Uniform films are obtainedaageé target substrate distance which
greater than 0.08m due to the broadening of angplaead of the plume resulting from
the interaction of the laser beam with target. igns the target material changes the
rate of ablation of the depositing particle whigsults in changes in the film thickness.
Longer time duration is required to obtain appraaifiim thickness using high density
targets. Ablation is not possible in very low déypsargets due to the crater formation.
Density of the target should be certain minimumsityrnto ablate it to form deposit on
the substrate surface. Substrate heating duripgsiteon of the coating determines the
adhesion of the film to the substrate. Adhesivetingacan be obtained by maintaining
the substrate temperature at Z50Room temperature deposited films show buckling
delamination. Rate of deposition of the target maltealso depends on laser energy.
Deposition rate was less at low energy.

Coated films were characterized using SEM, EDAXgecspphotometer, optical
microscope, hanoindentation, surface roughness urerasnts using 3D optical
profilometer, adhesion test, and corrosion studid®D, EDAX and optical absorption
studies confirms the existence of deposited coataterial. Hardness measurement on
the coated substrate gives the composite hardradss gue to the influence of substrate
and the coating. Film hardness was separated fnleradmposite hardness using a model
based on the area law of mixture and by considehadhardness variation with load due
to the indentation size effect. Film hardness cam directly measured using

nanoindentation technique by continuously monitine load and displacement of the
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indenter. Young’'s modulus of the film can also letedmined from this technique. Film
hardness of the SiC and alumina coating obtainea the model is compared with the
nanoindentation technique, it was found to be mgeadual. Corrosion behavior of
substrates after ceramic coating is studied usifg3NaCl solution by potentiodynamic
polarization and electrochemical impedance spemts (EIS) measurements. The
Nyquist and the Bode plots obtained from the ElSadare fitted by appropriate
equivalent circuits. The pore resistanceR the charge transfer resistance(Rhe
coating capacitance () and the double layer capacitancey)@f the coatings are
obtained from the equivalent circuit. Experimentasults show increase in corrosion
resistance of substrate after ceramic coatingOAlcoated substrates showed more
corrosion resistance than SiC coated substrates.

Conclusions
The following conclusions can be drawn from thesprd thesis work.

* Adhesive uniform AlO3; and SiC coatings can be deposited using PLD tgakni
on titanium, Ti6Al4V, inconel substrates by PLD hamue using Nd: YAG laser,
of wavelength 1064 nm at a temperature of °@50The minimum temperature
needed for adhesion of these films is %00

e XRD and UV-visible absorption spectrum of 8k and SiC coatings using
spectrophotometer data of films prove the existeoiceoating material on the
substrate.

» Laser processing parameters like target substiatande, substrate temperature,
target density, laser energy play an important irolehanging the film properties

* A thin coating of 0.5um of AD; or SiC on substrates shows considerable
improvement in microhardness and corrosion resistai the substrates.

* The microhardness of inconel substrate has incdeag.4 times (138%) with SiC
coating 1.9 times (94%) by AD; coating. Similarly in the case of Ti6AI4V
substrate the increase is 3.1 times (211%) withc®i&ing and 3.3 times  (229%)
with Al,O3 coating. In case of titanium substrate the in@easmicrohardness is
3.1 times (209%) with SiC coating and by2.4 timE3706) with ALO; coating.
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Film hardness is separated from the composite leasdusing a model based on the
area law of mixture and by considering the hardwasmtion with load due to the
indentation size effecand it is compared with the nanoindentation tealiq

The potentiodynamic polarization and the EIS measents showed that Ab;
and SiC coatings exhibit better corrosion resistaagccompared to that of substrate.
The decrease in corrosion rate of Ti6Al4V substm@times with SiC coating, 3.7
times with ALO3 coating. On inconel substrate it is reduced totihes with SiC
coating, 3.4 times with AD; coating. In case of titanium substrate, corrosete

reduced to 1.2 times with SiC coating, 6.1 timethwil,O3 coating.
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APPENDIX |
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Figurel.l. Influence of alloying element on phasgam of Ti alloys (schematically)
(Christoph, L.and Manfred, P. 2003)
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Figure 2.1 Schematic representation of the PLDesyst
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Figure 2.2 Photograph of the ablation chamber

Figure 2.3 Photograph of plume formation due tedasteraction with target
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Figure 2.4 Sketch of X-ray diffracted by atomicr@a showing the mechanism of

Bragg's law.
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Figure 2.5 Diagram showing DC Polarization Tafeitpl
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Figure 2.6 a) Schematic description of surfaceembatibstrate immersed in an aqueous

solution b) General EC proposed to describe |redlcorrosion at pores shown in (a).
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Figure 3.1 XRD pattern of titanium
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Figure 3.2 Optical micrograph of titanium at 400agnification
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Figure 3.3 EDAX of titanium substrate

67




Intensity (au)

(002)
wTi

(100}
wTi

aTi (101}
BT (110)

Figure 3.4 XRD pattern of Ti6Al4V.
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Figure 3.5 Optical micrograph of Ti6Al4V at 400x gméfication
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Figure 3.8 Optical microstructure of inconel at 4Q0@t different regions on the surface.
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Figure 3.9 EDAX of inconel substrate.
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Figure 3.11 XRD pattern ADs

71




d=0.03m d =06
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Figure3.12 Photograph of the substrates codtédferent distance (d) from the
substrate .
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Figure 3.13 Schematic representation of the anglisribution of the plume at different

target — substrate distances.
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c) d)

Figure3.14. Surface morphology at 400x, of the @&hancoated on Ti-6Al-4V substrate at
a target—substrate distance of a) 0.03m b) 0.05x08m d) 0.10m.
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c)

Figure 3.15. The optical microstructure of paetidistribution of the sample A

(d=0.03 m) in 3 distinct regions a) I, b) Il, c))lbn the surface.
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e) Al,O3; coating at d= 0.05 m (Region Ill') f) AD; coating at d= 0.10 m (Region IIl')

Figure 3.16 3-D Surface profilometer photograph tié ALO; coated on Ti6Al4V
substrate at different d values.
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e)

Figure 3.17 Surface morphology of coated Ti6Al4\&udte at a target—substrate
distance of 0.08 m using AD; target of density a) 3690 Kgfrb) 3490 Kg/m,c) 3150
Kg/m® and SiC target of density d) 2840 Kd/ra) 2430 Kg/m during 60min deposition.
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e) f)

Figure 3.18. Optical microstructure of )85 and SiC films deposited at different
temperatures on Ti6Al4V, a) AD; and b) SiC deposition at RT, c¢)8 and d) SiC
deposition at 10 , e) ALO; and f) SiC deposition at 280.

a) b)

Figure 3.19. Surface morphology of the alumina dé@pasing laser energy a) 85 mJ b)
135mJ.
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INCONEL 388
u|

Figure 3.30 SEM photograph after adhesion testiénfiin deposited at (a) 26a, (b)
450°C on Ti6AI4V substrate.

a) b)
Figure 3.31 Surface micrographs after adhesionote#thbOscoated Ti6Al4V substrate at
temperatures a) 360 and b) 456C
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d)

Figure 4.1 a) and b) Knoop and Vickers impressiter andentation on SiC film c) and
d) Knoop and Vickers impression after indentatianAd,O; film.
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a) b)

Figure 4.2 Knoop indentation on a),8 b) SiC coated film on inconel substrate at 10N

load.
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Figure 4.3. Knoop hardness variation with 1/L onA#)O3 and b) SiC coated film on

inconel.
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Figure 4.4 Knoop hardness variations with 1/L oAl{; and b) SiC coated film on
TiBAI4V.
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Figure 4.5 a) Knoop hardness variations with 1/Lapm\l,O3; and b) SiC coated film on

titanium.
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Figure 4.6 Schematic representation of a sectimutgh an indentation showing various

guantities used in analysis.
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Figure 4.7 Schematic representation of indentdtad (P) versus displacement (h) data

obtained during one full cycle of loading and urcliogy.
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Figure 4.8 AFM images of the nanoindentation.
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Figure 4.9 (i) Load variations with nanoindentatiepth a) inconel substrate b).@%
and c) SiC coating on incond) Load variations with nanoindentation depth &A14V
substrate b) ADs; and c) SiC coating on Ti6Al4Vii) Load variations with

nanoindentation depth a) titanium substrate bPA&nd c) SiC coating on titanium.
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Figure 5.1 Potentiodynamic polarization curves)ofi®@Al4V, b) Al,Os; coated Ti6AI4V
and c) SiC coated Ti6AI4V.
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Figure 5.2 Potentiodynamic polarization curves)ahaonel, b) A}Oz coated inconel and
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Figure 5.3 Potentiodynamic polarization curves pfitanium, b) AbO; coated titanium
and c¢) SiC coated titanium.
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APPENDIX - Il

Table 1.1

Physical properties of Silicon Carbide and Alumina

ltem Unit Silicon Carbide Alumina
True Density Kg/m 3210 3980
Crystal system Hexagonal Hexagonal
Lattice constant A a-3.0730, c-15.11 a-4.7588; ¢-12.99
Knoop Hardness GPa 25.51 19.6
Melting Point K 2873 2,323
Specific Heat KJ/Kg-K 0.63-1.26 0.92-1.26
Heat Conductivity at

RT W/mK 167.6 30.2
Index of refraction 2.55 1.77
Fracture toughness MP&th 4.3 35
Coefficient of

Thermal Expansion a

RT x10°%/K 3.8 6.9
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Table 3.1

Chemical composition of the titanium

Titanium (at %)

Silicon (at %)

Iron (at %)

Chemical analysis 99.89 0.10
EDAX 99.77 0.23
Table 3.2

Chemical composition of the Ti6Al4V

Titanium (at %)

Vanadium (at %)

Aluminium (at %)

Chemical analysis 92.72 3.91 3.22
EDAX 90.22 2.62 7.16
Table 3.3
Chemical composition of the inconel
Nickel Chromium Iron Silicon Carbon
(at %) (at %) (at %) (at %) (at %)
Chemical
_ 59.86 19.47 20.36 0.21
analysis
EDAX 55.88 20.36 19.87 3.89
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Table.3.4
Comparison of microhardness and average roughnedtms deposited at different

distances.

Sample Sample A Sample B Sample C
(d=0.03m) (d=0.05m) (d=0.10m)

Region I Il Il Il [l [l

Hardness GPa at 0.245N 10.50 | 858 | 7.09| 8.94] 6.91 1.22

A

Average surface roughnesg |
in nm 309 107 87 105 |84 79

Table 4.1
Hardness data of coating on Inconel using mathealatodel

Coatlng BS BC HSO Hfo
. t c
material (GPam') | (GPant) (GPa) (GPa)
(um)
Al,O3 0.5 37.98 56.90 5.538 3.61 7.0
SiC 0.5 37.98 64.74 5.538 3.61 8.6

105



Table 4.2

Hardness data of coating on Ti6Al4V and Titaniusing mathematical model

Coating| t Bs B Hso Hro
Substrates _ L L C
material| (um) | (Gpam’) | (Gpa n) (GPa) (Gpa)
_ Al,O3 0.5 23.78 59.27 5.538 2.8 9.2
Ti6Al4V
SiC 0.5 23.78 56.67 5.538 2.8 8.7
o Al,O3 0.5 37.37 0.012 5,538 | 1.69 4.0
Titanium
SiC 0.5 37.37 6.85 5538 | 1.69 5.2
Table 4.3

Hardness and Young's modulus of the silicon carlgioi@ting on different substrates by

nanoindentation

Substrate Hardness before Hardness after SiC Young’s

coating coating Modulus

(GPa) (GPa) (GPa)
Inconel 5.64 8.65 197
Ti6AI4V 5.56 9.37 137
Titanium 3.62 5.69 123
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Table 4.4
Hardness and Young’'s modulus of the alumina coatingdifferent substrates by

nanoindentation

Substrate Hardness before| Hardness after AD3 Young’s Modulus|
coating coating
(GPa) (GPa) (GPa)
Inconel 5.64 7.74 216
Ti6Al4V 5.56 8.7 147
Titanium 3.62 4.34 141
Table 4.5

Comparison of hardness values of SiC /Alumina ogatin different substrates

SiC coating AJO; coating
Substrate
Model Nanoindentation Model Nanoindentation
Ti6Al4V 8.7 9.35 9.2 8.7
Inconel 8.6 8.65 7.0 7.74
Titanium 5.0 5.68 4.0 4.22
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Table 5.1

Potentiodynamic polarization measurements.

Ti6AlI4V SiC Al ;03
b, (V/decade) 613.6e-3 299.3e-3 164.2e-3
b. (V/decade) 83.80e-3 112.2e-3 81.80e-3
leorr (LA/M?) 0.54 0.085 0.0457
Ecorr(MV) -395.0 -322.0 -419.0
Corrosion rate
(Lmpy) 47.55 23.76 12.78
Rp(MQ cnr) 5.93 41.7 51.9
Table 5.2
Potentiodynamic polarization measurements.
Inconel SiC Al,O3
b, (V/decade) 110.9 e-3 125.9e-3 62.59e-3
b. (V/decade) 44.9e-3 78e-3 165.5e-3
lcorr (WA/M?) 0.369 0.1007 0.0235
Ecorr(MV) -328.0 -372.0 -321.0
Corrosion
Rate(umpy) 44.00 29.95 12.78
Rp(MQ cnt) 3.76 19.6 83.9
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Table 5.3
Potentiodynamic polarization measurements.

Titanium SiC Al,03
b, (V/decade) 680 e-3 266e-3 363e-3
b. (V/decade) 93 e-3 98e-3 136e-3
lcorr (NA/CTY) 5.06 2.86 0.255
Eorr(MV) -463.0 -369.0 -372.0
Corrosion 43.68 37.96 7.139
Rate(1Lmpy)
Rp(MQ cnf) 7.02 10.9 168
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Table 5.4

EIS data obtained by equivalent circuit simulatdrsiC and AJOs;coatings.

Sample Rs Qui —Yo Ng Ret QcoatYo Ne Roore
(Qcn?) | (uF/ent) (MQcn?) | (uF/enf) (MQcn)
Inconel 15.46 2.07 0.8 0.89
. 14.66 0.212 | 0.89 21.07 0.73 0.87 7.66
Inconel/SiC
15.82 0.16 0.99 108 0.085 0.74 18.6
Inconel/AbOs
_ 7.46 15 0.9 0.0324
Ti6AI4V
. . 7.37 0.411 | 0.94 14.3 1.9 0.86 11.7
Ti6Al4V /SiC
Ti6AlI4V / 7.05 0.1305| 1.0 50.9 0.092Y 0.719 10.
Al,O3
Titanium 5.4 0.3066 | 0.8 0.779
Titanium / 10 0.107 0.8 97.4 0.060% 0.76 12.2
Al,O3
Titanium / SiC 8.26 0.342| 0.97 59 0.57 0.57 18.1
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