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ABSTRACT

The effects of intermediate Ti@oating layer on the adhesion strength improvement of TiN
coating were studied. Ti/TEDIIN coatings were deposited by D.C magnetron sputtering on
high speed steel (HSS) and stainless steel (SS) substrates. A series of dense and uniform
coating films, 844.1 — 926.4 nm thickness, were deposited at discharge power of 150 W and
substrate temperature ranging from 50 to 250The duration time for depositing Ti coating
layer was 2400 s and for TiN and gi©oating layer were 3600 s each. The as-deposited
coating films were heat treated (annealed) for 1 hour at 400, 500 arf€600e adhesion
strength of Ti/TIQ/TIN coatings were evaluated by scratch testing and the coating hardness
values were measured using micro-hardness tester. X-ray diffraction (XRD) analysis revealed
anatase TiQ phase. The results from the scratch test discovered that ZirhDcoating
exhibits higher adhesion strength compared to Ti/TiN and single layer TiN coating. The
maximum adhesion strength of 1417.19 mN was observed for BiliNDcoating deposited

on HSS substrate. It is also observed that T coatings deposited at higher deposition
temperature exhibits higher values of critical load. The adhesion strength of JATANO
coating also increases as the Ti€@pating thickness increases. The adhesion strength of
Ti/TIOL/TIN coating deposited on HSS decreases with the increases of substrate surface
roughness. It was also observed that annealing Ti/Ti® coating at 500C yielded highest
adhesion strength and coating hardness. The annealed coating &C 6@¥ealed film

delamination and exhibited lowest adhesion strength.



ABSTRAK

Kajian terhadap kesan penambahan lapisan salu@nk€atas peningkatan kekuatan lekatan
lapisan TIiN telah dijalankan. Lapisan Ti/TiO2/TiNddposit keatas permukaan keluli
berkelajuan tinggi (HSS) dan keluli tahan karat)($8ngan menggunakan kaedah “DC
magnetron sputtering”. Lapisan Ti/TiDiN berketebalan 844.1 — 926.4 nm dihasilkan pada
kuasa D.C 150 W dan suhu substrat antara 50 sehi@§@ °C. Tempoh masa untuk
penghasilan lapisan Ti adalah 2400 s dan untulkkdapliN dan lapisan TiOadalah 3600 s
setiap lapisan. Lapisan Ti/TYJTIN yang dihasilkan turut menjalani rawatan habmsa 1
jam pada suhu 400, 500 dan 690D. Kekuatan lekatan salutan Ti/T#DIN telah dinilai
dengan ujian “scratch” dan kekerasan lapisan saldiakur dengan menggunakan mesin
“micro-hardness”. Analisis Pembelauan sinar-X (XRDg&nunjukkan lapisan Ti/TiDTiN
mengandungi ‘anatase’ T}OKeputusan daripada ujian ‘scratch’ mendapati wahkapisan
Ti/TiOL/TIN mempamerkan kekuatan lekatan yang lebih timggbanding dengan lapisan Ti/
TiN dan lapisan salutan TiN. Kekuatan lekatan nraksn 1417.19 mN diperolehi untuk
lapisan Ti/TiQ/TIN keatas substrat HSS. Lapisan Ti/3f0ON yang telah menjalani rawatan
haba juga didapati mempamerkan kekuatan lekatag {elmh tinggi. Kekuatan lekatan
salutan TiI/TIQ/TIN juga menunjukkan peningkatan apabila ketebakalutan TiQ
meningkat. Kekuatan lekatan salutan Ti/ZiON diatas permukaan HSS berkurangan dengan
peningkatan kekasaran permukaan HSS. la juga didzgdeawa rawatan haba keatas lapisan
Ti/TiOL/TIN pada suhu 500C menghasilkan kekuatan lekatan dan kekerasamalapyiang
paling tinggi. Rawatan haba keatas lapisan T pada suhu 600C menyebabkan

lapisan filem tertanggal dan mempamerkan kekuaticetdn terendah.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In advance applications of engineering materiatsgtings are implemented purposely to
improve the mechanical properties and durabilitytled materials. Such coating usually
applied to the surface of industrial materials whiare subjected to severe working
conditions. Coatings are used to reduce the amoftifitiction between the materials, to

improve the hardness of the substrates, to mininthizewear and to increase the corrosion
resistance of the materials. Coatings are usuaijjlamented on steel-metal working tools,
high speed steel drills and mills and also on naiparts such as ball bearings. Hard
coatings such as titanium (Ti) and titanium nitr{d@N) are deposited onto steels and glass
substrates purposely to introduce hardness andnfwove the wear resistance of the

substrates.

TiN has been used as coating materials for toasl stue to its noble appearance, good
adhesion to substrates, high chemical inertnessstaace to elevated temperatures, hard
surfaces (2400 HV) to reduce abrasive wear, a loefficient of friction with most work
piece materials which increases lubricity and tssil excellent surface finish. The used of
TiN coatings onto cutting tool have increase tha lidle. Study by Zhang and Zhu (1993) has
reported on the improvement over 1000% in tool fice TiN coated drill bit which are used
for stainless steel work pieces. Another study ey et al. (1986) on the wear characteristic
and properties of TiN coated gear cutting hobs stbthat TiN coating reduced the wear of
the hobs significantly, even though at 25% and %¢teased cutting speeds as compared to

the uncoated hobs were used.



Furthermore, TiN coatings also have been useddowosion protection for steel mostly for

cutting tools. Due to its superior mechanical prips and corrosion resistance, TiN coating
often used on steel substrates to protect fronrideaing environment and hence increase
the service life and increase the commercial valuthe products. The studies on corrosion

behavior of TiN coating have been done by Chod. €2801).

In general, coating materials can be depositeddopus techniques including chemical vapor
deposition (CVD), physical vapor deposition (PVIRhysical vapor chemical deposition
(PCVD), plasma sprayed, sol gel technique, eletdatiog and salt bath immersion. PVD
methods involved purely physical process to deposterials onto a substrate by high
temperature vacuum evaporation and condensatioplasma sputter bombardment. Other
type of PVD methods included electron beam physiabor deposition, evaporative
deposition, pulse laser deposition and sputter sigpn. CVD methods involved chemical

reactions to deposit materials onto a substrate.

TiN coating films are usually deposited onto cugtinols by physical vapor deposition (PVD)

method. During PVD process, the substrate to beedda placed in a vacuum chamber and is
heated to a temperature between®@and 608C. The coating material, Ti is vaporized and
the reactive gas is introduced and ionized. TiN pooumd is formed and deposited onto a
substrate resulting from the reaction of vaporiZe@toms and the ionized nitrogen (Zhang

and Zhu, 1993).

The studies on the TIN coatings have been donensively in last few decades.
Microstructures and mechanical properties of Tildtows were studied for suitability for an
application and also for improvements. Failure nsoded mechanisms of TiN coating were

also studied for better understanding of TiN cagiproperties.



The expected performances or properties of theedgattoduct can only be achieved provided
that the adhesive and the intrinsic cohesion of dbating are sufficient. The adhesion
strength between the substrate and coating mustffieient enough to avoid failure at the
interface and to display the desired advantagekesidn strength is defined as a measure of
the resistance of a coating to debonding or sgrllivhich may result from abrasive contact

with small hard particles or asperities (Laugi€31).

The scratch test has been widely used as the tpehrio evaluate the adhesion of coating
since its introduction in 1950 by Heavens (Laugig81). In this method, a loaded probe
with a smoothly rounded point (stylus) is drawnassr the coating surface and the load is
progressively increased until the removal of thatio@ occurs. Since it's introductory,
improvements have been done by previous reseamtdhe scratch testing for improve

accuracy in measuring adhesion strength.

Good adhesion properties can be achieved by ortheofollowing three mechanisms; (i)
intermediate phase formation, (ii)) new bonding apunfations at the interface, (iii) lowering
off the interfacial energy between the materiale Hahesion strength of TiN coating system
can be increases by the inclusion of other metaltiating layer such as Ti deposited in
between TiN coating layer and a substrate. Helmarst al. (1985), in their study of
adhesion of titanium nitride coatings on high-spseels have proved the beneficial effect of
Ti interlayer on the adhesion of coatings. The ofsan intermediate layer of pure titanium
increases the adhesion for TiN films deposited.tfGand Wiklund (2008) also performed a
study on the improvement of TiN adhesion strengyh dmalyzing metallic coating as
interlayer. Their study claimed that adhesion df Toating improved with the used of Ti and

Cr interlayer.



To enhance the adhesion of coatings deposited by Brdcess, it is a promising technique to
use an interface layer. An interface layer is cb@igd as a mixing of transition layers. Both
chemical and mechanical bonding between coatingréagre expected to be improved by

having composition change in the interface tramsitegion (Kusano et al., 1998a).

There is also possibility of using oxide metal las intermediate layer for adhesion strength
improvement. The metal oxide layer may enhanceattteesion strength by creating strong
intermediate or inter diffusion layer at coatingdainterfaces. The adhesion strengths of TiN

coating are expected to increase with the preseinteand TiQ interlayer coatings.

On the basis of this hypothesis, the present di hoaand TiQ coating layers in existing TiN
coating may improve the adhesion strength by fognstrong bonds at the interface. For
example, by having Ti/Ti@dTiN compositional gradient coatings instead ofTiW or TiN

coating alone are expected to provide better adhesrength.
1.2 Resear ch Objectives

The objective and aims of the study are as follows;

i.  To improve the adhesion strength of TiN coatingroplementing Ti and Ti@as the
interlayer.
ii. To analyze the effects of substrate temperaturehenadhesion strengths of the
coating systems.
iii.  To investigate the contributions of Ti@oating thickness on the adhesion strength of
the coating systems.
iv. To investigate the effects of different substratetngatment methods (surface

roughness) on the adhesion strength.



v. To analyze the effects of annealing on the mechhrmpooperties of the substrate

coating systems.

1.3 Resear ch Outline

In the present study, Ti/TUDIIN coatings were produced by using D.C magnesgjuttering
method. Each coating layers were deposited in s@gse Ti coating layer was deposited first
followed by TiG coating and lastly TiN coating layer. Substratesdufor the study were
high speed steel (HSS) and stainless steel (S®stigations of the produced Ti/TiDiIN
coatings were conducted by several methods. Théanezal properties of the coating were
evaluated in terms of adhesion strength by applynigro-scratch test and coating hardness
by micro-hardness tester. Field emission scanniectren microscopy (FESEM), an optical
microscope and X-ray diffraction analysis were usedbserve surface morphologies and to
determine phase composition of Ti/BIOIN coatings, respectively. Energy dispersive X-ra
spectroscopy (EDX) was used for qualitative deteaton of the elements which are present

on the sample surface.



CHAPTER 2

LITERATURE REVIEW

2.0 Introduction

The studies on the coating/substrate systems leere erformed and developed since 1950's
with the works on single layer of coatings depabiato numbers of different substrates such
as steels and glasses concentrating on the impetenfi the mechanical properties and the
adhesion strength (Laugier, 1981). The trends \peogressed with the study of multilayer

coating and the effect on the adhesion strengtheotubstrate-coating systems (Wang et al.,
1995; Helmersson et al., 1985; Valli et al., 196®rth and Wiklund, 2008; Kusano et al.,

1998b). More recently, works on the new developn@nbhew coating materials and new

method of adhesion strength evaluations have beeducted (Jaworski et al., 2008; Gupta et
al., 1992; Wang et al., 2004). Studies on the @&ffecess of the coatings on the substrates
have been done intensively to analyze the perfocmaih the coatings and the problems that
might be associated with specific type of coating aubstrate systems (Stebut et al., 1989;

Bull, 1991).

This particular study will concentrate on the adbesstrength improvement of titanium
nitride (TiN) coating by depositing titanium (Tind titanium dioxide (TiQ) interlayer for
adhesion enhancement. TiN coating are often emgléyeimproving tribology performance
of tools and machine parts in industrial applicasiodue to their mechanical properties
including high hardness and high wear resistant® doatings must adhere well to the

substrates in order to achieve the desired periocena



The inclusion of Ti interlayer has proven to in@edhe adhesion strength of TiN coatings
system. Helmersson et al. (1985), in their studwdfiesion of titanium nitride coatings on
high-speed steels proved the beneficial effect ioinerlayer on the adhesion of TiN-HSS
coating substrate system. Perry (1983) also reghantethe interlayer coating which can be
utilized on adhesion strength improvement. A migtatiterlayer of titanium is most effective

on titanium alloy steel and oxide or nitrides camtgy interlayer are effective on steel or
super alloy.

This chapter will provide comprehensive review dre tcoating deposition techniques
available and method which will be used in thistipatar study. The methods used to
evaluate the adhesion strengths, namely; the iatlenttest, laser spallation technique and
scratch test are also reviewed. Adhesion strergftméN coatings as well as the failure modes
and mechanisms of coating failure will also be eaxd. Factors which affect the adhesion

strength of coating-substrate systems will alsdibeussed.

2.1 Microstructures and adhesions of TiN coating

For tooling applications, the most important praiesrof the coatings require are the coating
thickness, density, hardness, adhesion, tempereggigtance, wear, corrosion and oxidation
resistance. TiN coatings are widely used in cuttows and wear parts due to high hardness

and strength, high wear resistance a well as leigtpérature stability (Laugier, 1987).

The coating thickness of TiN film on tool steelgenerally between 2 and itn. The PVD
TiN coatings are thinner between 3 toul (Zhang and Zhu, 1993). The TiN coating
hardness apparently increases with increasing filickness (Chou, 2002). Thus, thicker

coating thickness may provide longer tool life.



The microstructures of TiN coatings are dependsthan deposition process. TiN films
deposited by the PVD method can be characterizdabimg entirely columnar, with grains

generally extending through the coating thicknéssigier, 1987).

Figure 2.1: SEM micrograph of TiN coatings PVD Téblating (Laugier, 1987).

Figure 2.1 shows the microstructure of TiN coatilegposited on cemented carbide substrates
by PVD method showing the columnar structures ef ¢bating with the grains extending

through the coating thickness.

The adhesion strength of the PVD coating was saanfly poor compared to coating
deposited by other method such as CVD. The PVDrmp#&tnded to spall suddenly at critical
load of 1.2 kgf. The poorer adhesion strength oDPNN coating can be explained probably
due to columnar morphology which in turn resultingow toughness and also no interfacial
bonding layer are observed in the coating. The sidhestrength of a coating depends on both
chemical and physical interaction between the ngaand the substrate materials and also the
microstructure of the interface region. Poor adhesif coatings may be attributed to the low

degree of chemical bonding and poor interfaciatacirbetween the coating and substrates.

The adhesion strengths of coating-substrate sysisumally represented by the values of

critical load measured by scratch testing. Thecatlitioad depends on several parameters



related to the testing conditions and to the cgasmbstrate system. Juhani Valli and Mékela
(1987) discussed on the factors affecting scrashresults in their work on TiN coated HSS
which are surface roughness as well as frictionveen coating and indenter. For substrate
surface roughness, the surface roughness shoukekneed 0.2%um in order to eliminate the
effect on the scratch test results. Poor surfaseshi decrease the critical normal force,
showing worse adhesion value compared to polisbgdce. Their works also mentioned on
the influence of lubricants on the critical norni@ices. The use of a thin ion-plated silver
overlay will increase the critical normal force rakably and also enhance the repeatability

of the testing.

Perry (1993) reported on the effect of coatingkhess and the substrate hardness of the TiN
coatings deposited onto steels and cemented carlmgdon-plating PVD method. Their
observations show that the critical load increas#is both increasing coating thickness and
increasing substrate hardness. For hard coatirmgssded onto steel, the critical value of TiN
coating increases with the coating thickness ugettain thickness value. At larger thickness,
the critical loads may become constant, independktite coating thickness. In contrast, for
hard coating deposited onto cemented carbide, filieat loads are nearly independent of

coating thickness.

In contrast, Chopra (1969), in his work on the adrestrengths of gold deposited onto glass
and other substrates by sputtering and evaporatiserved that the critical loads applied
during scratch test increased rapidly with incnegstoating thickness and with increasing
substrate hardness. The increases in the critadl &s the substrate hardness increases can be
explained by the amount of load required to pla#lifcdeform tougher substrates increases
compare with soft substrate. Softer substrateseaamily plastically deform and there is a
sharp change in the shear stress distributioneatahting substrate interface. As the substrate

become tougher, the shear stress at the inteddees at the same stylus load.



Helmersson et al. (1985) studied the effect of sates temperature and pretreatment on the
adhesion of TiN coatings. The adhesion of the fiimgeased with substrate temperature,
reaching a maximum between 400 and BD0OSubstrate pretreatment such as sputter etching
prior to deposition also improves the film adhesemen though a complete removal of the

oxide layer is not achieved.

Steinmann and Hintermann (1985) also confirmedwioek done in other studies on the
effects of hardness of the substrates and codtingness on the critical load of the coating-
substrate system. Their work confirmed on the limetationship between critical load and
substrate hardness as shown in Figure 2.2. Frorfigines, it can be seen that as the coating
thickness increases, the value of the critical lmateases in linearly fashion. The hardened
and tempered samples show higher value of crilmadls compared to annealed sample.
Higher adhesion strength between coating and saibstan be achieved by using substrate

with high hardness.

Schulz et al. (1991) demonstrated on the influesfcalternating sequences of heating and
deposition on the coating adhesion. Using an eladbeam, a localized heat treatment of the
sample can be applied whereby the heating ratefiaadtemperature can be chosen over a
wide range. The growth and stoichiometry of thetioga can be influenced by alternating
sequences of heating and deposition. Preheatirgy poi deposition process might well

increase the adhesion of coating.
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Figure 2.2: Critical loads results against coatlrigkness for four different substrates

hardness (Steinmann and Hintermann, 1985).

Other factor that might contribute on the adhestvangth of the coating is the influence of
the substrate roughness prior to coating deposi8teinmann et al. (1987) suggested that the
critical load of the coating depends on the substraughness. Table 2.1 summarized the
values of critical load of TiN coating depositedt@iHSS substrate with different surface
roughness prior to coating process. The criticiles of TiN coating clearly dependence on
the substrate surface roughness. Substrates wittotemcontact surface with average
roughness less than Quin tend to produce higher adhesion to the coating.bdelieved that
although all the substrates were coated duringdinee treatment, the adhesive properties can

vary since the efficiency of the cleaning operai®mfluenced by the surface roughness.
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Table 2.1: Critical loads values measured PVD Taldtmg (2um) deposited onto high speed
steel substrates having different surface roughpess to coating treatment.(Steinmann et
al., 1987).

Sample Surface preparation Average roughnedsytal roughness Critical load
Ra (um) Rt (um) (N)

1 Polishing (600 grit paper) 0.03 0.40 56

2 Rectification 0.05 1.00 56

3 Polishing (alumina) 0.07 0.60 54

4 Shot peenin 0.40 4.65 40

5 Milling 1.75 125 27

6 Shot blasting 7.00 70.0 13

2.2 Mechanism of failure

The study of the mechanisms and modes of failueeeasential in order to understand the
behavior of the coating system under certain lcadionditions. Brittle coatings behave in
different manner compared with ductile coating difeal on the same substrates when
subjected to a loading condition in scratch testryr(1983) reported on the mechanisms of
coating failure for brittle and ductile coatings evl the brittle films can be remove

completely but ductile film subjected to gradudhynning (sideway extrusion).

Bull (1991) reported that TiN coatings depositetbamrange of different substrates from soft
nickel to hard cemented carbide, summarized tleafaiture of coating-substrate systems fall
into two general groups, depending on whether tiestsates behave in brittle or ductile

manner during scratch test.

Brittle failure modes in scratch testing can bessifged into: (1) gross spallation; (2)
spallation ahead of the indenter; (3) recovery lapah behind the indenter; (4) hertzian
cracking and; (5) tensile cracking. Large arealapah or gross spallation occur when the
adhesion is poor or if the residual stress levéhencoating is high. Spallation is also another

common failure mode in which the coating is detdcte minimize the amount of elastic
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energy stored by the large compressive stressesd affethe moving stylus during scratch

test. Hertzian ring cracks occur when the tensldial stresses at the edge of the diamond
contact generate a ring crack which propagates frarsurface through the coating into the
substrate. Several of these cracks intersect amskeca crack network along the edge of the

crack track. Tensile cracks form from the cracksciiiorm at the rear of diamond contact.

Ductile failure modes in scratch testing can besifeed into: (1) spallation; (2) buckling; (3)
conformal cracking and; (4) tensile cracking. Tipalktion and buckling modes are very
similar to the spallation mode for brittle failuegcept the magnitude of failure is smaller and
generally confined within scratch track. Conforntahcks occur when there is through-
thickness cracking at the front and sides of tliemer. This is due to the partial ring cracks
which occur ahead of the indenter and then passssamd pushed into scratch track. Tensile
cracking occurs at the rear of diamond contacttdube tensile stress generated on sliding as
observed for the brittle materials. Figure 2.3 shiothe sketch and scanning electron

microscope details on the brittle and ductile f&lmodes in scratch testing.

For ductile failure, the area of uncovered substratsmall and within the scratch track. For
brittle failure the area is more extensive androfatends beyond the limit of the scratch
track. Table 2.2 shows the failure mode of thimfdeposited onto different substrate (ductile
or brittle) depending whether the applied stresm@s compressive or tensile. For ductile
substrates, interface failure can occurs for bettsite and compressive stress provided that
interfacial adhesion is poor. If adhesion is gdadure tends to occur within the coating. For
brittle substrates, interface failure again canuodor both tensile and compressive stress if

adhesion is poor and possibility of interfacialatiag for tensile stress.
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Table 2.2: Failure modes of thin film depositedoodifferent substrates (Bull, 1991).

Stress Film Substrate Interface bonding Decohasiechanism(s)
Tensile Brittle Ductile Good Film cracking (no déesion)
Poor Film cracking (interface
decohesion)
Compressive Brittle Ductile Good Buckling propagatin film
Poor Buckling propagation at
interface
Tensile Brittle Brittle Good Film cracking and inftece
decohesion
Poor Edge decohesion at interface
Compressive Brittle Brittle Good Substrate splgtin
Poor Buckling propagation at
interface

There are also some other works conducted on ilhincbating to study the failure mode of
thin coating. Hedenqvist et al. (1990) studied feikire mode of TiN coating on high speed
steel. Failure mode of TiN coatings were studieskebdaon scratch tests performed on a TiN
coated on high speed steel substrates with vadoaisng thickness and substrate hardness. In
their report, four groups of coating damage andaehent mechanisms were recognized: (1)
deformation; (2) crack formation; (3) chip formatioand; (4) flaking. The scratch
mechanisms were observed on two different conditistratch mechanisms below the
critical normal force and above the critical norrfaace. At normal force value which is close
to zero, no visible surface damage observed detattic deformation of the coating substrate
system. With increasing normal force, the plastfodmation extends through the coating

into the substrate. The degree of plastic defownaticreases with increasing normal force.

During scratching, transverse surface cracks wéien cobserved due to tensile stresses
generated behind the moving diamond tips which thesulting in internal transverse
cracking. Internal transverse cracks increase mitteasing normal force. External transverse

cracking may also appear at higher normal forcaesl
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Figure 2.3: SEM and sketch illustration of diffetremode of failure: (i) brittle failure modes;

(ii) ductile failure modes (Bull, 1991).

Above the critical normal force, chip formation diteking occurred. The substrate material is

being exposed in the scratch bottom by a discoatiauchip removal mechanism. The
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detached chips consist of heavily deformed coadigstrate materials. Flaking

predominantly occurs outside the scratch tracktduegh frictional force values.

Similar work has been done by Stebut et al. (1389)major damage mechanism during
scratch testing of TiN coated high speed steel teatles Scratch testing damage starts by
tensile type cracking nucleation behind the trgiledge of diamond indenter. Tensile type
crack pattern include partial ring crack prior paking and envelope cracks parallel to sliding
direction. However, for hard coatings on hard subes, no conformal cracking generated
ahead of the indenter leading edge are observechvdicontradicted to Bull (1991) findings

where conformal cracking is the major spallingiatdar.

Larsson et al. (2000) also studied the mechanisooating failure as demonstrated by scratch
and indentation testing of TiN coated high speeasklstDuring scratch test, six different
coating failure mechanisms could be identified (Begire 2.4): (1) cracks parallel with the
scratch channel; (2) semicircular cracks within seeatch channel; (3) external transverse
cracks; (4) cohesive chipping; (5) adhesive spalimd; (6) complete breakthrough of the
coating within the scratch channel. During inddntgtthere are four different type of coating
failures which have been distinguished: (1) circdeack within the indentation; (2) radial
cracks outside the indentation; (3) cohesive chigpand; (4) adhesive spalling. The
mechanism of parallel cracking in scratch testmglue to deflection of the coating into the
physically deformed underlying substrate materkaternal transverse cracking initiated
during or after unloading due to high residual stes generated in the coating. The cohesive

and adhesive coating failures occur during unlogiehind the diamond stylus.
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&

Figure 2.4: Schematic illustration of coating faéls observed during scratch testing: 1:
parallel cracks; 2: semicircular cracks; 3: extetramsverse cracks; 4: coating chipping; 5:

coating spalling; 6: coating breakthrough (Larssbal. (2000).

2.3 Adhesion evaluation techniques

The adhesion between the coating and substrate measure value to quantify the
performance and reliability of coated materials éagineering applications. Methods which
have been developed for evaluating substrate-gpatihesion often have its own advantages

and disadvantages depending on the specific costibgtrate systems.

The measurement of experimental adhesion can leendeed in two ways: (1) by defining
the force of adhesion as the maximum force per arga exerted when two materials are
separated; (2) by defining the work of adhesiothaswork done in separating two materials

from one another (Chalker et al., 1991).

Table 2.3 shows some of the methods developed &sune the adhesion of thin films that
have been reported in literatures. The methods lmanclassified into qualitative and

guantitative methods, mechanical and non-mechame#thods. The mechanical methods are
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of more practical interests. Tape test is the sastphnd most widely used method to evaluate
coating adhesion. The indentation, laser spallatind scratch adhesion test are the most

practical methods to be used and widely been useithé analysis of coating adhesions.

In this section, a compressive review on the inakgot, laser spallation and scratch test are
presented. Details explanations on each technigeemade and advantages as well as

limitations of each are also presented.

Table 2.3: Available methods for coating adhes®reduation (Chalker et al., 1991).

Qualitative Quantitative

Mechanical methods

Abrasion test Scratch test
Bend and scratch test Laser spallation technique
Scotch tape test Indentation test

Direct pull-off method
Non-mechanical methods

X-ray diffraction Thermal method
Nucleation test

2.3.1 Indentation test

The indentation adhesion test was done by introdu@ stable crack into the coating-
substrate interface by the used of conventionatntation procedures using either Brale or
Vickers indenters (Chalker et al., 1991). In indéion test, it is assumed that the interface
within the vicinity of the plastic zone created itigrindentation has a lower toughness than
either the film or substrate materials and consetiy®vill be area of preferential lateral crack
formations. Figure 2.5 shows the schematic vievindéntation test showing the crack size
induced resulting from the indenter loads. The iogatemoval mechanisms obtained from

the indentation test were studied and the valuesritital normal loads at the event of
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complete removal of coating from the substrate lhguafer as the adhesion of coating-
substrate systems.

Figure 2.6 shows the results of a series of inder#ide at different loads in the indentation
test conducted by Jindal et al. (1987). Duringtdss, the average change in lateral cracking is
monitored as a function of load and the interfafiatture toughness,Kis derived from the

linear portion of the indentation load vs. latenalck length plot according to

1

Ky = (SLE2)? 2.1)

1-v.2
where, A is a constant and &ndv. are Young's modulus and Poisson's ratio of théirmpa
respectively. It is also observed that in this teghe, the indentation adhesion parameters P

and K; are relatively insensitive to the substrate hasdne
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Figure 2.5: Schematic representation of the indiema&oating adhesion test.

In the indentation test, different types of coatiaijures were observed depend on the amount
of loads applied during the test. In the analysisaating failure in TiN coated high speed
steels by Larsson et al. (2000), four differentetypf coating failure were observed. At
relatively low normal load (5-25 N), only circularacks at the rim and inside the indentation

were found. At loads above 60-130 N, radial crgmlapagating perpendicular to the rim of
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circular indentation were found. At loads above ®00small cohesive and large adhesive

failures outside the indentation were seen.

Slope = [AxG,;]*

Crack size, a

— No cracking

Lateral cracking

Load, kg

Figure 2.6: Plot of crack size, a vs. load, kgerfess of indents made at different loads.

(Jindal et al., 1987).

Another indentation test carried out by Diao et (4994) in ceramic coatings observed
different fracture patterns at different normaldeaFrom their observation, two types of
coating removal mechanisms were observed in thentation tests. One mechanism was
chipping caused by generation of ring cracks (bindéenter) and the second mechanism was

spalling caused by the generation of lateral cratkke interface (sharp indenter).

Figure 2.7 shows the fracture patterns of diffetbrdkness TiN coating observed during the
indentation test. At higher coating thickness, recks are observed at normal load, W up to
3000 N. At lower coating thickness, ring cracks abbserved at normal load above 1000 N.

The results obtained also suggest that as thengptitickness increases, the resistance of the
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coating to crack or fail also increases. Thus,atieesions of the coating are increases with

the higher coating thickness
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o] Nao Crack
¢ | Ring Crack
30060
=
" ®Ring Crack; 5 e
L]
3 L
Q20001 @ o ©
= e Contact o o
:_'2 Area
© ® o L]
= ° o o
% [} o] 0
1000 — s} o b}
e o] @ o
i o 0
Contact Area
o o o]
el o o
i | | i 1 I 1 | | L |

0 1 2 3 4 5 6 7 8 9 1p 11 12 13

Coating Thickness t , pm

Figure 2.7: Fracture pattern of TiN coating as fiorcof normal load, W and coating

thickness, t as observed during the indentatiarote®iao (1994).

The limitation of this method for adhesion strengttaluation is that only fracture patterns of
the coating at specific indent loads can be detexthiThe mechanism or fracture patterns of
the coating prior to critical loads cannot be oleedr The static indentation test should be
used to evaluate the fracture resistance and gpatibstrate adhesion, while dynamic scratch
testing can preferably be used for evaluating thed | carrying capacity of the coating-

substrate composite.

2.3.2 Laser spallation technique

Laser spallation was established as a method tatifpidahe tensile strength of interface

between engineering substrates and thin ceramigmgoic, or metallic coating. Gupta et al.
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(1992) have developed laser spallation experinentdasure the strength of planar interfaces

between a substrate and a thin coating (in thé&rles range of 0.3+8n).

In basic laser spallation test (see Figure 2.8),5ans Nd:YAG laser pulse is focused to an
area 3 mm in diameter on a 0.5-mm thick alumindm.firhe film is sandwiched between the
back surface of a substrate and a 50 to 100 mrk yer of solid water glass. The induced
expansion of aluminum generates a compressivessgrgise (with 1 ns rise time) directed
toward the coating which is deposited on the sabs# front surface. The compressive stress
wave reflects into a tensile pulse from the coasirffgee surface and leads to its complete

removal at a sufficiently high amplitude which neéal to as spallation.

The critical stress at the interface is calculabgd measuring the transient displacement
history of the coating’'s free surface (induced dgrpulse reflection) by using an optical
interferometer with a resolution of 0.2 ns in tiegke shot mode. The measured free surface
velocity (or displacements) is related to the maxmminterfacial tensile stress that is
generated by the reflecting stress wave by usingage mechanics based simulation. The
peak value of this interface tensile stress atafget of interface separation is taken as the

interface strength (Hagerman et al., 2007).
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Figure 2.8: Basic laser spallation set up. (Gup®@4)

The laser spallation technique is expedient thaerdaest methods to measure and analyze the
failure strength of coatings and interface strerdyth to its relatively simple setup. However,
the limitations of this technique are on the samfiim thickness and hardness. The
preliminary spallation tests need to be conduabedetermine whether complete separation of
coating area from substrate occurs or not. Thepkawith large film thickness did not result

in the complete separation of coating area fronsgate due to large film thickness and high
hardness. This was because the ends of the intdréaack formed at interface did not have
enough energy to break through the hard thick sgato form a free spall. Thus, these
particular methods can be successfully used oncibatings. Modification can be done on the
samples by making the coated area small (withim3 a@rameter) so that, the laser pulse can

be directly focus on that area and complete separaf the coating area can be obtained.

2.3.3 Scratch test

The scratch test has been widely used as the tpehrio evaluate the adhesion of coating

since its introduction in 1950 by Heavens (Laugl®81). In scratch testing, a diamond stylus
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of defined geometry is drawn across the surface ajated sample at a constant speed with a
defined normal force over a defined distance. Tloem@al force can be set constant,
progressively increase, or incrementally increaspedds on the model of analysis (see
Figure 2.9). In constant-load scratch testing,ntwnal force is maintained at a constant level
while scratching the sample. By increasing the lemdeach subsequent scratch, a scratch
map can be generated to determine the critical tmaucksponding to a specified damage. In
progressive-load scratch testing, the stylus isvdralong the sample while the normal force
is linearly increased to a maximum predeterminddearhe critical load is recorded as the
normal force at which the damage is first observectemental-load scratch testing consists
of incrementally increasing constant load scrategngents, and is very useful if space is

limited on the sample.
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Figure 2.9: The three main scratch modes are aoinsiad, progressive load, and incremental

load (from left to right).

The diamond stylus used in scratch test typically Rockwell C geometry with an angle of
120 degrees and a spherical tip radius of @280 The normal force at the event of coating
detachment is called the critical load, Ote critical load Lc is defined as the load that
corresponds to the failure event. This load isteeldo the practical adhesion strength and the
damage resistance of the coating/substrate sy#téar. completion of the test, the scratch
track was microscopically analyzed for specific,llvdefined damage such as cracking,

deformation, buckling, spallation, or delaminatafrthe coating.
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Figure 2.10 shows the typical scratch test dataaf@rogressive load scratch test on high
speed steel sample coated with TiN. The loadingiad mN/s and the scratch length of 900
um. From the figure, the critical failure pointgiland L, are 900 mN and 1050 mN
respectively. The first critical load (1) is 900 mN, and it corresponds to the point atciwhi
first damage is observed. This first damage hasstiape of an interfacial shell-shaped
spallation. The second critical load.£§Lis 1050 mN, and it is the point at which the dgma

becomes continuous and complete delamination adhéng starts.
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Figure 2.10: Typical scratch test data for a pregite load scratch on coated steel sample,

showing the critical failure points Lcl and Lc2.

Since its inception, the developments of the shraést technique for measuring coating
adhesion have been done. Instead of having onlhyd#t@ of normal force and penetration
depths from the scratch test results, acoustic omsequipment has been used to provide
secondary data for coating detachment analysis. atloeistic emission (AE) equipment or

sensor is used to provide traceable signals whereoating detachments present during the
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scratch tests. The signals can be used to compatdts from different samples and may

avoid some subjectivity of measurement made by.eyes

Figure 2.11 represents the plot of acoustic emisg® scratch distance obtained from typical
scratch test equipped with AE sensor. Figure 2.44 be understood that the coating
detachment start to observe when there is a syddgmin the AE signal. &; represents the
first critical points of coating detachment whichreferred to cohesive failure of the coating.
L, represents the"®critical points of coating detachment where corepfails of the coating
starting to occur. L is the critical load of the coating failure andcatepresent the value of

coating adhesions.
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Figure 2.11: Plot of acoustic emission vs. scralistance produced from the scratch test.

Bull (1991) have carried out used scratch testyaeal on the adhesion of titanium nitride
coatings deposited onto a range of different satetrfrom soft nickel to a hard cemented
carbide and to identify the failure modes whichwaturing the test with the assistance of AE

probe. The scratch test was performed using a Reltikivdiamond stylus with the tip radius
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of 200 um. The tester was equipped with acoustisgon monitoring equipment in order to

determine the coating failure.

Another work done by Je et al. (1986) also impletm&nthe scratch testing with AE
equipment in their assay on the reactively spulttd&i® coatings on a soft substrate. From the
work, they found that the critical load of a thicleating (approximately 1.bm), cracking
and also loss of the coating were observed witthamrease in acoustic emission. However, at
the critical loads of thinner coatings (luen or less), coating loss was not observed even
though there is an increase in the emission antingperacking did occurred. Their findings
suggested that the AE emission can provide accurfaienation on the occurrence of coating
failure but limited to certain level of coating ¢tkihess. For example in their work, coating
thickness of 1.2um or less, the AE emission still showing increageghe signal but

microscopic observation on the coating clearly dbindicated any failure.

Yamamoto et al. (1992) on their study of the adousinission behavior at scratch test for
TiN coating concentrated on the relationships betwthe AE behavior and the intrinsic
properties of deposited TiN films, and also to ea#t the mechanical strength of the coatings
by analyzing the AE intensity. They concluded tiat AE intensity of the coatings measured
by the scratch test depends not only on the adhedia coating-substrate interface but also
on the intrinsic properties of a deposited filmeTdubstrate hardness has little effect on AE
intensity. However, the internal stress and toughrad the coated film strongly affect the AE
intensity. The critical load correlates with AEensity which is determined by the toughness
and the internal stress. AE intensity increasel decreasing the toughness and the internal
stress of coated films. They also suggested thainalysis of AE behavior at the scratch test

can qualitatively evaluate the toughness of coating
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With the limitation of the AE emission assessmeghhique as mentioned above, Valli et al.
(1985) have developed the scratch test method bésaon assessment by recording the
tangential friction force between the indenter @odting rather than the acoustic emission
which has previously been used to detect the atit@ad. Figure 2.12 represents the scratch
test apparatus arrangement. A direct correlatios detected between changes in friction
force and acoustic emission. They also concluded tihe friction force monitoring can
provide advantages over acoustic emission detecticzpating failure in scratch test. The
acoustic emissions provide good indicating of ecwafailure when the coating thickness was
above 1.5um. Below this value, the interpretation becameialiff and no meaningful
acoustic emission normally detected at coatingkttéss below 0.5um. Conversely,
measurement of tangential force enabled the detetion of critical load in all case down to
a coating thickness of 08n. Comparison values produced by this method vighvalues
recorded by other authors using acoustic emissiere wvithin the defined band for given
substrate condition and test parameters. The niaiangage of the extension is that relatively
thin (less than Jum) coatings can be studied and still have the poigiof continuously
recording the test results in addition to the a@dtimicroscopy studies. Addition to that, the

coatings of the same color as the substrate caly basstudied.

Figure 2.13 shows the AE emission and tangenti@lefgignals detected on thick and very
thin of TiN coating on HSS substrate (less thaom). The coating failure could be detected
only by a change in the frictional force. No meghirh acoustic emission could be detected

from thinner coating.

28



Control 1 -Chart ;
unit | recorder Strain gouge for
— normal 1orce
r—_Z =
2 I

Acoustic & ’

emission

detector : i Force application:

_F_,__...-Indenter

|- Coated sample

Friction force Driven somple-holder
transducer "7 foble

Figure 2.12: Schematic representation of scratsthagparatus used by Valli et al. (1985).
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Figure 2.13: Acoustic and tangential friction foresults obtained from scratch test of
titanium nitride (TiN) coating on high speed stegbstrate. (a) thick coating (b) thinner

coating (Valli et al., 1985).
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2.3.4 Energy description model

Another technique of scratch test assessment reas fagygested by Laugier (1984). He has
introduced an energy description model of coatargoval by scratch test. He suggested that
the adhesion behavior can be modeled in termseostitain energy released during removal
of coating. In the model, the compressively strésseating in the region ahead of the
indenter is considered to reduce its stored enleygyeeling or spalling from the substrate at a
critical applied load. The approach is applicableltictile and brittle coatings. The adhesion
force calculated from the basic scratch test tyfyida an order of magnitude lower than
estimate based on condensation energy measurement.

He suggested a simple energy balance criterionhichwstored elastic energy in the coating
ahead of the indenter is considered to be reletsddrm new surfaces when the critical
normal load is reached. Table 4 summarized theulzdéd work, W of adhesion for selected

material using the formula by Laugier (1984).

2E

where, E is the young's modulus of the coatings lthe coating thickness amx) is the
stress in the coating, which is considered to estamt throughout the thickness. The coating
stressg(X) is calculated froms(X) = cappl(X) + cint(X), Whereoapp(X) is the applied stress and
oint(X) is the internal stress. The internal stregg(x) is found to be almost constant in all
materials. The applied stress,pp(X) resulting from the sliding indenter is not demse
significantly throughout the coating thickness it d, where a is the radius of contact circle

and h is the coating thickness.

From Table 2.4, the applied stresg,p(X) has been used for the calculation of W whgi(x)

is not available. The values 6f,,(x) have been calculated for f = 0.3. It is alstedahat the
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critical load increases with time (the values qdosee for as-deposited aluminum and for

aging periods of 400 h (for aluminum) and 200  {ffon)).

Table 2.4: Calculated work, W of adhesion for sieldanaterial (Laugier, 1984).

Material ~ Critical  Stress (x 10MPa) Adhesion Condensation
load P energy energy from

(X 10°Kgf) Gapp(®)”  Oin(X)  6(X) = Gappl(X) + oim(x) W (Im?) critical
condensation
experiments

(I m?)
Ag 5 0.79 -0.01 0.78 0.40 0.24
Au 2 0.58  -0.08 0.50 0.16
AlP 5 0.79  0.07 0.72 0.38 0.72
Al° 70 1.90 2.40
Fe’ 100 210 -0.96 1.14 0.38
Fe 500 3.60 3.80

The scratch testing has proved to be reliable ndetbadetermine the adhesion of coating-
substrate system. However, there are several V@sidbat affecting the scratch test results
which are need to be considered and understoodl. aral Mékela (1987) have listed several
factors which might well affecting the scratch tessults. The influence of lubrication and
surface roughness on the scratch test result st@ulthderstood. Frictions are the dominant
factor affecting the test results. The use of tbhmplated silver overlay increases the critical
normal force remarkably. The use of oils can evelnaace the repeatability of testing for
example in the case of hard coatings on high sthersybstrates. Addition to that,
performance of a coating might be affected by ther gurface quality. The surface roughness
Ra value should not exceed 0.25 um if reproducibdeilte are required. A poor surface finish

decreases the critical normal force reading contprex polished surfaced.
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In addition to the extrinsic factors listed aboaeyumber of intrinsic parameters also have an
importance influence on the derived value of caititbads. Some of the parameters are
loading rate, scratching speed, indenter tip radiod indenter wear which have been

reviewed by Steinmann et al. (1987).

The scratch adhesion test appears to be the omljabhe practical methods to study the
adhesion of coatings. However, care is neededriionpeing the test and in the interpretation
of the results if reliable results are to be drawmncoating-substrate adhesions. The intrinsic
and extrinsic factors must be given full attentadrtheir influence on the value of the critical
loads. Although scratch test is very quick test singple to perform, an underestimate of the
practical adhesion in any application can still dexurs for example in the case where

catastrophic failure occurs at the first sufficlgharge flaw.

2.4 Improvement of TiN adhesion strength

The improvements on the adhesion strengths of TaBtieg are needed due to tribology
nature of the tooling applications. TiN coatinge @roved to be useful in providing better
wear resistance and hence improving the tool lifdhe cutting tools. Good adhesion strength
are required for desired properties to be achievied.tooling applications, current

development in TiN coating technology focusing twe fower temperature processes and
good adhesion strengths between coatings and atdsstHowever, lower deposition process
temperature tend to produce lower adhesion. Thesaolh strengths of TiN coating can be

enhanced by method of processing, composition laagtticture of the coatings.

In order to enhance the adhesion strength of Ti&ticg, new methods of coating deposition
have been introduced by other reseacher. PVD metlawd more prefered in toolong
applications due to environmental reasons, gregatetuctivity and the possibility of multiple

coatings. Thus, previous researchers have beeningodn the deposition processes that
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operate at low processing temperature but at thee game provide better adhesion. Plasma-
enhanced chemical vapor deposition (PECVD) or péaassisted chemical vapor deposition
(PACVD) is a combinatation of CVD and PVD procesbang & zhu, 1993). The working

principle of PECVD is that the CVD is operated wétplasma and the energy required for
reaction being supplied by electricity, raising tbes to high temperature and thus reducing
the need of thermal energy to be supplied. Henigly Working temperature are no longer
required. The advantages of this deposition probes&le the low operating temperature are

the simplicity of the apparatus and good adhedi@mgth of the coatings.

Modification of the composition of the TiN coating another solutions to the adhesion
strength and property improvement of TiN coatinggang et al. (1995) studied the effects of
aluminum (Al) inclusion on the microstructure angerties of (Ti,AL)N coating on high
speed steel (HSS). Analysis on the interface migrosire between coating and substrate
showed that there was a transition layer between(tThAl)N and the HSS substrate. The
treansition layer was composedoefi phase and FeTi phase. Tedi phase was formed at
the beginning of deposition when Ti was first defgason the surface of the substrate. The
FeTi phase was formed when theli phase diffused into the substrate with incregsi
substrate temperature. The presents of these ttcemgihase was believed to increase the
adhesion between coating and substrate. It isa@dserved that the wear of the substrate in
the form of adhesion abrasion also improved withAfJN coating. The aluminium atoms are
small (r = 1.43), thus, it has ability to fit into the TiN cystsiructure at substitutional sites

or interstitial sites. As a results, more dengatiog structure can be achieved.

In structure of the coatings, TiN adhesion strerggth be improved by introducing a metallic
interlayer such as Ti between the TiN coating dmsl gubstrate. Helmersson et al. (1985)
reported on the adhesion of the films increased wie use of an intermediate layer of pure

titanium between TiN coating and substrates. Thee afsO.Jum intermediate layer of pure
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titanium increases the adhesion for films depositemperatures below 400. Above this
temperature a thin TiC layer is formed in the titam-steel interface result in reduction of the
adhesion. In contrast with Helmersson et al. figdjnValli et al. (1985) reported on the
decrease of the coating adhesion whenun3Ti interlayer deposited between TiN and HSS
substrate. The different in observations mightcatk that an optimum should be determined
for such interlayers for maximum adhesion. Gertth Afiklund (2008) also performed a study
on the improvement of TiN adhesion strength by ymay metallic coating as interlayer. In
their study, W, Mo, Nb, Cr, Ti, Ag and Al, have beevaluated with respect to their influence
on the adhesion of PVD TiN coatings deposited glished high-speed steel. The results
showed that Tin coating with Ti and Cr interlaybrgh give the best adhesion compared to

other metallic interlayers.

The adhesion strength improvement with the preseh@einterlayer can be explained on the

basis of better bonding between the titanium iatent and the substrate and also better
bonding between the titanium layer and the TiN ioggtlt is suggested by some researcher
that the Ti interlayer acts as a graded interfdw® tan evades the abrupt change in

composition at the sharp interface between a cpaina metal substrate.

There is also possibility of adhesion strength eckement by using multi-compositional
coatings has been done by Kusano et al. (1998theinassay, the adhesion of compositional
gradient TiIQ/Ti/TIN, ZrO,/Zr/ZrN, and TiQ/Ti/Zr/ZrN coatings were studied. Figure 2.14
shows the adhesion strength of TiiN, TiOJ/TiN, TiO2/Ti/TiN and TiO,-Ti-TiN coating
deposited at room temperature, 3D0and 408C. The results showed that the adhesion
strength of TiN coating deposited at room tempeeatwere increases with the present of
TiO./Ti layer (TiOJ/Ti/TiN coatings). At substrate temperature ¥D0Oand 408C, TiO,
ITI/TIN and TiO/TIN shows a good adhesion strengths while JfT@TIN coatings show

superior adhesion compared to TiN coating at satsstremperature of 48D. The good
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adhesion strength observed can be explained bydkes that by making a compositional
change in the interface transition region gradard smooth, both chemical and mechanical

bonding are expected to be improved.
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Figure 2.14: Adhesion strength of TN, TiOJ/TIN, TiOo/Ti/TiN and TiO,-Ti-TiN

coating deposited at room temperature,’808nd 408C.(Kusano et al., 1998b).
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CHAPTER 3

METHODOLOGY

3.0 Overview

In the present study, two-interesting sets of ssighere conducted separately. The first part is
to analyze the adhesion strength and hardness/®GiORTiN coating deposited onto high
speed steel substrate and stainless steel subthetesecond part of the study is to analyze
the effect of substrate temperature, F&ating thickness and the substrate surface gondit
on the adhesion strength. The effects of annealinthe coating adhesion strength were also
studied. Details of target preparation, substrgtesparation, experimental parameters,

characterization and evaluation of coated sampkedetailed in the following sections.
3.1 Target preparation

A commercially available titanium target (purity .995%), 4 inch diameter x 3 mm
thickness, was used in this study. The target waasonically clean in acetone for 20
minutes while being heated at’8Dat the same time in ultrasonic bath to remove diease
and residues from machining processes. It was timsed in ethanol and distilled water to
ensure that the target was free from surface cantaits and acetone residues. After cleaning
process, the titanium target was sputtered in goraatmosphere for an hour in order to

remove oxide layers.

36



Figure 3.1: Titanium target used during deposition.

3.2 Substrate preparation

Two types of substrate materials were used in ¥per@ments. The coatings were deposited
onto high speed steel (HSS) and stainless ste¢lqi#trates. The HSS substrates used are
10 x 10 x 5 mm in dimension. Stainless steel sabtetrused were coupon shape SUS304
Stainless Steel with dimension 10mm (diameter) xn3¢thickness) and clockwise polished

supplied by NovaScientific Resource (M) Sdn. Bhd.

Both type of substrates were abraded and polistsang wsilica paper. The mean surface
roughness was measured at Ra = @iozand Ra = 0.08m for HSS and SS respectively. The
substrate materials were ultrasonically cleanes0&iC in acetone for 25 minutes to remove
residues followed by rinsing in ethanol to remoeetane and the remaining residues from
substrates. Eventually, the substrates were thesedi with distilled water. Finally, the

substrates are dry by blowing dry nitrogen. Priodéposition, both substrates were framed to
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provide the formation of step in the coating fore tipurpose of the film thickness

measurement.

Figure 3.2: Substrates used in the analysis (a&h@ieft SS and; (b) On the right HSS.

3.3 Deposition process

The depositions of Ti/TiTIN coating were performed using a TF450 PVD magme
sputtering system (SG Control Engineering PTE LHBNhgapore). Titanium, Ti layer was
first deposited onto substrates followed by Titamidioxide, TiQ layer and thin layer of

Titanium nitride, TiN (see Figure 3.3 for coatiryér orientation).

TiN

TiO
layers < Tli 2

Substrat

Figure 3.3: Schematic view of TIN/TXi coating system.

The Ti target was placed in parallel to substratédr. The distance from the target to
substrate holder was about 150 mm. A schematgratia of the positioning of the target and

the substrates during sputtering process is showingure 3.4.
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(b) Top view

Figure 3.4: Schematic diagram of the positioningheftarget and substrates during sputtering

process (a) Front view of the sputtering chambdr(aip Top view of the sputtering chamber.
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With the shutter closed, the process was initiegre-sputtering the Ti target for 5 minutes
to clean and remove any contaminant from the tafget substrate holder was set to rotate at

4 rpm to ensure uniform deposition.

The coating layers were deposited using DC magnetputtering method. The deposition
apparatus used is shown in Figure 3.5. The depgsieém is stainless-steel vacuum chamber.
The base pressure in process chamber was 2.5°xT@fi. The working gasses were Ar
(99.999%), Q (99.995%), and N(99.99%) and were used as sputtering and reagtges
respectively. Titanium target (purity 99.995%) weed and powered by DC generator. Prior
to each deposition, the titanium target was prdtepad in an argon atmosphere in order to

remove oxide layers. The substrate holder was eotaluring the deposition process to

improve coating uniformity.

Figure 3.5: TF450 PVD magnetron sputtering syst8@ Control Engineering PTE LTD,

Singapore) equipped with Protec Instruments PCFO®& Controller (enlarge picture).
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To isolate and to study every single interface alsd to analyse the effect of Ti@clusion

on the adhesion strength of TiN coating systerns, itecessary to prepare base samples; TiN
coating and Ti/TiN coating for comparison purposkable 3.1 summarised the experimental
conditions of the sputtering process. The pararadterdepositing TiN, Ti@and Ti coating
layer were chosen based on literature review (Rushat al., 2011; Carrado et al., 2010;
Nsongo and Gillet, 1995). For Ti coating, the spuiig was carried out at an argon pressure
of 4.9 x 10° Torr with argon flow rate of 40 sccm for 40 minsii@ order to obtain coating
layer of 500 nm. For TiN and TiOcoating layer, the deposition was carried out 60r
minutes respectively to obtain coating thicknes4@ — 200 nm. For deposition of TiN, the
ratio of argon and nitrogen gasses used was 3:A{Aand for TiQ, the ration of argon and

oxygen gasses was 5:1 (Ap)O

Table 3.1: Sputtering parameters and setting values

Parameters TiN deposition TiO, deposition Ti deposition
Pre-sputtering 10 minutes 10 minutes 10 minutes
Flow gas (sccm 14:8.4(Ar:N) 40:8(Ar:) 40 (Ar)
P(Torr) x 10° 8.4 5.8 4.9

P (W) 150 150 150
Deposition temperaturéE) 200 200 200
Deposition time (s) 3600 3600 2400

"sccm = standard cubic centimetre per minute

3.3.1 The study of adhesion strength improvement of TiN coating by

implementing Ti and TiO, astheinterlayer.

In this study, 4 sets of coated samples were pe€pseparately as summarized in Table 3.2.
All coatings were deposited on high speed steelS|H&d stainless steel (SS) substrates

respectively at deposition temperature of 260 The sputtering process was done at 150 W
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discharge power levels while the remaining coatpsyameters were set according to

parameters mentioned earlier.

Each of individual coating-substrate systems wdrentsubjected to adhesion strength
evaluation by scratch test method. The adhesicengiin of each coating systems were
compared to determine any adhesion strength impremeé Each coating was subjected to
hardness test in order to determine the hardnesadadf coating using micro-hardness tester.
The coating thicknesses of each coating-substsetiera were measured using topography
measurement method and Focus lon Beam (FiB) mefhoalcomposition, cross-section and

the microstructures of the coatings were analyzs#iguEDAX and FESEM analysis.

Table 3.2: Summary of coating samples depositedhi® analysis and the total deposition
time.

Sample Coatings* Substrates** Total Deposition Time***
No.
1 Ti HSS 2400 s
SS 2400 s
2 TiN HSS 3600 s
SS 3600 s
3 Ti/TiN HSS 6000 s
SS 6000 s
4 Ti/TiIO/TIN HSS 9600 s
SS 9600 s

*coating layers are deposited according to deseghatquences. For example, Ti was first
deposited followed by Ti@and lastly TiN layer for Ti/Ti@TiN coating-substrate systems.

**surface roughness of HSS and SS substrates wares ®.02um and Ra = 0.03im
respectively.

***Total deposition time was calculated from thechdayer deposition time.
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3.3.2 The effect of deposition temperature on the adhesion strength of

Ti/TiO,/TiN coatings.

To study the effect of substrate temperature oratltesion of the coating systems, samples
with different substrate temperature are preparkeievkeeping the other parameters at same
values. The multilayer coating systems TiN/7iD are deposited onto stainless steel and
HSS substrates at substrate temperature 50, 20@%eC respectively. Scratch test and

hardness test were conducted on each sample.

3.3.3 The effect of TiO, coating thickness on the adhesion strength of

Ti/TiO,/TiN coatings.

To study the effect of Ti@coating thickness on the adhesion strength o€tlaging systems,
the thickness of the Ti#Dcoating layer was varied by varying the depositiome of TiG
coating layer (see Table 3.3). 3 sets of sample weepared with vary Ticoating layer
thickness at deposition temperature of 200 Other parameters for deposition of TiN and Ti
and the coating thickness are kept constant. Thengs are deposited onto stainless steel and

HSS substrate.

Table 3.3: TiQ deposition time for Ti/TIQTIN coatings deposited on HSS and SS
substrates.

Sample Coatings Substrates TiO, deposition time
No.
1 Ti/TiIOL/TIN HSS 1800 s
SS
2 Ti/TiIOL/TIN HSS 3600 s
SS
3 Ti/TiIOL/TIN HSS 5400 s
SS
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3.3.4 The effect of substrate surface condition on the adhesion strength of

Ti/TiO,/TiN coatings.

To study the effect of substrate surface conditonthe adhesion strength of the coating
systems, different substrates with different swefaoughness were used for coating
deposition. Different surface roughness values vemt@eved by using different grade of
silica paper during polishing process. Parametargléposition of TiN, Ti and Ti©coatings
are kept constant as in Table 3.1. Substrate us#ds analysis was high speed steel (HSS).

Surface roughness of the substrate was summanZzgabie 3.4.

Table 3.4: Surface roughness of HSS substrate used.

No Sample Roughness (Ra)
Reading 1{m) Reading 2i(m) Reading 3i(m) Average jim)
1 HSS-S1 0.02 0.03 0.03 0.03
2 HSS-S2 0.30 0.27 0.25 0.27
3 HSS-S3 1.13 1.21 1.25 1.20

3.3.5 The effect of annealing on the mechanical properties of the substrate

coating systems.

Three Ti/TiQ/TIN coated HSS substrates were put in the spaogezhamber. The sputtering
process was done at deposition temperature@@ 150 W discharge power levels while the
remaining coating parameters were kept constam dsble 3.1. The deposited substrates
were heated to 400, 500 and 6@annealed temperatures at heating rate ofG//in. Each
substrate was annealed for an hour. The heatingegsovas performed using Elite Thermal
System Limited chamber furnace. Figure 3.6 showshibating curve for each substrate at

different anneal temperature.
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The heat treated and unheated HSS substrates hemestibjected to adhesion strength

evaluation and hardness test. The microstructufabeo annealed samples were observed

using optical microscope.
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Figure 3.6: Heat treatment curve during annealiegtiment of deposited substrate.

3.4 Evaluation and characterization

3.4.1 Film thickness

The film thickness of the coating films on the H&®I SS substrates were measured using a

Micro Material Nano Test (Wrexam, UK) micro-scratsiistem with a diamond probe and

also using Focused lon Beams (FiB) technique.

To measure the film thickness using micro-scraidtesn, each coating layer was deposited
individually onto HSS substrate in order to evatuaaich coating layer. Before deposition,

tape was attached on the substrate surface tceci@abed surface in order to evaluate the

coating thickness (see Figure 3.7).
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Figure 3.7: HSS coated sample for coating thickegstuation.

Three HSS substrates with polished surface werd wsth Ti, TiO, and TiN coatings
deposited on each substrate. Figure 3.8 showsethepsof a micro-scratch system while

Figure 3.9 is the schematic diagram.

Sample stac

Figure 3.8: An image of a micro-scratch system.
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Figure 3.9: A schematic diagram of a typical sdrdést.
In measuring coating layer thickness using micraist system, a single pass topography
scan at 1 mN load and a scanning length of apprateiin 220 um was applied starting from
the coating surface and ending at the framed seurféigure 3.10 shows a typical topography

scan for measuring coating thickness.

B2-

-200-

400~

-E00-

-800-

-1000-

Drepth [rm]

1200~
-1400-
1600~

-1800-

-2030-3

1 1 1 1 | | 1 | | | 1
01 200 400 600 800 100.0 1200 1400 160.0 1300 2000 219.6

Digtance [um)]

Figure 3.10: Coating topography scan of Ti/ZiON coating on HSS substrate.
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Coating thickness measurement using micro-scratstem only can be used for measuring
thickness of single coating layer and total thidshef multiple coating. Thus for this
particular study, Focused lon Beams (FiB) methodsisd to evaluate the thickness of each
layer of Ti/TiQ,/TiN coating, FiB systems operate in similar prpieiwith scanning electron
microscope (SEM). However, FiB systems use a fifetyised ion beams (usually gallium)
instead of electrons beam used in SEM. FiB systieewgiently used as a micro- and nano-
machining tool, to modify or machine work piecesniicro- and nano- scale. In this study,
FiB system was used to evaluate the coating ldyekriess of Ti/TIQ/TIN. A cross section
of 2 um depth was created using FiB technique wmilling voltage of 2.0 kV. The thickness
of each coating layer was measured in SEM modeur€i§.11 and Figure 3.12 show the
cross-section created using FiB technique and teasored values of each coating layer

thickness for Ti/TIQ/TIN coating deposited onto HSS substrate.

L -~

e e L
W
-

Mag = 13.00 K X 200 nm* WD = 54 mm EHT = 2.00 kv Signal A= SE2 Date :6 Mar 2013 Time :11:49:52
Auriga-39-22 FIB Lock Mags = Yes System Yacuum = 1.93e006 mbar

Figure 3.11: Cross-section with 2 um depth creasalg FiB.
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Figure 3.12: Measured values of coating layer tineds of Ti/TIQ/TIN coatings.

3.4.2 Adhesion strength evaluation

To evaluate the adhesion of coatings on HSS ansuSrates, the scratch test been used. In
this method a loaded spherical tip is drawn actbescoating surface. The load is increased
step by step until coating failure occurs. The munin load at which adhesive failure occurs

(critical load) is taken as a measure of the fithesion.

In this work, Micro Material Nano Test (Wrexam, UKjicro-scratch system with a diamond
probe been used. Multi-pass wear experiment wafrpeed on each sample to evaluate
topography of the coating before scratch, duringtsb and after scratching. Each sample
were scratch at least 3 times using a scan speadnisg length, loading rate and maximum
load of 2um/sec, 900um, 4.0 mN/sec and 1500 mN, respectively. The alitioad was
recorded when a sign of failure either cohesiomadiresion was detected. The scratch paths

were then analyzed using optical microscope to a@omfthe present of failure. Figure 3.13
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shows the typical scratch profile of TiN coating BI$S substrate and the scratch track

observed using optical microscope.

Figure 3.13: Scratch profile of TiN coating depedibnto HSS substrate and the scratch track

observed using optical microscope.

3.4.3 Coating hardness

The composite microhardness of the uncoated addO/TiN coated HSS and SS samples,
at different deposition parameters (substrate teatpes, coating thickness, surface condition)
and annealed samples were measured using Shimadzaoh&tdness tester HMV-2 (see

Figure 3.14) with Vickers indenter. The load wa86l. N (HV0.2) with a dwell time of 5
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seconds. The hardness of each samples were meaduesbt three times and the average
hardness values were calculated. The hardnesssvalwmated samples were then compared

with uncoated samples to conclude any discrepancies

" - ) = i
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(a)
Figure 3.14: (a) Shimadzu Microhardness tester HMB) Indentation image using Vickers
indenter at 1.961 N (HVO0.2) on HSS substrate.

3.4.4 Morphology and chemical composition evaluation

Surface morphologies of the coated samples weestigated using a field emission scanning
electron microscope (FESEM) Auriga Zeiss. The cleahtompositions of the coatings were
assessed using SEM XL40 EDAX analysis, three sipotmach sample. The hardness of the
coated and uncoated samples was measured using@&hiriiMV-2 Micro-hardness tester.
In order to check the crystallinity of the as-defeab coatings, X-ray diffraction (XRD)

analysis was carried out with a Empyrean PANalltiddfractometer using Cu &
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(0.154060 nm) radiation at 40 mA and 45 kV. Thetiogg were scanned in the standard
6 — 26 geometry from 20 to 120 with a 0.0260 step siagfée image after scratch test

were analyzed using a light optical microscopéntodcratch pattern of coated samples.
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CHAPTER 4

RESULTS

4.1 The effect of implementing Ti and TiO, as interlayer on adhesion

strength improvement of TiN coating.

4.1.1 Structure and composition

X-ray diffraction patterns (XRD) for Ti/TidTiIN coating deposited onto HSS and SS
samples revealed that the coatings is initially gghous and developed into crystalline
structure. The XRD patterns show a number of pedksh indicates the presence of TiN,
TiO,, Ti and Fe phases. In Figure 4.1, XRD patternsbébed strong diffraction peaks aé 2
42.5 indicating TiN phase oriented along (2 0 0) plémeboth coating deposited on both
substrate. Ti@ peaks were detected & 2 36.9 for both substrates and belong to (1 0 3)
plane. Similar results were reported by Kasetsa@08). TiQ structure observed was
polycrystalline having anatase phase only whicagreement with that compile in the Joint
Committee on Powder Diffraction Standards (JCPD&)1386 file. Ti peak was observed at
20 = 40 and strongly oriented in (1 0 1) direction. Fe lpe@s detected atf2= 44.7
oriented along (1 0 1) plane belonging to the sabstwhich was visible to all coatings. The

intensity of TiQ phase was significantly low for coating deposiw@dSS substrate.

The crystallite dimension D, is estimating accogdiising Debye-Scherrer’s formula given by

following equation.

D= 0921 (4.1)
B cos@
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Wherel is the X-ray Ka,;) wavelength { = 1.5406 nm), 6 is the Bragg diffraction angle

andB is the line width at half-maximum height (FWHM)h@& crystallite size obtained using

this formula is 16.3 nm for anatase }jQ8.8 nm for Ti and 38.7 nm for TiN.
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Figure 4.1: X-ray diffraction pattern of Ti/TUXIN samples deposited on
substrates.

HSS and SS

The present of Ti, TiQand TiN phase in Ti/TigJTiN coating systems were confirmed with

energy dispersive X-ray spectroscopy (EDX) analgsis$dSS and SS samples. Figure 4.2 (a)

and (b) show the EDX spectrum of the coatings d&gmbson HSS and SS coatings. The

analysis revealed the coating samples are compois&danium (Ti), Oxygen (O), Nitrogen

(N), Ferum , Manganese (Mn), Copper and Zinc (Ee).Mn, Cu and Zn are the contribution

from the substrates. Ti phase in both samples shgler intensity compared to nitrogen and

oxygen due to higher thickness of Ti coating laydre traces of nitrogen and oxygen in the

analysis confirmed the present of TiN and F@ating layer in the coating-substrate systems.
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The composition of Ti, oxygen and nitrogen on tleated film for both substrates can be
summarized in Figure 4.3. For HSS coated substiia¢ecomposition of coating films were
Titanium (17.02 At%), Nitrogen (51.84 At%) and Oxyg(8.91 At%) along with the traces of
Fe (20.3 At%). For SS coated substrate, the comnpof coating films were Titanium

(16.25 At%), Nitrogen (37.88 At%) and Oxygen (1&\®6) along with the traces of Fe

(25.58 At%).
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Figure 4.2: EDX spectrum of Ti/TEDIIN coating deposited onto (a) HSS and; (b) SS
substrates.
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Figure 4.3: Atomic percentage of Titanium (Ti), Mgen (N) and Oxygen (O) along with

Ferum (Fe) for both coated HSS and SS substrates.

Figure 4.4 shows optical images of coating surfameddSS substrate. All coating layers
were deposited at substrate temperature°@0@nd D.C power of 150 W. Deposition time for
TiN and TiQ, coating layers were 3600 s. Ti coating layer wegsodited for duration of 2400
s. Other parameters for deposition process weransuiped in Table 3.1. The deposited
coatings had non-transparently uniform and derisesfino sign of cracks and delamination
were observed. The colors of the coatings depenthermrratio of nitrogen and oxygen gas
used through the deposition process. For TiN cgatgolden bronze color was observed
which is a typical color for TiN. The present ofarmediate Ti coating layer does change the
coating color to dark bronze color. The color afgée layer Ti coating observed was silver.
The addition of TiQ coating layer into Ti/TiIN changed the coating c¢dlo violet bronze

color.
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Similar optical microscope results were observedctating deposited on SS substrate. The
coating also had non-transparently and dense fid Bo sign of cracks as well as
delamination observed. In terms of coating unifégyincoatings deposited on SS seem to be

varied in thickness. This may be due to roughes@fce compared to HSS.

50um 50pm

(a) (b) )
Figure 4.4: Optical microscope image of coating§ldeposited on high speed steel (HSS)

(a) TiN coating; (b) Ti/TiN coating and; (c) Ti/TYXIN coating.

Figure 4.5 shows field emission scanning electroitrascope (FESEM) images of
Ti/TiOL/TIN coatings on high speed steel (HSS) and stegnéteel (SS) substrates. From the
figure, it can be observed that coatings were nioiormly distributed on HSS substrate as
compared to SS substrate. Figure 4.5 (a) and @y she microstructure (FESEM top view)
of Ti/TiO,/TIN coating on HSS substrate. It can be seen ttiatcoating layer is made of
small grains of hexagonal crystallite of approxieat38.7 nm size which represent TiN

coating.

As shown in FESEM cross-section of Ti/BHIOIN coated samples (Figure 4.6), the complete
growth of coating-substrate system produced flalked are overlapped, arranged as in

network which may contribute to enhancement of amtimestrength.
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(c) (d)
Figure 4.5: Field emission scanning electron micope (FESEM) images of Ti/T¥IN
coatings on high speed steel (HSS) and stainlest(8S) substrates at deposition
temperature of 20C€ and DC power of 150 kW; (a) and (b) Ti/BHi0IN deposited onto HSS
substrate and; (c) and (d) Ti/TADIN coatings deposited onto SS substrate.

Mag= 2500 K X 100 nm* WD = 5.4 mm EHT = 2.00 kv Signal A= SE2 Date :6 Mar 2013 Time :11:51:08
Auriga-39-22 FIB Lock Mags = Yes System VYacuum = 1.93e.006 mbar

Figure 4.6: FESEM cross section of Ti/BIOIN coated HSS samples.
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4.1.2 Film thickness, adhesion strength and coating har dness

The thickness of Ti/TigTIN coatings was measured using micro-scratchesysind focus
ion beam (FiB) method. Due to limitation of microrgtch system in measuring each coating
layer thickness, FiB method was used to evaluaeetith coating layers thickness. Micro-
scratch system was used to measure the total gotitickness for each coating-substrate
systems as summarized in Table 4.1. For single [Biyeoatings, the total thickness measured
was 511.15 nm and 532.25 nm for coated HSS an@§fectively. The result was confirmed
with FiB method (see Figure 4.7). The thicknesd io€oating layer found to be 504.7 nm.
The Ti coating deposition rate was 12.62 nm/mindigposition time of 2400 s, D.C power of
150 W and Argon (Ar) gas flow of 40 sccm. The Tating layer thickness was similar with
the Ti thickness found by Bushroa et al. (2011) deposition Ti interlayer of Ti/TiSIiN
coating system by D.C magnetron sputtering methat&position time of 2400 s, D.C power
of 100 W and Ar gas flow of 40 sccm. The resultsaoted in this work suggested that the
increase of sputtering power from 100 W to 150 W imarginal effect on the deposition rate

of the coating.

The thickness of TiN coating measured by microtstraystem was found to be 185.30 nm
and 178.45 nm for coated HSS and SS, respectiVélg. TIN coating thickness evaluated
using FiB method was 174.2 nm with the depositiate 0f 2.90 nm/minute. The deposition
of TiN coating was done for duration of 3600 s, [p@ver of 150 W and gas flow ratio of

14:8.4 (Ar:N)) sccm.

The thickness of Ti@coating was measured as 165.2 nm using FiB methbd. total
thickness of Ti/TiN coating system measured by mguratch system was found to be 712.10
nm and 686.20 nm for coated HSS and SS substedpectively. The total thickness of

Ti/TiIOL/TIN coating was 852.50 nm and 825.45 nm for HS8 &%, respectively. The
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deposition rate for each coating layers were catedl from the coating thickness and
deposition time. Deposition rate for Ti@oating was 165.2 nm/min. The parameters used for
deposition and the coating thickness of Ti, TiN dn@, coating were summarized in Table

4.2.

Cursor Height = 504.7 nm

Figure 4.7: FiB images of samples cross-sectioncaating thickness measured for (a) Ti
coating; (b) Ti/TiN coating and; (c) T¥kxoating.

Table 4.1: Total coating thickness measured frgmogoaphy mode using micro-scratch
system.

Sample Coatings* Substrates Total Total thickness
No. Deposition Time (nm)
1 Ti HSS 2400 s 511.15
SS 2400 s 532.25
2 TiN HSS 3600 s 185.30
SS 3600 s 178.45
3 Ti/TiN HSS 6000 s 712.10
SS 6000 s 686.20
4 Ti/TiIO/TIN HSS 9600 s 852.50
SS 9600 s 825.45
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Table 4.2: Summary of the Ti, TiN and TiCoating layer thickness measured using FiB
technique.

Parameters TiN coating TiO, coating Ti coating
Flow gas (sccm) 14:8.4(Ar:N) 40:8(Ar:) 40 (Ar)
D.C power P (W) 150 150 150
Deposition temperaturéE) 200 200 200
Deposition time (s) 3600 3600 2400
Thickness (nm) 174.2 165.2 504.7
Deposition rate (nm/min) 2.90 2.75 12.62

The critical load of the studied Ti/TYTIN coating was determined by the micro-scratctste
combined with the observation of the scratch tragkder the optical microscope. Three
different micro-scratch tests were performed focheaeposited substrates at substrate
temperatures of 20T and all the tests give consistent results. Figu8eshows the adhesion
strength of TiN, Ti/TiN and Ti/TiIQTIN coating deposited on HSS and SS substrat&iN'i/
coatings show good adhesion compared to TiN fan btS and SS substrate. The adhesion
strength improvement proved that Ti interlayer haseficial effect on the adhesion strength
of single layer TiN coating. The results were imesgnent with the findings by Helmersson et
al. (1985) on the adhesion of the films increasét the use of an intermediate layer of pure
titanium in between TIN coating and substrates.ttfaur improvement on the adhesion
strength can be observed with the use of, Bi®intermediate layer deposited in between TiN
and Ti coating layer. The adhesion strengths ofiDy/TIN coatings were 1417.19 mN and
1264.46 mN for HSS and SS substrates, respectiltely.also observed that Ti/TYXIN
coatings deposited on SS substrate exhibited higtieesion strength compared to coatings
on HSS substrate. Table 4.3 summarized the crilcmds and respective scratch distance

measured with optical microscope.

Optical micrographs of the scratch scars on TiMTiN and Ti/TiO,/TiN are shown in Figure
4.9. It is observed that each scratch track getlemuniformly with progressively increasing

load. From the analysis of the scratched samgbessdratch track for each coating-substrate
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systems revealed cohesive (coating is destroyddnatite coating itself) and adhesive failure

(coating is removed from the substrate).

Adhesion Strength (mN)

Ti/TiO2/TiN-SS 1264.46

Ti/TiN-SS

TiN-SS

1417.19

Ti/TiO2/TiN-HSS

Ti/TiN-HSS

TiN-HSS

0.00 200.00 400.00 600.00 800.00 1000.00 1200.00 1400.00 1600.00
Critical Load (mN)

Figure 4.8: Adhesion strength of TiN, Ti/TiN andTiO,/TiN coatings deposited onto HSS

and SS at deposition temperature ZDand D.C power of 150 W.

Table 4.3: Critical load values for TiN, Ti/TiN ad@/TiO2/TiN as-deposited coatings.

No. Sample Name Substrate Coating  Critical Load Scratch distance

(mN) (um)
1 TiN-HSS HSS TiN 763.30 479.23
2 Ti/TiN-HSS HSS Ti/TiN 967.69 578.89
3 Ti/TIO2/TIN-HSS HSS Ti/TIO2/TIN 1417.19 797.92
4 TiN-SS SS TiN 662.21 420.50
5 Ti/TIN-SS SS Ti/TiN 879.94 533.70
6 Ti/TiIO2/TIN-SS SS Ti/TiIO2/TIN 1264.46 721.22

Figure 4.9 illustrates the coating failure for TilN/TiN and Ti/TiO)/TIN coating deposited
on HSS and SS substrates, respectively. From theefi it is observed that the coatings
exhibit cohesive failure followed by complete delaation of the coating (adhesive failure).
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The cohesive failure of a coating is mainly acconiga by partial conical cracks and some
debris at the side of the scratch tracks. The cetapllelamination of films is due to the

interfacial failure at the coating-substrate irded.

Figure 4.9: Scratch tracks of as-deposited coatimgdSS and SS substrates; (a) TIN-HSS
coatings; (b) Ti/TIN-HSS coatings; (c) TI/T#IIN-HSS coatings; (d) TiN-SS coatings; (e)

Ti/TIN-SS coatings and; (f) TI/Ti@TIN-SS coatings.

Figure 4.10 shows scratch track of as-depositediNiTiO, coatings on HSS and SS
substrates. It can be seen from figure, both costtedtrates undergone similar mechanism of
failure. As the normal load increases, parallelcksa starting to occur followed by
semicircular cracks. As normal load increases &rrtexternal transverse cracks and coating
chipping were observed. Prior to complete removataating (adhesive failure), coating
spalling was developed. Figure 4.11 shows the sahenilustration of coating failure

observed during scratch test on Ti/JiON coating deposited onto HSS and SS substrate.
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(a)

Figure 4.10: Scratch tracks of as-deposited Ti/Ti®4 on HSS and SS substrates at higher

magnification; (a) Ti/TiIQ/TIN on HSS and; (b) Ti/TIGTIN on SS substrate.

complete coating

Increasing normal load

Figure 4.11: Schematic illustration of coating dadls observed during scratch testing of

Ti/TiOL/TIN coatings on HSS and SS substrate.

The hardness of TiN, Ti/TiN, Ti/Ti@TiN coatings and the substrate are shown in Figure
4.12. For HSS substrate, single layer TiN coatind &i/TiN coating show high hardness

compared to the substrate. The highest hardne2398f MPa was obtained for single layer
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TiN coating. A slight decrease in hardness valus whserved for Ti/TiN coatings. The

hardness value obtained for Ti/TIDIN coating was 2628 MPa which is lower than TiN

coating.

For SS substrate, the hardness value for TUTi® and TiN coating were 3401 MPa and
3464 MPa, respectively. A significant decrease andhess value was observed for Ti/TiN
coating. The hardness value for Ti/TiN coating 8464 MPa. The results show that the
inclusion of Ti and TiQinterlayer coating deposited at 204D does not improve the hardness

of TiN coating-substrate systems.

Ti/TIOZ/TiN-H55
Ti/TiN-HSS
HSS
Ti/TiOZ,/TiN-55
Ti/TiN-55
858
TiN-55
55
2000 2500 3000 3500 4000
HARDNESS [MPa]

Figure 4.12: Hardness values of HSS and SS subst@atl composite hardness of coating
deposited at deposition temperature of 200neasured using Shimadzu Microhardness tester

HMV?2.
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The internal stress;, of the coating was estimated by using the foll@naguation;

_E do—d (4.2
2v do

o

WhereE is Young's moduligd is a measured lattice spaciggjs an unstressed lattice spacing
obtained from JCPDS data for TiN and the Poisson's ratio. The Poisson's ratio uséiae
calculation wasv = 0.3, cited from the value obtained from the bwiN (Kusano et al.,
1998b). Young's moduli of the coating were detesdifirom the unloading portion of the
applied force-penetration depth curves of the nadentation test. In Table 4.4, internal
stress of the TiN, Ti/TiN and Ti/TigTiN coating are shown based on the lattice spaamd

Young's moduli.

Table 4.4: Internal stresses, of TiN coating layers estimated from lattice spaciand
Young's moduli for TiN, Ti/TiN and Ti/TiQTiN.

Sample Young's modulid value (nm) d,value (nm) Internal stressy
(GPa) (GPa)

TiN-HSS 360 2.12795 2.121 -1.97

Ti/TIN-HSS 380 2.12675 2.121 -1.72

Ti/TIO,/TIN-HSS 451 2.12538 2.121 -1.55

From estimation of internal stresses, single @@ coating provided highest value of
stress where = 1.97 GPa. The value of internal stress decreagbdhe existence of Ti and
TiOzinterlayer. The internal stress values for Ti/TiNIaTi/TiO/TiN coatings were 1.72 GPa

and 1.55 GPa, respectively. All the stresses wemgcessive.
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4.2 The effect of sputtering parameter on the Ti/TiO,/TIN adhesion

strength.

The adhesion strengths of coating-substrate sydegmand on some other parameters. Some
of the sputtering parameters were identified byiogs researcher which effect the critical

loads of coating-substrate systems and hence thesech strength. The parameters included
sputtering power, substrate temperature, coatilffriess and substrate surface condition. In
the present study, the effect of substrate temperatoating thickness and substrate surface

condition on the adhesion strength of Ti/ZA0ON coatings were studied.

Figure 4.13 shows the adhesion strength of Ti#liMI coating deposited on HSS and SS
substrate at deposition temperature of 50, 20(&04C. From the figure, it can be seen that
Ti/TiIOL/TIN coatings deposited at higher deposition terapge exhibit higher value of
critical load. Maximum adhesion strength of 1417nm9 was observed for coating deposited
at 200°C. Lowest adhesion strength of 1056.16 mN was etedufor coating deposited at 50
°C. Similar observations were observed for coatiegodited on SS substrate. Maximum
adhesion strength of 1264.46 mN was observed fatirap deposited at temperature 2@
Thus, it can be concluded that the optimum adhesti@mgth of Ti/TiQ/TIN coatings can be

obtained at temperature of 280.
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Figure 4.13: Adhesion strength of Ti/TH#DiN coating deposited on HSS and SS substrate at
substrate temperature of 50, 200 and 250

The hardness of Ti/Ti&TiN coating deposited at different deposition temgtures are shown

in Figure 4.14. The results were compared withithelness of single layer TiN coating. It

can be noticed that, for Ti/TUXIN deposited HSS substrate, the hardness of dlating

increases as the deposition temperature increemas200 to 250C. The hardness was 2969

MPa compared to 2790 MPa for single layer TiN caatiHowever, different observations

were obtained for deposited SS substrate. Maximoatiry hardness of 3486 MPa was

determined for coating deposited at deposition tmatpre of 50C which is slightly higher

that the hardness of single layer TiN coating.
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Figure 4.14: Hardness values of HSS and SS subst@atl composite hardness of coating

deposited at different deposition temperature.

The effects of TiQ coating thickness on the adhesion strength andhkas of Ti/TIQ/TIN
coating were illustrated in Figure 4.15. Three afiéint thickness of Ti©coating layer were
deposited on HSS and SS substrates. The thicknessumned was 82.5, 165.2 and 247.5 nm.
The adhesion strength of Ti/T#JiN coating increases as Ti@oating thickness increases.
The values of critical load measured were 977.@8,7119 and 1539.78 mN for 82.5, 165.2
and 247.5 nm Ti@coating thickness, respectively. A similar pattemas observed for coating
deposited on SS substrate. As the Jlii@reases, the measured critical load was increases
The measured critical load for coating depositeds&nsubstrate were 1114.46, 1264.46 and

1366.51 mN for 82.5, 165.2 and 247.5 nm JdDating thickness, respectively.

For measured coating hardness, the maximum hardaéss of 2918 MPa was obtained for

coated HSS substrate with 247.5 nm J@ating thickness. For SS substrate, a maximum
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hardness value of 3486 MPa was measured for coafithgl65.2 nm thick of TiQ@ coating

layer.
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Figure 4.15: Critical loads and hardness of TiAT@N coating deposited at 20C for
different TiG, coating thickness; (a) HSS substrate and; (b)ubStsate.
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The study on the substrate surface condition waslwtied on HSS substrate with four
different surface roughnesses. The measured surbaggnesses, Ra for each sample were

summarized in Table 4.5.

Table 4.5: Measured surface roughness, Ra of HESrate.

No Sample Roughness (Ra)

Reading 1{m) Reading 2i(m) Reading 3i(m) Average juim)
1 RI1-HSS 0.01 0.02 0.02 0.02
2 R2-HSS 0.02 0.03 0.03 0.03
3 R3-HSS 0.30 0.27 0.25 0.27
4 R4-HSS 1.13 1.21 1.25 1.20

Figure 4.16 shows the plot of critical load andtowphardness against substrate surface
roughness. The critical load of Ti/T#JiIN coating deposited on HSS decreases with the
increases of substrate surface roughness, Ra.rBmitging adhesion was observed for
coating deposited on smooth substrate surface.ciitgal loads ranged from 1299.24 mN to
1417.19 mN were observed for substrate surfacehroegs less than 0.Q8n. For substrate
surface roughness more than 0,21, the value of critical load measured was lesa %G00
mN. For the coating hardness, no obvious changes @leserved in term of coating hardness

values as the substrate surface roughness increases
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Figure 4.16: Critical loads and hardness of TiAFMIN coating deposited at 20C on HSS

substrate for different substrate surface condifsamface roughness).

4.3 The effect of annealing on the mechanical properties of the substrate

coating systems.

Figure 4.17 shows the FESEM images of coating sartan HSS substrates of as-deposited
coating and after annealing at different tempeeatiihe as-deposited coatings had uniformly
dense film with no sign of crack or film delamiraati observed. The coating annealed at
400°C also presents no sign of crack. However, therafithe coatings changed from violet-
bronze to yellow-green color. For coating anneae&00°C, no cracks were observed but
coating spallation starting to develop. Once theealing temperature reached 6D, film
delamination in some area of the coating surfageaed as shown in Figure 4.17 (d). For

coating annealed at 500 and 6@ the colors of the coating seem to be darkeoagared

to the as-deposited coating.

72



Figure 4.17: FESEM image (top view) of Ti/TiDiN coatings deposited on HSS substrate

after annealing at; (a) as-deposited; (b) 400(c) 500°C and; (d) 600C.

The X-ray diffraction (XRD) analysis conducted dre tas-deposited and annealed samples
show a number of peaks which indicates the presehdeN, TiO,, Ti and Fe phases (see
Figure 4.18). TiN peak was observed &t 2 42.% oriented along (2 0 0) plane for all
samples. For as-deposited coating, slj@ak was detected a 2 36.9 and belong to (1 0 3)
plane. For annealed samples, Tifeak was detected a6 2 37.F and belong to (1 0 3)
plane. The intensity of Tigpeaks for annealed samples were lower comparas-tieposited
coating. Ti peak for all samples was observedéat ¢ and strongly oriented in (1 0 1)
direction. Fe peak was detected at=244.7 oriented along (1 0 1) plane belonging to the

substrate which was visible to all coatings.
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Figure 4.18: XRD patterns of as-deposited and dadéla/TiO,/TIN coatings deposited on

HSS substrates.

EDX analysis on the annealed samples revealed higkygen contents compared to as-
deposited coatings. The atomic-percentage of Tirattdgen decreased when the annealing
temperature increased. Figure 4.19 shows the suynatamic-percentage of Ti, oxygen and

nitrogen in the as-deposited and annealed TH/Ti® coatings on HSS substrates.

Figure 4.20 summarized the critical load and cgaliardness of as-deposited and annealed
Ti/TIOL/TIN coatings on HSS substrates. Maximum adhesimength belonged to the
coatings annealed at 50Q (2154.3 mN). The coatings annealed at 8D(xhibited lowest
adhesion strength of 817.81 mN. The coating haslimeseased for coatings annealed at 400
and 500°C. The hardness values were 2730 MPa and 2700 Meest coating hardness

value was observed for coating annealed at°@(®586 MPa).
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Figure 4.19: Atomic percentages of Ti, N and Onhia Ti/TiO,/TiN coatings after annealing

treatment at different anneal temperatures.

mHardness mcritical load
3000 2500.00

- 2000.00 _
= =z
& 2000 - £
= - 1500.00g
@ 1500 - S
S - 1000.00F
% 1000 - =

8
500 i B 500.00
0 : : : - 0.00
500 600

as-deposited 400

Annealing Temperature (°C)

Figure 4.20: Critical loads and hardness valuesigedeposited Ti/Ti@TiN coating and

coating samples after annealing at 400, 500 anc¢@00

75



CHAPTER 5

DISCUSSION

5.1 Theeffect of implementing Ti and TiO, asinterlayer on adhesion

strength improvement of TiN coating.

Many studies have been reported on the adhesiengskr of single layer TiN (Larsson et al.,
2000; Laugier, 1987; Valli et al., 1985) and Ti/Tddating systems (Simmonds et al., 1997).
In contrast, there have been a few reports on tieesaon strength of multilayer coating

particularly Ti/TiG/TIN coating systems.

In this present study, Tidilms were deposited together with Ti films as ndger for TiN
coating to understand the effect of those interlageating on the adhesion strength
improvement of commercially used TiN coating. ThRDX analysis on Ti/TiIQTIN coating
proved the present of Tin the coating. It is found that the Tifbating film deposited on
HSS and SS substrate at 20Gre polycrystalline having anatase phase onlg. grown film

is found to be crystalline. In order for a crystal phase to develop, the depositing atom
should have sufficient energy to obtain lower eggrgsition which leading to the formation
of crystalline phases. High substrate temperatarepcovide the sufficient energy to develop
crystalline phase (Hasan et al., 2010). This mathbaeason for the growth of anatase-I'iO

in the present study.

The results of EDX analysis indicated the presdnfip TiN and TiG, coating layer. The
EDX spectrum for all coatings show higher conteinTiocompared to nitrogen and oxygen.
The lower content of nitrogen and oxygen in thetiogamay be due to lower working gas

pressure (gas flow rate).
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The optical microscope analysis of the coating shoense and uniform film for coating
deposited on HSS substrate. The morphologies ofdhéng deposited on SS substrate show
non-uniform film distribution. This may be due tabstrate surface condition used during the
deposition. Smooth substrate surface may produderomfilm distribution as well as higher
adhesion between the coating and the substratell Santace features can only be seen at
very high magnification using FESEM. The coatingelais made of small grains of
hexagonal crystallite of approximately 38.7 nm sigkich represent TiN coating. The
observation was quite differ to results obtainedClayrado et al. (2010) and Gangopadhyay et

al. (2010), where the grains size of TiN was fotmfe 10 nm size.

Further analysis on the coating cross sectionsatev@mpact and dense coating film. The
completed growth of coating film produced flakeattare overlapped, arranged as in network

which may contribute to enhancement of adhesi@ngth.

The average coating thickness layer of Ji®i and TiN measured was 165.2, 504.7 and
174.2 nm, respectively. The coating thicknesseaindétl from the deposition were differ to
thickness obtained from literature (Carrado et 2010; Kusano et al., 1998b) although the
deposition parameters were similar. The differeilscthought to be due to different size of
deposition chamber used and variation in the warkiressure during the deposition. Coating
thickness deposited on the substrate depends orddpesition parameters which may
contribute to variation in thickness for all cogtisamples. Working gas flow, D.C power,
working pressure as well as the ratio of the gasdwduring deposition were some of the
factors that may cause the variation in coatingkiiness. Higher D.C power will produce
thicker coating thickness. Substrates also nedaetootate during the deposition process to
ensure uniformity of the coating. In this presemrky substrate holder was rotated during

deposition of all coating samples to ensure coatmprmity.
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In term of adhesion strength, it is generally ateg@s an important property in evaluating
coating integrity. In order for a coating to be dtianality effective, sufficient adhesion are
required to avoid coating detachment and failui@® doatings have been used in tooling
applications to increase the mechanical propesieh as wear resistance of the tools and
hence increase the tool life. Thus, study on thé doating deposited on tool steel materials
such as HSS and SS have done intensively. Mosiea$tudy concentrated on the adhesion of
the coating on the substrate. Adhesion strengtboafing deposited by various techniques
such as plasma spraying and magnetron sputtermgvall studied. Improvements on the
adhesion strength of TiN coating have been donadyg metallic coating as an interlayer.
However, there is no standard value by which comparcan be made objectively. Different
studies report different value of adhesion strenghhost of the study report on the adhesion

strength of single layer TiN coating and TiN cogtwith a metallic coating interlayer.

Laugier (1987) reported that single layer TiN cogtiproduced by PVD technique with
thickness of 3um tended to spall at critical load of 1.2 kgf. Vat al. (1985) claimed to
achieve a critical normal load of 31 N for Oun TiN coating. The adhesion strength
improvement of TiN coating has been reported byntéesson et al. (1985) with the use of
titanium interlayer. However, Valli et al. reportad opposite result from Helmersson et al.

They reported that 048m titanium interlayer was found to decrease theicgadhesion.

In the present study, Ti/TUDNIN coatings were deposited on HSS and SS. Ti &b
interlayer were deposited between TiN coating dm dubstrate to enhance the adhesion
strength. The adhesion strength of TiN, Ti/TiN anfliO,/TiN coating deposited on HSS
and SS substrate were determined by scratch t@3iNTcoatings show good adhesion
compared to single layer TiN for both HSS and S$ssate. The adhesion strength
improvement proved that Ti interlayer has beneffiefeect on the adhesion strength of single

layer TiN coating. The results were in agreemerthwine findings by Helmersson et al.
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(1985) on the adhesion of the films increased whi use of an intermediate layer of pure

titanium in between TiN coating and substrates.

Ti/TIOL/TIN coating exhibited higher adhesion comparedTid@iN and single layer TiN
coating, thus suggesting the beneficial effect @d;Tintermediate coating layer on the
adhesion strength. Similar observation was obtaimgedusano et al. (1998b) where the

adhesion of TiQ/Ti/TiN coating exhibit superior adhesion compatediN coating.

The improved of the adhesion strength with thegmes of Ti interlayer can be explained on
the basis of better bonding between the titaniutarlayer and the substrate and also better
bonding between the titanium layer and the TiN iogatlt is also suggested that the Ti
interlayer acts as a graded interface that canesvdte abrupt change in composition at the
sharp interface between a coating and metal substietter adhesion strength of
Ti/TiIOL/TIN can be explained by the basis that by makingpmpositional change in the
interface transition region gradient and smooththhbdhemical and mechanical bonding are

expected to be improved.

Analysis on the internal stress of TiN, Ti/TiN andTiO,/TiN coating revealed compressive
internal stress for all coatings. The internal sgref Ti/TiQ/TIN was found to be smaller
compared to TiN and Ti/TiN coatings. A lower intatrstress of Ti/TIQTIN coating is

thought to cause a better adhesion in additiotremger chemical bonding.

Evaluation on the hardness of the Ti/JiON coating shows a decrease in value compared to
hardness of TiN coating. The lower hardness of iDITIN coating is thought to be due to

inter-diffusion between oxide and nitride layers.
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5.2 Theeffect of sputtering parameter on the Ti/TiO,/TiN adhesion

strength.

The effects of sputtering parameters have beentexpto influence the adhesion strength of
the coatings. The substrate temperature, coatingniass and substrate surface condition are
the parameters which affect the adhesion of thérgpaHelmersson et al. (1985) reported on
the increased of TiN coating adhesion with incrdasesubstrate temperature. Perry (1983)
reported on the critical load increased with insegh coating thickness. Steinmann et al.

(1987) suggested that the critical load of theiogadlepends on the substrate roughness.

In this study, Ti/TIQ/TIN coatings deposited at higher deposition terapge exhibits higher
value of critical load. The critical load increasesthe deposition temperature increases from
50 to 200°C. At deposition temperature 258Q, it is notice that the value of critical load
slightly decrease compared to deposition at 260 The optimum adhesion strength of
Ti/TIOL/TIN coatings can be obtained at temperature of ZD0 The reason for higher
adhesion strength at high deposition temperatutieoigght due to an increase in strength of
both chemical and mechanical bonding of coatingsutustrate. The hardness of Ti/JAGN
coating increases as the deposition temperatureases from 200 to 25C. The hardness

was higher compared to single layer TiN coating.

The study on the effect of TyOcoating thickness on the Ti/T#JiIN coating adhesion
strength shows an increase in the critical loadhasTiO, coating thickness increases. The
value of critical load kept increasing as the Fi€ating thickness increase. No optimum
value of TiQ coating thickness was observed. Thus, the studh®mptimum TiQ coating
thickness can be done in future to obtain the marinadhesion strength of Ti/THJIN
coating systems. A similar pattern was also obskfgethe measured coating hardness. The

hardness of the coating increases as the do@ting thickness increases.
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The study on the substrate surface condition wadwtied by varying the surface roughness
of the substrate used. The critical load of Ti/FKN coating deposited on HSS decreases
with the increases of substrate surface roughmssBetter coating adhesion was observed
for coating deposited on smooth substrate surfade critical load clearly dependence on the
substrate surface roughness. It is believed thladadh all the substrates were coated during
the same treatment prior to deposition processatieesive properties can vary since the

efficiency of the cleaning operation is influengetbe surface roughness.

5.3 Theeffect of annealing on the mechanical propertiesof the substrate

coating systems.

The results on the annealing treatment of TiLIT@N coating show that the mechanical
properties of the coating improved significantly tgp certain annealing temperature. It is
noticed that highest critical load and hardnessvadtained for coatings annealed at 500
The lowest critical load was observed for coatingealed at 600C. It is believed that during
annealing, the coating interacted with oxygen memvironment and forming denser BiO
coating films. It can be noticed that from the EBXalysis, the atomic percentages of oxygen
increase for annealed coating samples. Howevegading the coatings at higher temperature
(600 °C) vyielded to partial film detachment which is treason of decreasing in adhesion
strength. Therefore, the overall results in thes@né study suggest that 580 is probably the

optimum annealing temperature to achieve the lstsaon strength and coating hardness.
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CHAPTER 6

CONCLUSIONSAND RECOMMENDATIONS

6.1 Conclusions

The introduction of TiQ coating layer as an intermediate layer has grgateince on the
adhesion strength of the TiN coating systems. D#postemperature, coating thickness,
substrate surface condition and post-heat treatmietite coating does affect the adhesion

strength of the coating. The results and findimghis thesis are concluded as follows;

1. TiO,coating film deposited D.C magnetron sputterindd85 and SS substrate at 200
°C and discharge power of 150 W was polycrystaliaeing anatase phase.

2. TIilTIOL/TIN coating exhibits higher adhesion strength cared to Ti/TiN and single
layer TiN coating, thus suggesting the beneficfeat of TiO, intermediate coating
layer on the adhesion strength.

3. The hardness of the Ti/TTIN coating shows a decrease in value compared to
hardness of TiN coating.

4. TilTiOL/TIN coatings deposited at higher deposition terappge exhibits higher value
of critical load. The optimum adhesion strength TafTiO,/TIN coatings can be
obtained at temperature of 280.

5. The adhesion strength of Ti/T#DIN coating increases as the Ti€oating thickness
increases.

6. The adhesion strength of Ti/T#JiIN coating deposited on HSS decreases with the
increases of substrate surface roughness. Bettgingoadhesion was observed for

coating deposited on smooth substrate surface.
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7. It was found that annealing Ti/THOIN coating at 500C yielded highest adhesion
strength and coating hardness. The annealed coating00 °C revealed film

delamination and exhibited lowest adhesion strength

6.2 Recommendations

1. The mechanical properties of Ti/TiDiN coating in the present study were defined in
terms of adhesion strength evaluation using screshand coating hardness using
micro-hardness tester. Investigation of the medahmproperties of the coating by
using other mechanical characterizations such idgltests may help in further
understanding of mechanical behavior of the coatysiems.

2. The study on the effect of TpOcoating thickness can be extended to evaluate the

optimum coating thickness for maximum adhesiomsfite
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