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ABSTRACT

Titanium diboride has been investigated as a potential candidate for aerospace
structures, cutting tools, surface coatings of first-wall components and diffusion barriers
in integrated circuit metallization. Titanium diboride is a very stable hard refractory
compound but its brittleness is the main drawback. It was possible to lessen the TiB,
brittleness by producing TiB,/X coating designs by the multi-target RF magnetron
sputtering process. X is the metal layer (Al, Ti, NiCr, Mo) in the composite system.

The influence of the composition wavelength and volume fraction of ceramic
has been studied over a range of sputtering conditions. The most suitable multilayer
coating design (TiB,/NiCr) on steel substrate, for maximum hardness (18.81GPa) and
elastic modulus (304.6GPa) was found to be with a composition wavelength of 50nm
and volume fraction of ceramic of 75%. The greatest improvement of the elastic modulus
measured by nanoindentation was found to be for a TiB,/Al two-layer coating design
either on steel or on aluminium substrate, giving 36.2% and 40% improvement above the
rule of mixtures respectively, when compared with TiB, coatings deposited under the
same sputtering conditions.

Several pieces of three-point bent apparatus were designed for measuring the in-
plane elastic modulus of the coatings. The three-point bent test by nanoindenter shows
promise as a method for measuring the in-plane elastic modulus on uncoated beams.

A comparison between traditional and non-traditional methods of measuring
mechanical properties of the coatings was performed in this study. The nanoindentation
technique was found to be an appropriate method to measure the mechanical properties
of multilayer coating designs.
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Preface

1. INTRODUCTION

High technology applications are so demanding in terms of power/weight ratio
and lifetime that components of bulk materials cannot deliver the required performance.
Consequently, surface engineering has been and will continue to be a key technology in
the development of improving wear, fatigue, corrosion and bio-compatibility of the
materials.

Attempts to improve the operating performance of hard coatings have been
centered on the development of the new types of matrix alloys, complex composition and
metastable structures and multilayer coating design.

The general concept of multilayer coating design is nowadays well accepted and
provides the ability to synthesise such materials for both Science and Technology with
Industrial applications.

The motivation for using a multilayer coating design in the field of hard coatings
is mainly to improve adhesion between film and substrate, to obtain wear-protective films
with a low chemical reactivity and low friction, to increase the strength and hardness of
the deposited film.

Multilayer coating design characterization has been focussed either on a
parametric relationship between some property and multilayer period or specifically
directed to synthesis process-structure-property relationships.

PVD techniques are very competitive for synthesising superlattice structures
and multilayer coatings. The PVD sputtering method is capable of depositing dense and
adherent thin films at low substrate temperature for amorphous structures but it is
possible to deposit crystalline structures on heated substrates.

2. OBJECTIVE

Titanium diboride is a potential candidate material for aerospace structures and
is a possible new ceramic for other applications because of its exceptional properties
such as: high hardness, oxidation resistance, strength retention at high temperature and
stability. However, its brittleness has postponed its use as a potential hard coating.

The aim of this project was to produce a new type of hard coating of TiB,/metal
composite design in order to lessen the brittleness of the titanium diboride. The
composite was produced using R.F. Magnetron Sputtering in a sequential manner.

The parameters which varied within the composite were a combination of the
composition wavelength and the volume fraction of ceramic in order to optimise the
mechanical properties of the coating.

The mechanical properties of the coatings were measured either by traditional
methods or by non-traditional methods such as nanoindentation.
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3. STRUCTURE OF THE THESIS

The thesis is divided into four chapters which address the following aspects:

Chapter 1: Limited technical review of subjects related to hard materials, hard

coatings, thin film technology, sputtering process, structural

characterisation, mechanical properties of thin films by traditional and
non-traditional methods.

Chapter 2: Description of the experimental procedure.

Chapter 3: Experimental results and discussion are presented for single-layer, two-
layer and multilayer coatings and respective short summaries.

Chapter 4: General concluéion, limitations of this work and guidelines for further
research are given in this chapter.

IT
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LIST OF SYMBOLS *

Ts - Substrate temperature (°C)

t. - Thickness of the composite (coating/substrate) (mm)
te- Thickness of the coating (um)

ts - Thickness of the substrate (mm)

1 - Length of the beam (mm)

b - Width of the beam (mm)

o¢ - residual stresses in the film (GPa)

E, - Elastic modulus of the substrate (GPa)

E¢ - Elastic modulus of the coating (GPa)

(Ef)1a - Elastic modulus of the the coating based on y. from &/P, for E=207GPa, from
equation 2.11 (GPa)

(E9)1b - Elastic modulus of the the coating based on vy, and v, from &/P, from equation
2.11 (GPa)

(Eg)2. - Elastic modulus of the the coating based on y. from /P, for E=207GPa, from
equation 2.23 (GPa)

(E¢)z - Elastic modulus of the the coating based on v, and vy, from &/P, from equation
2.23 (GPa)

d - Deposition rate (um/h)

Ry - Distance between target and substrate

H - Hardness (GPa)

E; - Reduced elastic modulus (GPa)'

v - Poisson’s ratio

C - Compliance of the nanoindenter machine (nm/mN)

(Ys)1 - slope from the ratio of the 6/P for each load, for uncoated beams
(Yo)1 - slope from the ratio of the &/P for each load, for the composite

(Ys)2 - slope from a linear curve fit (Least square) of the & versus P curve, for uncoated
beams

(Yc)2 - slope from a linear curve fit (Least square) of the § versus P curve, for the
composite

R? - Correlation factor of the fitting & versus P curve
A - Composition wavelength (nm)
V. - Volume fraction of the ceramic

*List of symbols only for the experimental work.
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ABBREVIATIONS

ARE - Activated reactive evaporation

AES — Auger electron spectroscopy

BARE - Biased activated reactive evaporation

CDS — Cathode dark space

CEEXAPS - Conversion electron extended X-ray adsorption fine structure
CIP - Chemical ion plating

CVD - Chemical vapour deposition

DIM — Dynamic ion mixing

dpa — Displacement per atom

EBDIM- Electron beam evaporation dynamic ion mixing
EDS — Energy dispersive X-ray spectroscopy

ESEM - Environmental scanning electron microscopy
ISE — Indentation size effect

MFC — Mass flow controllers

mfp — Mean free path

NG - Glow region

PACVD - Plasma-assisted CVD

PC — Positive column region

PECVD - Plasma-enhanced CVD

PVD - Physical vapour deposition

RBS — Rutherford backscattering spectroscopy

RIP — Reactive ion plating

SAD — Selected area diffraction

SCCM - Standard cubic centimeter per minute

SEM - Scanning electron microscopy

SIMS — Secondary ion mass spectroscopy

SIP — Sputter ion plating

SPDIM - Sputtering beam evaporation dynamic ion mixing
TEM — Transmission electron microscopy

XPS — X-ray photoelectron spectroscopy

XRD — X-ray diffraction
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1. STATE OF THE ART
EE BRIEF REVIEW OF HARD MATERIALS

LAYOUT
u
Material Performance
U
Factors Which Determine Material Properties
I
Main Group ofHard Materials
4
Chemical Bonding of Hard Materials for Coatings

wWor R Nk S8V 1B

The material performance pyramid in figure 1.1 illustrates the path that should
be followed in the future to guarantee hard material performance. Going from the top of
the pyramid (Macroprocesses: Functional quality) to the bottom (Microprocesses:
Theory of dislocations) it should be possible to develop materials for specific industrial
applications, thus reducing industrial and research costs. The factors that affect the
parameters, which control corrosion and wear, are the material and the environment.
Both of them must be considered in the material's performance. The people factor
(designers, procurement, manufacturers, engineers...) plays an important role in materials
management. This determines the successful relationship between material performance
and functional quality.

unctional Quality

System
Components
Materials

Molecules and atoms
Figure 1.1. The material performance pyramid.

Two important factors in determining material properties are the constitution of
the materials and fabrication conditions. Equally important is the optimisation of the
material properties that could interfere with the application characteristics and with
future developments | This is illustrated in figure 1.2.
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Fabrication Conditions:

* Chemical composition * Process parameters

Microstructure * Process compatibility

Phase composition

Factors Which Determine Hard Material Properties

Application Ch L New Development:
PP ication aracteristics. *New material conception (price,

*Wear resistance resource, dependence)
*Erosion resistance *Optimisation of specific properties
*High strength *Development of specific

_]Gﬂllcal"stalilit’\’\’\’\’\/\/\/\/\/\ microstructure
Figure 1.2. Factors which determine hard material properties.

The main groups of hard materials are illustrated in figure 1.3 as a function of
their hardness and transverse rupture strength u. The fields of materials in order of
decreasing hardness are: Superhard materials, hard carbides, ceramic materials and hard
metals. The field of hard metals is subdivided into hard metal I (carbide-rich) and hard
metal II (metal-rich). Each group of hard metals is subdivided into the TiC-based
materials at lower strength and WC-based materials at higher strength. The strength of
the materials increases on going from TiC to WC in both metal I field and metal II. The
main features ofthe material of each field are described below '23456

SUPERHARD MATERIALS: Diamond-metal composites have been reported with
hardness of 107.9GPa (11000HV) and a transverse rupture strength of 21GPa
(2100Nmrh?2). Cubic boron nitride is the second hardest material that keeps its hardness
up to 1370°C. c-BN has been used as a material for cutting tools. Also B4C has excellent
hot hardness, about 39.2GPa (4000HV), over the range of 200-1400°C. The hardness of
the hardest carbide (BC) ranges from 29.4 to 68.6GPa (3000 to 7000Kgmm'2).

CARBIDES: The transition metal carbide field is limited by TiC on the high hardness but
low strength side and by WC on the higher strength but lower hardness side. SiC is
available in two allotropic forms; the cubic has a hardness of 27.5GPa (2800 Kg.mm'2)
while the hexagonal is higher at approximately 44.1 GPa (4500Kg.mm'2). The wear
resistant elements in steels and hard metals are supplied by carbides. Wear resistance is
their main application, owing to the fact that pure carbides are too brittle for tool
applications.

CERAMICS: The most common ceramic material is the alumina based ceramic. The
multicomponent ceramic system could offer many such new compositions, such as TiC-
TiB2hardness of 23GPa (2350HV) at 25°C and 8.3GPa (850HV) at 600°C.

HARD METAL I : This field is formed by adding to the carbides a binder metal of the
group VIII such as: Fe, Co, Ni. As a result, the hard metal I field is extended in the
direction ofhigh strength.
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HARD METAL II: This field is formed by replacing the heavy, expensive transition
metals with cheaper, abundant and light, iron and nickel based alloys.

COATINGS: Improvements through the use of coatings result in an increase in abrasion
resistance (hardness) and transverse rupture strength of the composite. However, their
lack of toughness leads to limited fatigue strength and adherence. Over the last few years
attempts have been made to overcome these restrictions with multilayer coatings or
muiticompound coatings and this is the subject of this thesis. This subject is going to be
treated in detail later in this chapter.

'8 (Ft ) (197
3500 |- \1' ' ‘ h, WE-20 {Fe, Co, Ni} {1978-81)
L L “- N\ it it
il ihi'li 1) ST e
n’k -
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Figure 1.3. Developments in the field of wear resistant materials .

The nature of chemical bonding of the hard materials has a strong influence on
adherence to the substrate, adhesion to other materials and on the hardness/toughness

ratio. In terms of the chemical bonding, the hard materials for coatings can be divided
into three groups

1. Metallic hard materials (Borides, carbides and nitrides of the transition metals).

2. Covalent hard materials (Borides, carbides and nitrides of Al, Si, B and diamond).
3. Ionic hard materials (Oxides of Al, Zr, Ti and Be).

Each group has restrictions in respect of applications as hard coatings. The main
properties of the three groups are outlined in the table 1.1.
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n
'53 . Melting | Stability Therm‘al Adherencre Interaction | Multilayer
8 Hardness | Brittleness Point | (AG) expansion | to metallic tendency | stability
Q% coefficient | substrate
High c i c i i m m m
) m c m m m i c i
Low i m i c c c i c

m-metallic; c-covalent; i-ionic

Table 1.1. Properties and behaviour of the different groups of hard materials ’.

The information in table 1.1 leads to the following conclusions:

1. All the compounds stand out for their high hardness and high melting point.
2. The metallic materials are suitable for layered composites.

3. The ionic hard materials are suitable for surfaces because of high stability and low
interaction tendency. However, their modulus of elasticity is lower.

4. In terms of hard materials, for example, the optimum wear resistance can only be

achieved by sequential phases or layers.

determining the structure of transition-metal carbides, nitrides, borides and hybrids

Finally, when dealing with these structures, Hagg's rule is a useful guide for

58,9

The rule states that the structure of these materials is determined by the ratio of the
atomic radius of the interstitial element and the transition metal (R = Ry/Rpc). If R<0.59
then simple structures such as NaCl or simple hexagonal structures will be formed. If
R>0.59 the transition-metal and the interstitial atoms form very complex structures.
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1.1.1. PROPERTIES OF THE BORIDE MATERIALS

LAYOUT
U

Composition and Structure of Borides

U
Main Properties of Borides
U
Comparison of Properties of Borides, Nitrides and
Carbides

U
Main Properties and Applications of TiB,

Borides stand out due to a unique combination of thermal, mechanical, electrical
and chemical properties. It is expected that the further development of ceramics for
industrial applications will continue to overcome their limitations (brittleness, for
example) and expand the use of these compounds. In this chapter, titanium diboride is
reviewed in detail, focussing on its properties compared to other borides.

Borides belong to the group of interstitial phases (or interstitial alloys or Hagg
compounds) that were identified more than 60 years ago. They are interstitial compounds
of metals with boron and can form a great range of structures and compositions from
M;sB-MB;, and sometimes MBgg.100. Several metals can form six or seven distinctive
boride phases, but none will form all the types of boride phases, as will be explained
below. For example, titanium can only form TiB, TiB; and Ti,Bs >'*'"'%%,

Three main factors control the composition of the borides. These are the ratio
of atomic sizes of the boron to metal atoms, the electrochemical factor linked with
electronic transitions and electron concentration determined by degree of localisation and
delocalisation of electrons, ie, the distribution of the electrons around the boron atom 2.

The redistribution of the outer electrons during the formation of the borides,
results in the electron configuration of sp” and sp’ that are characteristics of strong
covalent bonds. It is the various combinations of s’p, sp, sp> and sp° electron
configurations that explain the various boride structures. On the other hand, the various
valence states linked with overlapping d, f, p and s orbitals account for an enormous
number of different boride phases which occur in transition metal borides '

Nevertheless, the atomic size of boron rather than the electron valence is the
principal factor governing the boride structures. The interstitial substitution of boron in
the undistorted octahedral site is very unlikely because of the large atomic size of B
=0.091nm) compared to C (=0.077nm) or N (=0.071nm). Then the result is the
formation of B-B bonding. Furthermore, the boron size sites the borides on the
borderline of Hiagg's rule. This rule, valid for carbides and nitrides, begins to fail for the
borides due to the development of direct boron linkages. However, it is still valid for the
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metal-rich borides *>**. The radii of the boron atoms vary with the co-ordination number
and environment, giving a possible radius range of at least 0.087+0.01nm ™.

On a crystallochemical basis, the borides may be classified into two
12,13,14, ’

groups
1. Metal-rich borides: M;B, M;B, M;B, M;B,, MB, M;B,
2. Boron-rich borides: MB,, MB,, MBs, MB,, MB49, MBss.100

In metal-rich boride the boron atoms are so diluted that they are gonsidered as
isolated atoms and, therefore, predominantly the M-B bonds. As the boron concentration
increases or the size of metal atoms decreases then the boron atoms could form pairs,
then single zigzag chains, then double chains, then two dimensional networks and finally
a three-dimensional framework as illustrated in figure 1.4 >,

Atomic B-B Boron
Unit ratio Examples ‘(nm) units
Isolated B atom M,.B Mn,B <0.21
MJB COJB,NiJB <0.21 * s 0 s
M,B Be,B 0.330
Pairs of B atoms M,B, V,B, 0.179 [ — |
Single chains MB FeB 0.177 A A .
Double chains M,;B, Ta,B, - 'm
Cr,B,
Layer networks MB, TiB, 0.175 ‘%
. YB, 0.190
Three-dimensional MB, UB, 0.170 -
frameworks MB, CaB, 0.174 B, octahedron
MB,, ZrB,, 0.175 24B atomsin a cubo-
octahedral cage

Figure 1.4. Boron atom configuration in borides '

The metallic lattice structures in the metal-rich borides determine their structure,
whereas the covalent B-B bonds determine the structure of the boron-rich borides. The
composition of metal-rich borides, between M;B and MB; is one of distorted trigonal
prisms, while boron-rich borides consist of rigid covalent boron lattices.

In monoborides and diborides non-stoichiometry originates from either boron
chains or lattice vacancies, not from metal-boron links, while in boron-rich borides non-
stoichiometry arises from vacancies on the metal sub-lattice due to the strong covalent
bonding.

Some conclusions can be drawn from the structural and composition analyses of
the borides *'»'>!4:

1. The principal new peculiarity of borides compared with other interstitial
compounds is the existence of B-B linkages. The radius-ratio criterion is less
significant when the B-B bond becomes established. The B-B bond becomes very
important in MB compounds and above because of its strong covalent nature.

2. As the degree of covalent bonding increases in the borides, beneficial properties
include for instance: high hardness, high melting point, high elastic modulus.
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3. The high electrical conductivity of some borides is due to the boron bond
formation being through covalent chains and nets. This implies that electrons are
free to transfer from boron to metal lattice.

4. The main chemical bonding forces in most borides are ionic, covalent or mixed
bonding. However, alloying can cause them to lose their brittleness.

5. The thermal conductivity of borides results from both a lattice and an electronic
contribution to electron transport.

The main properties of the borides are mentioned below '*'*1>%*;

MELTING POINT: The melting point of all borides except iron boride (1390°C) are
high (1950-3100°C). The borides formed by group IV elements of the periodic table
seem to be the most stable. When the structure is dominated by the boron lattice, the
melting point is often identical, for example, CaBs (2230°C), LaBg (2230°C).

DENSITY: The density of the borides ranges from 2.5 to 16.7g.cm™.

THERMAL EXPANSION: The thermal expansion values are around 5 to 8x10° K™ at
temperatures from 20 to 1000°C. This property is usually anisotropic for the borides.
Linear thermal expansion of 2% or less is reported for the borides in the range of 21 to
2204°C.

THERMAL CONDUCTIVITY: The thermal conductivity of the borides is relatively
high with average values of 138.8W/m K at 295K (80Btu./fi.hr.F at 70F) and 26W/m.K
at 1920K (15Btu./ft.hr.F at 3000F). This property gives the borides high thermal shock
resistance.

THERMAL STABILITY: The thermal stability of the borides is generally good up to the
melting point but there are some exceptions:

TiB — TiB, + Ti,B at 2060°C

ZrB — Z1B; + Zr below 800°C and above 1250°C

LaBs — La;Bs+ La above 1400°C

SPECIFIC HEAT: In general, the specific heat of borides is less than 5.7Kg'K™ up to
2480K (0.35 Btu./Ib.F up to 4000F).

ELECTRICAL PROPERTIES: In general, the electrical conductivity of the borides is
- comparable with many metals and is superior to that of the corresponding carbides. Most
borides are excellent electrical conductors with resistivities in the range 5 to 80uQcm.
However, CaBs is notable for its high resistivity (1x10°uQcm) due to ionic bonding.

MAGNETIC PROPERTIES: The magnetic properties of borides vary from diamagnetic
to strongly ferromagnetic. Most borides are weakly paramagnetic at room temperature.
However, Z1B,, VB and CrB are strongly paramagnetic and the Fe,B, FeB and MnB are
ferromagnetic.

MECHANICAL PROPERTIES: The hardness values for borides range from 12.8 to
32.5GPa (1300 to 3300Kg.mm?”). The modulus of elasticity ranges from 207 to
413.4GPa (30 to 60x10°psi) at room temperature.




Brief Review of Hard Materials

CHEMICAL PROPERTIES: Borides are known for their resistance to chemical attack
and in particular their excellent oxidation resistance. The good stability of the borides,
under many conditions, is due to the high negative free energy of formation (see table
1.3). The chemical inertness increases with boron content, depending on the
manufacturing process (microstructure, purity...). The borides which stand out by their
oxidation resistance are mainly HfB,, ZrB, and Cr,B. The oxidation resistance of
diborides decreases in the order of HfB,>ZrB,>TiB,>TaB,>NbB,. The oxidation rate of
the borides increases in the presence of water vapour. However, the controlling factor is
the surface layer of oxide formed at low temperatures. This layer prevents further
oxidation, until B,0O; volatilises (above 1500°C), unless the oxide is mechanically
removed. A typical boride feature is the possibility that the metal oxide skin may be a
glass former with B,0; and this increases oxidation inhibition. TiB, and ZrB; have good
oxidation resistance up to 1400°C and 1300°C respectively. They oxidise parabolically to
TiO, and ZrO,. The NbB, oxidises rapidly and linearly at 1200°C. The MoB; is less
adequately protected because MoOQ:; is volatile at low temperature. The CrB; can endure
1700°C because chromium forms stable borates. All borides are stable to high
temperatures in the presence of nitrogen. The TiB,, ZrB, and CrB, are all soluble in
molten titanium because they form eutectics. Nevertheless, they are very resistant to
molten Al, Cu, Mg, Sn, Bi, Zn, and Pb. In general, the borides are strongly wetted by
and slightly soluble in Al. All borides are resistant to non-oxidising salts such as molten
fluorides and metallurgical slags but they are not resistant to oxidising melts like
hydroxides, nitrides, carbonates and peroxides.

Comparing boride, carbide and nitride properties leads to the following
conclusions > .

1. The melting point, hardness and electrical conductivity of the borides are
comparable to the carbides and nitrides.

2. The inertness to non-oxidising reagents, the resistance to oxidisation at red-heat
and the stability of the borides are enhanced when compared to the carbides and
nitrides. Thus, the chemical resistance and oxidation resistance are superior to
most ceramics.

3. All borides, carbides and nitrides are refractory compounds.

4. The borides and carbides have high hardness, a high melting point, high stability,
a low thermal expansion coefficient, better adherence to metallic substrates but
also high interaction tendency with other materials compared to the nitrides.

5. The borides have moderate strength and toughness compared to other ceramics.

6. The thermal conductivity of the borides is generally high compared to other
ceramics.

Commercially the most important borides are CrB, CtB,, TiB, and ZrB,. Some
of the industrial applications for the borides are outlined below -'>131%1;

4 The diborides are used as coatings on turbine blades, combustion chamber liners,
rocket nozzles and rocket nose cones for heat and abrasion resistance.
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¢ The TiB,+BN composites are used to improve electrical resistance and electrical
heating, including crucibles for the evaporation of Al in the vacuum metallising
industry.
4 Pump parts are made from CrB, or CrB,-Fe composite to resist molten Zn, Cu,
Al and Mg at 600°C.

4 The hexaborides in particular LaBg are used as electron sources for the SEM.

4 The hexaborides and a variety of borides are used as additives in both ferrous and
non-ferrous metal industries.
¢ The ZrB, platelet-reinforced ZrC-Zr cermets are used as rocket engine
components, wear parts and bio-materials.

¢ The ZrB,-based composites have been used in components of supersonic aircraft.

The most attractive borides are the diborides of the transition metals. Their

attractive properties are high specific strength, high specific modulus, high hardness and
high melting point with good oxidation resistance up to 1400°C.

A review of the literature has resulted in table 1.2 for physical and mechanical

properties of the diborides. The scatter in the values for different sources could be due to

different loads or different grain size and porosity within materials of a given

composition.
Physical Properties of the Diborides
5§73 i
= ;g % Lattice | Melting | Electrical Thermal Thermal Expansion
. 172) . « e . .« . :
Boride | 2 A E Parameters| Point | Resistivity | Conductivity Coefficient
g ? 3 A) ©C) | (uQem) | (calem/sec/°C) (10°K™Y)
O <
a=3.14 ¢=3.48 0.138 (1600°C) 6.3 (27-1027°C)(a)
HB, 10.81 | HCP |11 3250 12@25°0) 0.310 (2000°C) 5.5 (25-1000°C)
68 (25°C)
a=3.08 c=3.23 0.276 (260°C) 8.2 (27-1027°C)(a)
TaB, 10.68 | HCP | /0-1.05 3100 ii(f;‘(b) 0.103 (2200°C) 5.72 (25-2200°C)
9-16(25°C)
2=3.17 c=3.53 [3060 0.104 (260°C) 5.9 (27-1027°CX(a)
ZrB, 1917 | HCP | i1 3245(c) ;Eg)(b) 0.060 (1920°C) 7.5 (25-1350°C)
2=3.09 ¢=3.30 . 0.040 (25°C)
CbB; 1889 [ HCP | /107 3000 32@25°0) 0.047-0.062 (200°C)
' 10-30(25°C)
TiB 3112 | mop [#=3:03 =323 [2980 60 (1000°C)  }0.141 (50°C) ‘;‘g g -1027°C)@)
2 . - _ o f
c/a=1.07 3225(c)  |915(0) 0.107 (1000°C) 6.4 (25-1250°C)
7(c)
1950(b) |21-56(b) .
CiB, 2188()  |180) 10.5 (27-1027°C)(a)
MoB, 2250(b)  |20-40(b)
VB, 2747¢c)  |13() 7.6 (c)
NbB, 3036(c)  |12(c) 8.0 (27-1027°C) (a)
a-Ref 12; b-Ref11; c-Ref.7
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Physical and Mechanical Properties of Diborides (Cont.)
. Modulus of Modulus Compressive .
Densi Hardness !
Boride ? 2 Rupture of Elasticity Strength P(;:?:: s
(gem?) | (Kgmm®) (GPa) (GPa) (GPa)
HiB, . 112 500GPa (a) 0.12(a)
2530K;90 (25°C) 252 (37x10%psi) (25°C)
TaB X
a5 126 1210009 680 (680KNmm™? (c)
o 1060 1.14(230x10°psi)
7B 1915K00 (25°C) 0.20(29%10%psi) 340(50x10 p81)€2’25°C) (25°C)
15, 6.1  |2250(b) 540(540KNmm™) (c) 3 0.11(a)
2300(c) (25%0) 343GPa (a) 0.2(29%10°psi)
(25°C-tensile)
1820Ks00 (25°C) 163-299
CbB, 72 11260Ks00 (900°C) (29-44x10°psi) (25°C)
3370K 00 (25°C) 6 - 3 .
o Aoty [ 108(60x10°psi) (25°C) 0.7(97x10psi)
TiB, 45 ;;ggOK(lg 000 102435:10ps) [ o) ccornmm®ye)  |@0°0) 0.11 (a,d)
(25-2000°C) 1 3GPa
3350(b) 530GPa(a) . (a)
520(b) |1800(b) 540(540KNmm )(c)
CB: | S5a0) |22s00) 211GPa(a) 13GPa @)
MoB, | 7.70) |1200 (b)
2
VB, 505(c) |2150 (c) ;égg;ggmm )©)
-2
NbB, | 6980c) |2600(c) gggggggm’“ )X
a-Ref12; b-Ref1l; c-Ref7; d-Ref17

Table 1.2. Physical and mechanical properties of refractory diborides '°. Properties determined on

polycrystalline material prepared by powder metallurgy techniques with 5-15% porosity and 2-5%
impurity.

The thermodynamic results for diborides are shown in the table 1.3. The
enthalpies of formation are strongly correlated with Gibbs™ free energies because the
entropy is small. This also means that the free energy is relatively insensitive to
temperature. The stability of the diborides decreases in the order HfB,>TiB;
Z1B,>>TaB,; VB,>>>C1B, .
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Heat Capacity at Enthalpy ofFormation Gibbs'Free Energy of
Borides constantpressure, AHfat I atm. Formation, A Gf
Cp (J/mol.K) (KJ/mol.) at 1 atm (KJ/mol.)

Temperature 298 K 1000 K 2000 K 298 K 1000 K 2000 K 298 K 1000 K 2000 K

CrB2 53.59 85.07 - -94.14 -94.02 - -91.37 -85.52
HfB2 49.45 81.67 . -335.98 -334.9 - 233220 -324.49

TaB2 48.19 76.77 96.71 -209.20  -209.77  -208.02  -206.53  -200.18  -191.02
TiB2 44.28 76.89 94.54  -323.84  -326.59  -347.87 -319.69  -308.34  -347.87
VB2 46.98 80.85 16028  -203.76  -203.69  -202.02 -200.60 -193.19  -183.20
ZrB2 48.37 71.99 82.66 -322.59  -326.65  -309.99  -318.16  -306.34  -279.60

Table. 1.3. Thermodynamic data for diborides 12

Refractory diborides are potential candidates for aerospace structural materials
and are a possible new ceramic for other applications because of their unique
combination of oxidation resistance and strength retention at high temperatures, as
mentioned earlier. For all these reasons, considerable research has been done in this area.
This is particularly the case for TiB2 as a very stable hard refractory compound that

offers a unique combination of exceptional and useful properties as summed up in figure
1.5 115168192021 jn~ SCOpe Of  project the TiB2will receive particular attention.

THE TITANIUM DIBORIDE STRUCTURE

r-Good oxidation resistance up to 400°C*
I ‘ Non-reactivity with various liquid metals

Hi# flexural strength .Chemically very stable
*h strength-to-w eight ratio A

|FThe choice of hard
materials is generally
made between: oxides,
carbides, nitrides. If
brittleness ofborides can
be overcome they will
become an alternative as
hard material. In this case

-Density: 4.5g/cirri <TiB7will be a potential, -Structure; hexagonal

candidate 7 "

compac
A _High thermal conductivity: 0.141to N P J
fe  0.107 cal/cm/sec/°C from 50to 1000°C Interstitial compound”™”

High degree of

~Me-Refractory compound covalent bonds (

-Extremelv brittle
"“fe-H igh melting point: 2080 °C

mfete®

Figure 1.5. The main properties of titanium diboride.
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The titanium diboride structure is dominated by the two-dimensional network
boron configuration with covalent B-B bonds. The TiB, crystal structure shows
properties of high hardness, brittleness, high electrical conductivity and good chemical
stability '®. The fracture toughness values for bulk TiB, that have been reported range

from 4.9 to 6.0MPa+/m . However they are lower than indentation or single-edge
notched beam values which are in the range 6.7 to 8.0MPa+/m %,

A coefficient of friction of 0.4 for TiB, has been quoted in reference 12. The
counter face was not stated. This study was for TiB, with grain size of 0.8um and has
been reported at room temperature as having a linear decrease to 0.2 at 1000°C.

The yield strength of TiB, is greater than any other ceramic compound except
high purity SiC. A high-temperature plastic yielding mechanism was observed and a Hall-
Petch dependency on grain size resulted in an activation energy of 308kJ.mol”, in
vacuum, for temperatures between 1750 to 2000°C *2

The thermal conductivity as a function of temperature for TiB, makes TiB; an
excellent choice for heat dissipation at high temperature as referred to in figure 1.6. The
hexagonal structure of TiB, causes a thermal expansion anisotropy. The expansion along
the c-axis is greater than along the a-axis. This difference is about 42% from 25 to 930°C
and increases for T>930°C. The thermal expansion anisotropy causes internal stresses
and microcracking during cooling. The microcracking occurs w1thm the grams and at
grain boundaries causing a degradation of mechanical properties >

Chemical dissolution could become the main wear mechanism at high
temperatures for cutting tools. As TiB, is very soluble in iron, then it is not an option for
machining steels. One can envisage the wear-protective coatings based on TiB, could be
successful in cutting Al and its alloys because its solubility in Al is very low '®

TiB; can be used in air up to 1400°C, but above this temperature the oxidation
rate increases rapidly. It is resistant to graphite up to 2200°C. The maximum working
temperatures in reducing or inert atmospheres is above 2000°C %%,

The TiB; is illustrated in the Ti-B phase diagram in figure 1.7. It has a narrow
homogeneity range. This means that the non-metal to metal ratio does not allow the
control of properties. However, the twin reactions Ti,B—TiB+Liq. and TiB—Ti,B+TiB,
should be noted as this implies that, over a certain limited temperature range, the
structure changes rapidly from isolated to chain to network types ">,

The main research on TiB, is directed toward assessing its potential as a future
high-temperature material. Nevertheless, TiB, is an attractive candidate in various
technological engineering applications where erosion, corrosion, high temperature and
electrical conductivity are required *»'>'***??2 for example:

¢ Cutting tools, wear parts and mechanical seals

¢ Valve trim for erosive environments

¢ Armour plating due to high Young’s modulus

¢ Thermocouple protection tubes in Al reduction cells

12
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Sliding electrical contacts

Electrodes in metal extraction

Cathodes in Hall-Heroult reduction cells for processing molten aluminium
Corrosion and wear resistant coatings in metallurgical and chemical industries

TiB, films as diffusion barriers between ohmic metallic contacts and the
semiconductor substrate (silicon or GaAs)

Aerospace structural materials

Surface coatings of first-wall components

Electrodes in polycrystalline silicon thin film solar cells
Magnetic recording industry.
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Figure 1.6. Thermal conductivity versus temperature for TiB, '2.
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Figure 1.7. Binary phase diagram of Ti-B °.

13



Brief Review of Hard Coatings

1.2. BRIEF REVIEW OF HARD COATINGS

LAYOUT

J

Surface Engineering Definition and Advantages

Factors Which Determine Coating Properties

U

Criteria of Material Selection: Analysis of Interface
Composites

J

Advantages of Multilayer Coatings

Key Points in Manufacturing Multilayer Coatings

Main Group of Hard Coatings

Nowadays, operating conditions in some systems, for high technology
applications are so demanding in terms of power/weigh ratio and lifetime that bulk
material components do not have the required properties. To minimise some of these
situations, three approaches have been reported, namely: to develop new types of matrix
alloys or to use surface treatments or to apply hard coatings. The decision is determined
by the specific application °.

Of these approaches, the use of surface engineering, for example, the protection
of materials by hard coatings, has been proved to be one of the most important and
versatile routes to improving component performance over the last two decades. The
trend is towards moving from single coatings to coatings of complex composition or
multilayer coatings and so custom-design the performance of the coating system >**.

Surface engineering has been defined by Strafford et al > as a field encircling
techniques or processes used to induce, modify and enhance the performance of surfaces
regarding wear, fatigue, corrosion and bio-compatibility. The following examples
emphasise certain improvements in the area of wear resistant coatings ***’:

¢ A thin layer of hard refractory compound such as TiC, TiN, or ALO; could
prevent microweldings between workpiece and cutting tools (high-speed steel or
cermet carbide) and also improve the tool life by a factor of 300 to 800%.

¢ Thin hard coatings of borides, carbides, nitrides and oxides, both in single or in

combination or multilayer design are now available commercially, e.g. cutting tools
coated with TiN, TiAIN, TiC/Al,Os/TiN.

¢ Erosion resistance has been another area for hard coatings applications such as:
the erosion in energy conversion device components due to the interactions with

14
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gases or liquid particles; the erosion in compressor blades in gas turbine engines
that results in loss of power, loss of surge margin and increased fuel consumption;
reduction in operating lifetime of coal gasification plants and slurry pipelines due to
the erosion ofvarious valves, seals, bearings and fittings.

The constitution ofthe material system and fabrication parameters determine the
microstructure of the coating 72426 All these factors are reflected in coating properties
and consequently, influence the performance of the coated component, as illustrated in
figure 1.8.

Constitution of the Material System: Fabrication Parameters:
-Substrate system -Coating process compatibility
-Layer system -Component coatability
-Substrate/layer interface system -Layer thickness

[ | -
Determination of'the Microstructure:
-Grain size
-Porosity/density
-Texture and orientation

Factors which determine Coating Properties:
-Mechanical properties (hardness, fracture toughness)
-Optical properties
-Electrical properties
-Surface roughness...

Performance of the Coated Component

Figure 1.8. Factors which determine performance of'the coated component.

The full knowledge and understanding of the interrelations between the three
elements of coating technology - constitution of the material, fabrication parameters and
microstructure - and the capability of manufacturing new materials and microstructures
will certainly go one step further in the optimisation of coatings for specific applications.
This will lead to further major developments in advanced and guaranteed material
performance 727.

The hard coating area has seen rapid development and the number of
applications and types of coating have grown sharply over the last decade. Nevertheless,
the fundamental understanding of coating microstructures and properties is still lacking,
as the following examples show:

¢ The properties and characteristics of coatings are very variable and strongly
influenced by processing variables. For example, the processing variables for the
sputtering technique include: substrate finish conditions, bias voltage, gas
composition, substrate temperature and equipment details. To understand more
fully these interactions, in order to generate reproducible properties and
characteristics of'the coatings requires more systematic research, but can now be
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aided by computer processing/manufacturing operations, allowing maximum
efficiency in manufacturing to be achieved **.

¢ In many cases, coatings are grown at high rates, low temperatures and under an
impinging ion flux resulting in supersaturated or amorphous solid solutions and
metastable structures with entrapped noble gas impurities. These coatings often
exhibit high internal stress levels and high hardness. Because of the lack of
knowledge of nucleation and growth processes in these non-equilibrium
structures, as influenced by the processing parameters, it is difficult to correlate
microstructure with measured physical properties. This lack of knowledge limits
the wide usage of these new metastable materials in hard coating systems °.

¢ The possibility of predicting the constitution of multicomponent layer or layered
materials is lacking and the physicochemical basis of nanostructures in material
science is still being researched .

¢ The erosion response of a material is a complex function of the eroded material
properties (hardness, elastic modulus, fracture toughness), the velocity and angle
of impingement of the particles and the parameters defining the erosion
environment. Understanding why a set of process parameters influences the
erosion rate should aid the design of new coatings for erosion resistance and help
in the prediction of their lifetime in an erosive environment ’.

¢ The understanding of strengthening mechanisms for multilayer coatings is still not
complete **.

To summarize from the example above; for a coating system to be successful
and functional, it should be designed ab initio rather than as a last recourse to fix an
inadequately performing component or tool **,

The key point in designing successful coating technology is to pinpoint the
material selection. From a microanalysis point of view, the factors that influence the
material selection are: life time, which is directly interrelated with the service
environment, and function, risk, material, design, data and cost, although each of these
factors has different parameters to be considered as outlined in figure 1.9.
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I Through life cost Maintenance

| Material I | Manufacturing

Failure

I Acquire new data

. %ﬁ%
History gf;m
W

(Plant experience)

l Databases available Impact

Corrosion
Oxidation

| Service experience

I Failure probability

Figure 1.9. Factors that influence material selection.

When considering materials for advanced, and often expensive, industries like
nuclear, aerospace and bio-materials, material selection could become very complex. A
criterion is needed for selecting the most suitable material for specific applications. This
is a difficult task because the requirements for the composite substrate/layer/environment
are often stringent and clashes often require many compromises to be made.

For example, increasing hardness, strength, with no surface interactions of the
coating are concomitant with decreasing toughness and adherence to the substrate/layer
interface. Thus high hardness/strength and good toughness cannot be obtained at once in
a single layer of material. In this case, then, a monolayer coating cannot match these
differing requirements. However, multilayer coatings may achieve this compromise and
therefore, seem to be the best option.

A criterion for a composite coating/substrate system is described in figure 1.10,
in which are identified three sub-systems, each one providing a different property
requirement 2*%; ‘

1.Layer surface/environment system: Interface between the coating and the
environment or work material.

2.Layer system: Single or multilayer coatings.

3.Substrate/layer interface system: Interface between the coating and the substrate.

Considering the main characteristics of the scale of hard materials against the
criteria outlined in figure 1.10, it may be possible to design coatings with different
property requirements. However, one must be aware when designing substrate/coating
composite systems that the system involves two types of solid interface:
substrate/coating interface and multilayer coating interfaces. The properties of these
interfaces are a critical influence on coating performance.
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System General Features Main Properties Interactive damage
Mode/Process

Liquid Metallic -

Gas Inorganic . Corrosio Abrasive
Working Solid Organic *Chemical Wear |) Adhesive

Environment . Temp . «Physical Erosive
églel;zlaznng .ll’.lmsure *Mechanical A Fretting
Interface Surface Layer / Environment
» Chemical, physical, mechanical A4
C . » Reduction in surface temperature: low
. . cramic thermal conductivity, low radiative heat Loss of coh
Coating Solid Metallic transfer, high emittance ss of coherency
Polymer [, Oxidation resistance: thermodynamically
stable with slow growth rates
» Erosion resistance: hard, dense material A
Interface Coating / Substrate Interdiffusion
Metal . ¥
Solid Ceramic -Chen.ncal Loss of adhesion
Substrate ot Plastic *Physical
* *Mechanical
Laver Surface System:
*Interaction layer/workpiece.
«Interaction layer/environment.
oating System:

. - Composition of the layer or layers
Substrate/Coating Sv@\/ ' * Microstructure of the layer or layers.
* Adhesion. SUBSTRATE * Mechanical compatibility: hardness,

. — strength, toughness, intefnal stresses.
* Strain by thermal
c - . * Strain accommodation mechanisms.
xpansion misfit. - .
) . * Coating cohesion.
* Interaction or reaction of * Thermal conductivity.
substrate/coating. » Thermal stability. /

Figure 1.10. Main features of a working substrate/coating composite system.

SUBSTRATE/COATING INTERFACE:

The thermal expansion coefficient of the coating and substrate material are of
concern when high temperatures are reached during manufacturing or service. The
thermal expansion coefficient of coating and substrate materials seems to be a function of
their bonding character, for example whether covalent, ionic or metallic, which also
determines their hardness ".

Severe constraints apply to the coating/substrate composite. For wear
applications, the adherence of the substrate/coating interface should withstand the high
forces and high temperatures developed near the cutting tip.

The coating adhesion must be sufficiently high that the stresses do not result in
delamination at the substrate/coating interface *°. Both the thermal stresses and those
caused by the difference in elastic properties between the coating and substrate should be
made as low as possible up to the point that the stress levels do not cause failure. The
intrinsic stresses generated during growth of the film can also be detrimental to adhesion.
The chemical and metallurgical compatibility between coating and substrate is of
importance to avoid excessive interdiffusion and chemical reaction during service **°.
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MULTILAYER COATING INTERFACES:

Cracking generated in the coating may cause crack initiation in the substrate and
thus a complete failure of the component. In spite of this, the mechanical strength and
toughness of the multilayer coating itself should be as high as possible. Also, the
toughness of hard coatings influences the flank wear in metal cutting. The mechanical
strength depends upon the number of layer boundaries which influence the dissipation of
crack energy and crack deflection. Nevertheless, annealing treatment of hard coatings
deposited at low temperature can provide an increase in strength and resistance to crack
propagation in the layered material, because the annealing treatment results in reduced
internal stress >%°.

A knowledge of the composition of the layer boundaries is important for the
interpretation of the mechanical properties and the wear behaviour of sequential
coatings. The effect of both extrinsic and intrinsic stresses within the layers on the
internal strength and hardness of the coatings, must also be considered °.

Many of the relations between constitution and properties known for bulk
materials can be used to optimise coating materials **°. Research on solid bulk
materials suggests three possibilities of interface, illustrated in figure 1.11 *:

1. Coherent
2. Partially coherent interface with a boundary phase
3. Uncoherent interface, i.e., interaction-free phase boundaries

Interfaces between metallic hard materials and metals or other metallic hard
materials are often able to form coherent or semi-coherent bonding. As a result low
interfacial energy with optimum adherence can be obtained (e.g. TiC/TiB;). Interfaces
between metallic and ionic hard materials often show intermediate regions of variable
composition (e.g. TiC/ALOs). Interfaces between covalent hard materials seem to be

quasi-interaction free with the consequence of detrimental adherence of the phases (e.g.
B4C/ALOs) .

B

{partially} coherent boundaries phase boundary-[mixed) phase interaction-free phase boundaries

Figure 1.11. Different natures of phase boundaries *’.

The benefits of producing multilayer coatings have been recognised for some
time. The phenomenon of increased strength by producing a laminate substrate of
alternating thin layers of two metals was first proposed by Kéhler in 1970 and
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experimentally verified on Al/Cu and Al/Ag multilayer structures by Lehoczky in
1978' '5 . The Composite of the two materials was proposed in order to have a shear
modulus that was widely different for the two materials. The individual layers should be
very thin (in terms of superlattice structures) in which case the Frank Read source cannot
operate in either material and the dislocations become trapped at the interface. In this
case the strength of the composite could be much greater than predicted by the rule of
mixtures. This strengthening mechanism results from the difference in the dislocation-line
energies of the two materials. Some considerations, in respect of interfacial stability for
long term application, should be taken into account such as that the interfaces should
remain sharp and interfacial reactions between layers should be avoided to maintain their
strength 31.

Not all scientists agree with this theory and so no universal explanation of this
phenomenon has yet been reached. However, it is generally agreed that multilayer films
are beneficial in comparison with alloyed and monolayer films for many applications727.
The main advantages offered by producing multilayer coatings are referred to in figure
1.12. Interstitial phases like nitrides, carbides and borides, including compositional or
multilayer (superlattice) films, have shown outstanding properties such as hardness and
wear resistance. This has been demonstrated in several systems: TiC/TiB2 SiC/TiC,
BAC/TiB2  TiN/ZrN, TiN/NbN, TiN/CrN, TiN/VN, TiN/NbN, TiN/(Nb,V)N,
TiN/(Ti,Nb)N, TiN/SiIN4 TiN/CNx 328

*The coating material at *There is an auxiliary layer *Tool bits multilayer coated

the outer layer interface effect, i.e., influence of present much better

may be different from one layer material on the performance than most of the

that at the surface. microstructure o fthe other monolayer coated material.

*To increase The layer growth *Interfaces can be *Multilayer coatings with

compatibility is interrupted.
between the
film and
substrate. *The ability to act
as diffusion barrier
*The *The ability

possibility to to overcome

produce films alack of

with low toughness in
chemical a coating.
reactivity

*The capability
*The ability to

increase the

ofincreasing

adhesion

hardness ofthe between the

coating. film and

substrate.

created in the coating
parallel to the surface.

*Multilayer coating
materials with different
shear modulus allow the
composite strength to be

much greater than
predicted by the rule of

optimum interface constitution
should enable: an optimal
hardness/toughness ratio,

fatigue strength and adherence.

¢ The multilayer coatings
permit different materials
and requirements o fthe
composite:

-hardness/toughness/reduced
adherence and reactivity at
the outer layer.

- hardness/strength ofthe
coating at the intermediate

layers.

-good adherence to the
substrate at the inner

layer.

Figure 1.12. Multilayer coating's advantages.

Producing multilayer coatings requires special attention to material selection
and manufacturing due to the factors outlined in figure 1.13 73\
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Figure 1.13. Factors to be considered during multilayer coating production.

Over the last few years ceramic coatings have been considered for a wide range
oftechnological applications such as high temperature and wear resistance - in particular
hard coatings as well as protective films for corrosion or thermal oxidation, owing to
their chemical stability. However, hard coatings are not only made from ceramics. They
can range from ultrahard materials such as diamondlike carbon through refractory
compounds to alloys. The transition-metal carbides and nitrides, mainly titanium carbide
and titanium nitride, have so far achieved the highest level of commercial success.
However, other refractory compounds, such as oxides and borides, are being increasingly
considered and used 5.

The main features of each group of hard coatings are described
belowS43435363R The table 1.4 allows a comparison of key properties of many potential
coating materials.

DIAMONDLIKE CARBON FILMS: These diamond films have been deposited by ion-
assisted deposition techniques with a hardness range from 58.8 to 68.6GPa (6000 to
7000Kg.mm'2) with a metastable structure. Owing to the fact that diamond at room
temperature and atmospheric pressure is in a metastable state, operating conditions are
very limited. The thermal stability limits working temperatures to 400°C.

NITRIDES: The transition metal atom nitrides, especially group IV (Ti, Zr, Hf) have
been used extensively. The main applications range from wear-protection films in cutting
or forming tools to optical films and diffusion barriers in integrated circuits. The groups
IV and V have either a Bi-NaCl structure (TiN, ZrN, HfN, VN) or hexagonal structure
(NbN, TaN). TiN films grown by PVD techniques have improved oxidation resistance at
500°C to 850°C if Al is incorporated in the structure, giving a TiAIN coating. This is
produced by a reactive co-sputtering process. The cubic boron nitride (c-BN) is, next to
diamond, the hardest material known and has been grown by CVD and PVD techniques
with hardness in the range from 19.6 to 46.1GPa (2000 to 4700Kg.mm'2). However, the
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i-TiN coatings have been reported with a hardness range from 39.2 to 68.6GPa (4000-
7000Kg.mm™) depending on the deposition conditions.

CARBIDES: The transition metal carbides from group IV (TiC, ZrC, HfC) are used
mostly. In addition, the group V (VC, NbC, TaC) and group VI (CrC, MoC, WC)
carbides as well as boron silicon carbide are being used. All mono-carbides in groups IV
and V have a B;-NaCl structure, while group VI carbides have more complex structures.
The hardness of the carbides is in general higher than the corresponding nitrides due to a
more pronounced covalent bonding.

OXIDES: Several oxides are used as hard coatings due to their extreme chemical
stability. The low transverse rupture strength is a limitation for them as hard wear-
protective coatings. Oxides grown from the vapour phase are Al,Os;, ZrO, and TaO..
Most oxide coatings are used because of their specific optical or electrical properties.

BORIDES: Boride coatings have not been studied as much as carbides and nitrides due
to their inherent brittleness. However, they exhibit similar properties to the carbides and
nitrides but these are somewhat greater, like hardness, due to the higher degree of
covalent bonding in the boride structures. Borides are very inert and chemically stable
and this explains their use in some applications such as protective coatings of TiB, and
ZrB, for wear resistant coatings. Most boride coatings are prepared by CVD and PVD,
such as TiB,, ZrB,, HfB,, TaB,. The ZrB; coatings are softer than TiB, but have higher
corrosion resistance.

MIXED COMPOUNDS: The utilisation of mixed compounds is a continuing challenge
where different requirements can be established in a coating for specific applications.
Coatings that not only have the same chemical stability as oxides but also a considerably
higher strength can be achieved by mixed compounds such as oxynitrides or
carboxynitrides (TiC:Ny) or oxycarbonitrides (TiCo340032No24). The latter has a
maximum hardness of 43.2GPa (4400Kg.mm™). TiAIN films have been reported with
maximum hardness around 34.3GPa (3500Kg.mm™), depending on N, flow rate.

METALS AND ALLOYS: The most commonly used metals are Cr, Mo-Ta, NiFe, M-
Cr-Al-Y. Metal and alloy coatings never reach the same hardness values as compound
coatings do. In addition, as the substrate temperature is increased, the hardness of the
metal and alloy coating decreases, in contrast to the behaviour of most of the refractory
compound coatings over normal temperature ranges for component operation.

In conclusion, the research on ceramic, interstitial phases and hard coatings,
either as mono or multilayer thin films, is still not complete. This is in part a result of the
lack of methods for producing reproducible, high quality films. The extended studies of
such hard films that are currently ongoing, have only been possible over the past 10-15
years following the development of advanced technology techniques for deposition of
these coatings such as: electron-beam evaporation, magnetron sputtering, plasma-
assisted CVD (PACVD), plasma-enhanced CVD (PECVD) %,
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Table 1.4. Main properties of various coating materials such as: Borides, Carbides, Nitrides and others?*,
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1.2.1. SINGLE-LAYER OR MULTILAYER DIBORIDE COATINGS

LAYOUT
U
Chronological review of single and multilayer TiB- or
TiB>-based coatings by CVD and PVD techniques:

¢ Evaporation: TiB,; TiB,/Cu; TiBy/TiN

4 Sputtering: TiB,; TiBy; TiB(N); TiB,+Ni;
TiC/TiB,; TiBy/TiN; SiC/TiB,; B,C/TiB,;
(TiB,+Ni)/Ni; (TiB,+Ni)/Ni/Ti; (TiB2+Ni)/Cr

¢ Jon-plating: TiB,

Other Diboride Coatings: Z1B,; TaB,; HfB,

A review of the literature of recent years shows that some effort has been made
to produce and also to improve the properties of, diboride coatings such as TiB, ZrB,,
TaB, and HfB,. Most the research has been focussed on TiB,. :

Different techniques have been reported for producing diboride coatings,
including: CVD, direct evaporation, reactive or non-reactive sputtering and magnetron
sputtering. With specific regard to TiB, deposition a wide range of methods is reported
and includes: vacuum plasma spraying, electrodeposition from a molten alkali metal
borate bath *’, CVD from diborane, laser-induced CVD, direct evaporation from
compact billets, electron-beam evaporation from a sintered TiB, target, ion-beam
. enhanced evaporation, magnetron sputtering, ion mixing.

Some attempts have been made to overcome their brittleness by multilayer
coatings, reactive sputtering (N, C, BFs, B,Hs), or co-sputtering (Ti+B; Ti+B particles)
and heavy ion bombardment (Kr, Ar, Xe). These approaches will be reviewed latter in
this chapter, particularly focussing on the production of TiB,.

TITANIUM DIBORIDE OR TITANIUM DIBORIDE BASED COATINGS (1iB;):

A chronological review follows of titanium diboride based coatings for different
methods of deposition.

1. CVD Techniques

H. O. Piersson et al >*® in 1980 reported amorphous and overstoichiometric
TiB, films on graphite produced by CVD from diborine at T.<500°C. However,
increasing the temperature, the films become crystalline at T=600°C. The grain size
increased from about 6nm at T=600°C to 110nm at T,=1000°C. A maximum hardness of
44.1GPa (4500Kg.mm™) was reported, which varied with process parameters such as:
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deposition rate, amount of reactant, chlorine impurities, etc. The deposition temperature
can cause stress relief, sublattice or vacancy rearrangements and atom mobility, which
can explain the TiB, coating property variations with deposition temperature.

M. Kaminsky et al *°, in 1982 also used a CVD technique to deposit TiB,. They
reported that TiB, coatings are suitable for erosion resistance and plasma purity control
for first wall components in fusion devices, owing to the total sputtering yield values of
- these coatings being lower than those for stainless steel. Moreover, the fusion plasma
could be maintained with an atomic number close to 1 and thus reduce power loss,
instability and improve plasma purity. This is due to the fact that the partial sputtering
yield for B (low Z) is larger than for Ti (high Z) for the study range of energy. For
example, at 10KeV the partial yield of B is 3.0x10atoms/ion for Ti 2.4x102atoms/ion,
while for TiB, it is 4.0x10atoms/ion. In this work stoichiometric TiB, coatings onto
graphite were prepared by CVD for film thickness of 10-25um. The coatings, after
deposition, were bombarded by “He" irradiation of 3 to 60KeV at room temperature. The
ion beam current dose varied from 2x10° to 8x10* ions/cm®. The sputtered material was
collected onto Al foils and analysed by RBS and AES. The partial yield of resputtered
material for both polished and unpolished coating substrates shows a decrease with
increasing ion energy. The partial and total sputtering yields for the as-deposited films
are larger for the unpolished than those for the polished surface. This implies that the
sputtering rate increases with the surface roughness due to charges in the incident angle.

Since 1969, TiB, has been selected as a diffusion barrier in integrated circuit
metalization. The high-temperature processing of the CVD technique, in conjunction
with good step coverage, are the reasons ensuring that this application is undertaken
using a CVD process. PVD techniques have not been used because of problems with
poor step coverage. Furthermore, L. M. William * in 1985 reported that TiB, can also
be formed by plasma enhanced CVD (PECVD) producing coatings with resistivity of
200uQcm. The glow discharge operates at 39Pa (0.3Torr) pressure and 20WRF power
in TiCls, BCl; and H, gases mixture atmosphere. These films are smooth, shiny and
crack-free at moderate temperature (480-650°C), with good step coverage. Previous
reports have also mentioned that TiB, films deposited by evaporation and sputtering can
reach lower resistivities but these had to be annealed. The resistivity of TiB, by
evaporation and annealing (950°C) is 30u€2cm, by sputtering as-deposited 500uQcm and
after annealing (1050°C) is 150uQcm. Nevertheless, the author suggests that the
resistivity of PECVD films could be improved by high-temperature annealing and by
optimisation of the deposition conditions.

In the same year, 1985, G. L. Platonon et al > reported that TiB, film on hard
metal could be deposited from BCL(BBr3)+TiCl, gas mixtures over a range of
temperatures from 700-1100°C. The reaction between the substrate and the coating
results in the formation of the compounds TiB and Ti;B;. The same author next
concentrated on improving the wear-protective potentiality of TiB, using CVD
techniques by producing TiC/TiB, and TiN/TiB, coatings of 4-8um thickness. The TiC
or TiN layer acted as a diffusion barrier between the substrate and the TiB, outer layer.
As a result, the lifetime of hard metal tools coated with TiC/TiB, was improved from one
and a half to twice that of a tool with a single layer of TiC. This is because of the much
higher hardness and chemical stability of TiB, compared with TiC, both at room
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temperature and at a working temperature of 1100°C (6GPa for TiB, and 2GPa for TiC).
The TiB, composition in the range of 900-1100°C was close to stoichiometric. In the
carbide/substrate interface a transition layer was formed of m-phase (CosWsC) 2pum
thick. The TiB, was found to adhere better to TiC than to TiN. The texture of the TiB,
layer was found to be independent of the texture in the intermediate layer. The resultant
stress, by X-ray diffraction was found to be compressive with a value range from -250 to
-370MPa for deposition temperatures between 750 to 1100°C for TiC/TiB; coatings and
range from -270 to -360MPa for deposition temperatures between 800 to 1000°C for
TiN/TiB; coatings.

Elders et al *! in 1991 produced TiB, films by laser-induced CVD (LCVD) and
reported the hardness of the TiB, films to be higher than 29.4GPa (3000Kg.mm™ for
HVyzs)

From the above, one can conclude that not only single layers but also multilayer
coatings like TiC/TiB, can be deposited by CVD techniques and enhanced CVD
processes ~>*. The CVD processes have a major drawback when compared to PVD
processes; they need to be processed at high temperatures because the chemical reaction
occurs at a high temperature of about 927°C (1200K) and they use toxic gases *2.

J.-E. Sundgren et al, in a review published in 1986 ° state that the hardness of
TiB, films grown either by CVD or PVD increased with temperature up to a maximum
value and then approached the bulk value of 33GPa (3370Kg.mm™>). He also reported
that films deposited by CVD seem to be somewhat harder than those deposited by PVD.
Nowadays, it may not be wise to draw the same conclusion, as will be evident from the
literature review on PVD deposited coatings.

2. Evaporation Techniques

Some attempts have been made to produce TiB, films by electron-beam or ion-
beam enhanced evaporation processes. Electron beam and ion-beam evaporation sources
are used instead of direct resistance and radiation, owing to the high melting temperature
of the borides.

R. F. Bunshah et al in 1978 * reported that they were able to produce
microcrystalline TiB, films at 600°C by activated reactive evaporation using an electron-
beam source (ARE) from compact billets. The structure and composition of the films
were observed to be dependent on the deposition rate. Increasing the temperature up to
1300°C the X-ray peaks became sharper and the films exhibited preferential orientation
(001) for deposition rates of 0.2um/min. At this rate the hardness increases with the
deposition temperature (600-1150°C) from 24 to 29.4GPa (2445 to 3000HV). At a
higher deposition rate of 6.3pum/min the film becomes boron deficient, especially at high
temperature and at these high temperatures the films developed a fibrous morphology.
The hardness varies from 12.5 to 32.2GPa (1275 to 3285HV) for temperatures in the
range from 690°C to 1300°C. In conclusion, the deposition temperature had a strong
influence on structure, preferred orientation, composition and cross-section
microhardness over deposition rate. The same authors have studied the synthesis of
mixed compounds using electron beam evaporation from multiple sources, producing
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coatings such as 50TiC-50TiB, and 90(TiC-TiB,)-10Co. The TiC-TiB, coatings
developed a strong preferred orientation of (220) for TiC, which may explain the
hardness value of 33GPa (3365HV) at 1040°C. The TiC-TiB,-Co coatings showed two
layer structures. Near the substrate the structure was smooth and recrystallized, while at
the top layer it became smooth and fine. The preferential orientation was (111) for TiC
with maximum hardness of 25.5GPa (2600HV) at 1090°C.

In 1981 C. Feldman et al *, reported that evaporated TiB, films show values of
resistivity lower than 30uQcm after heating. Two layers of B/Ti onto AlL,O; were
deposited by ion beam evaporation at T=500°C. The sputter ion beam used 10KeV Ar’
ions at 5.3x10° Pa (4x107Torr) pressure. A post heating of the films produces
crystalline TiB,. B/Ti films have excess boron following deposition when they form
stoichiometric TiB, films during a post heating treatment.

S. N. Basu et al in 1990 *' reported the production of TiBy/Cu multilayer
coatings on silicon by electron beam evaporation. The 24 layers of TiB,/Cu were
deposited at room temperature for a total thickness of 200nm starting with TiB,. The
substrate was previously coated with two layers: SiO; (250nm thick) and Ti (10nm thick)
on top. This coating seems to fulfil the criteria of a large difference in the shear modulus,
hence ensuring composite strength. No interfacial mixing was found due to the positive
free energy change for any interfacial reaction in this layered system. The composite
proved to be extremely stable against radiation damage and was suggested as an ideal
candidate for high stability Kohler strengthening.

K. M. Hubbarad et al ** undertook a similar project, conducting an investigation
into hardness and tribological properties of Cu/TiB, multilayer coatings on steel with an
intermediate layer of Ti. The system provides a combination of a high-strength but brittle
ceramic, with a ductile metal for enhanced fracture toughness. Furthermore,
thermodynamic analyses of Cu-Ti-B systems suggest that the formation of Ti-Cu
compounds at the interfaces is negligible. This implies stability of the composite against
ageing and thermal-induced interdiffusion. The films were deposited at T+200°C by
electron-beam evaporation with 12 pairs of TiB,/Cu layers. The Cu layer thickness was
about 10% less than those of TiB, layers. The films were irradiated by 400KeV Ne ions
to doses of 1.0, 6.0 and 12x10"ion/cm’, which resulted in an increased hardness and
stability against radiation damage. X-ray diffraction analyses show that the Cu films were
polycrystalline with a strong preferred orientation <111> while the TiB, was amorphous.
The Cu/TiB; interfaces were found to be sharp without mixing, indicating that the
stability against radiation damage is also good. However, significant ion-mixing was
observed at the TiBy/Ti interface. The hardness of the coating increased from 14 to
16.5GPa with the radiation damage. This may be due to the coalescence of point defects
in the structure and dislocation mobility in the Cu layer. The composite has a hardness
18% greater than that predicted by the law of mixtures applied to the reference standard.
However, the wear properties of the film were found to be poor because of the lack of
adhesion at or near the substrate/coating interface. Thus, failure occurred at the
substrate/multilayer interface and not in the Cu/TiB; layers.

In 1996, Yunjie Yang et al ** reported the production of TiB, films and
TiB,/TiN or TiN/TiB, double-layer coatings, of 1um thickness, by ion-beam-enhanced
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deposition at ambient temperature. The coating design associates hard TiB, and
relatively tough TiN to improve wear resistance. TiB, films were deposited from a
sintered TiB, source by electron beam evaporation and xenon gas as ion bombardment.
The evaporation rate was 0.6nm/sec and the ion-beam current density was 32pAcm™.
The ion energy was varied from 25KeV to 85KeV. The sub-layer thickness of the
double-layer coating was 0.5um. The AES analyses show an overstoichiometric TiB,
film (B/Ti=2.1) and a uniform composition through the thickness. The HRTEM analyses
demonstrated that the TiB, film microstructure is mainly composed of TiB, hexagonal
nanocrystallites with an average size of several nanometers, except that the part close to
the substrate is also amorphous. The TiB, structure without ion bombardment is
amorphous. Increasing the ion energy of bombardment increases the hardness of TiB,
film measured by nanoindentation up to a value of 39GPa for 85KeV Xenon ion
bombardment. The corresponding elastic modulus was 230GPa. The high hardness may
be due to the nano-crystallites formed in the coating. The tribological properties of the
TiB, films were also improved with ion bombardment. The properties of both double-
layer TiB,/TiN and TiN/TiB, films do not exhibit significant differences from the single-
layer TiB, films. Both, however, show an improved tribological behaviour (wear,
adhesion) compared with the TiB, single-layer film.

As stated earlier in this section, low erosion yield and impurity release yield are
required for plasma-facing material and coatings for some parts of a Tokamak fusion
reactor. TiB, coating has been investigated by T. Nenadovic et al for this propose. They
reported in 1996 *°, that the sputtering yield of crystalline TiB, coatings depends on the
state of the surface (porosity and roughness), when bombarded with Ar" ions and a laser
beam. Moreover, the sputtering yield values for TiB, were found to be lower than those
for Ti. These values for TiB, are higher than those reported in earlier studies by M.
Kaminsky et al. These TiB, coatings were prepared by electron-beam evaporation from
TiB, billets at temperatures up to 3500°C. The film thickness ranged from 40nm to 1pum.
The Ar’ ion energy for sputtering yield ranged from 3 to 12KeV and the bombardment
dose from 3.6x10"7-1.3x10" ions/cm?.

3. Sputtering Technique

The sputtering process has been the main PVD technique to produce TiB; films
with controlled composition and structure at temperatures slightly lower than CVD
processes ¥, i.e. at about 600°C (870K).

K. R. Padmanabhan & G. Serensen *’) in 1981 reported that heavy ion
bombardment with an inert gas may improve the mechanical properties of TiB, films, but
with some formation of blisters and flaking. Films of TiB, on stainless steel and silicon
were deposited by RF sputtering at S00WRF in an argon (2.5x10”mbar) and Ar-BFs
mixture (2x10°mbar BF; partial pressure). After deposition the films were implanted
with B" and Kr" ions at 600KeV. The RBS spectrum has shown that TiB, films sputtered
in argon have a ratio of Ti/B=0.66, whereas the reactively sputtered films showed a ratio
of Ti/B=0.5 but because of fluorine contamination these films deteriorated after
production. The stoichiometry of non-reactive sputtered films could be adjusted by ion
implantation of boron. The hardness and adhesion of as-deposited films were improved
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by Kr' ion implantation, with some films forming blisters. The hardness was found to be
about 40-60% higher, depending on the Kr" dose. For excessive blister formation no
improvement was observed in adhesion and mechanical properties for these implanted
coatings.

J. G. Ryan et al *® in 1987 reported that titanium boride thin films of different
composition could be prepared by magnetron sputtering for use as a potential diffusion
barrier and as a boron diffusion source. TiB; films were prepared by DC magnetron
sputtering from a TiB, target. Films with B/Ti ratio between 2-1 were also prepared by
co-sputtering from Ti and B targets in RF mode. TiB,; films did not react with the
silicon substrate during annealing up to 1092°C but TiB films reacted with silicon at
(103nm) films when annealed above 1000°C. The resistivity and film stress exhibited by
TiB, thin films are comparable to those for refractory metal silicides, with values of
130uQcm and 1.0GPa (1.0x10°Nm™) respectively.

T. Shikama et at *°, in 1988 reported the deposition of Ti..B; films onto
Molybdenum by co-sputtering from a Ti target with boron particles. The films were
prepared by RF magnetron sputtering with 1000WRF power and 0.5Pa argon pressure.
During deposition the target temperature reached 1027°C (1300K) and the coating
temperature was 597°C (870K). The film thickness was about 6um. Various bias
voltages were applied to the substrate range from 0 to -230V. The TiB, films have a
strong preferred crystalline orientation (001) with almost the same chemical bonding as
sintered TiB, and a hardness around 29.4GPa (3000Kg.mm™). The TiB, films deposited
without an applied negative bias voltage have a poorly crystallised structure.

H-O. Blom et al * in 1989, observed that the TiB, layer acts as a diffusion
barrier between silicon and aluminium up to 600°C. TiB, films with different
compositions were deposited by reactive RF sputtering of a Ti target in a mixture of 6%
diborane (B,Hs) in a total argon pressure of 1.3Pa (10mTorr). The resistivity is shown to
vary linearly with the boron content in the as-deposited films. After annealing at 900°C
the lowest resistivity of 270uQcm is obtained for the stoichiometric TiB,.

E. Matsubara et al ** in 1990 reported that crystalline TiB, films were formed
on silicon deposited by magnetron co-sputtering from Ti and B targets in DC and RF
mode respectively. The argon pressure was 0.69Pa and the film thickness was about
1.1um. The grazing incident X-ray diffraction method showed that the coordination
number and atomic distance were coincident with those of the crystalline TiB,.

R. Lohmann et al >, in 1991 reported that chemical composition and structure
of the TiB, films on steel deposited by RF magnetron sputtering depends upon the bias
voltage. The substrates were initially coated with a Ti film about 0.5um thick to improve
the adhesion. The TiB; film thickness was about 4um. The bias voltage was varied from
0 to -50V in steps of 10V and the sputtering power was held at 7S0WRF at an argon
pressure of 0.5Pa. The AES analyses showed that the B/Ti ratio of the film rises with
higher bias voltage up to a value of 2.8. This may be due to the boron being deposited in
interstitial sites or at grain boundaries However, the chemical composition is
homogeneous with depth in the film. The morphology of the films depends on the bias
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voltage and is a result of the preferred direction of crystal growth. The structure varies
from a dense fibrous-like structure at low bias voltage to a very dense columnar structure
at high bias voltage. The highest crystal size was found for -20V bias voltage based on
the width of XRD peaks.

G. Sade & J. Pelleg *%, in 1995 reported that amorphous TiB, films were found
to be a good diffusion barrier against Cu penetration up to 680°C when deposited with
RF bias. These TiB; films on silicon and alumina were deposited by magnetron co-
sputtering from Ti and B targets in 0.5Pa Ar pressure with 70WDC for Ti and 320WRF
for B targets. TiB, film thickness was in the range of 250-500nm. The substrate RF bias
of about 15W was used, which gives about -200V self-bias voltage. A 100nm layer of Cu
was sputtered on top of the TiB, film and then annealed at 680°C. The as-deposited
amorphous film has a high resistivity of 500uQcm but after annealing decreases to
50uQcm, while the structure remains amorphous. The amorphous boride films are stable
up to 890°C. The crystallisation temperature can be decreased by RF bias application and
microscrystalline TiB, films can be formed as low as 400°C. The as-deposited TiB, film
that was heated in-situ at 400°C with an 15WRF bias showed crystalline TiB;o, with
strong preferred (001) orientation. The grain size of this film as-deposited was about
10nm and Ti 2p peaks were observed. After annealing at 1080°C the TiB, grain size had
risen to 80nm. TiSi, can also be formed during annealing at low temperatures (>765°C)
as a result of the reaction of TiB, containing free Ti with the silicon substrate. This layer
might be helpful as a barrier between the boride and the silicon. AES and SEM analyses
revealed that Cu penetration into amorphous titanium boride is greater in the unbiased
film. This may be associated with a non-uniform resputtering from the substrate due to
the bias voltage. The bias also makes the growing film more dense and non-porous.

J. Chen & J. A. Barnard *, in 1995 reported that the microstructure of TiB,
films depends on the film thickness. Thin hexagonal TiB, films on oxidised silicon were
deposited using DC magnetron sputtering. The sputtering condition was fixed at 400W
power and 0.6Pa (SmTorr) argon. The TiB, thickness ranged from 20 to 500nm. Films
less than 100nm have randomly oriented fine grains, whereas films with more than
100nm grain size start to develop a (001) texture. The textured crystallite alignment
improves when the thickness of films increases. The grain size of the film increases with
increasing film thickness. For 35nm thick films, small spherical grains are observed with a
size of about 5nm, while 130nm thick films show a grain size of about 50nm. The
residual stresses in all films are compressive and increase slightly with increasing film
thickness. After 400°C annealing the film stress shifts toward the tensile direction, mainly
with the thinner films. This may be attributed to the elimination of structural defects, for
example vacancies. Reduction in the density of defects allows a clearer grain growth in
thinner films.

C. Mitterer et al '®, in 1990 reported the production of ultrahard TiB, based
coatings with hardness greater than 39.2GPa (4000HV). The coatings were produced by
reactive and non-reactive DC magnetron sputtering with power density of 7Wem™. In
previous work ** the RF sputtering did not show such high hardness values. The coatings
were deposited onto Mo, Nb and cermet carbide. The substrates were either grounded or
biased up to -1500V. The bias voltage during deposition was held at a constant DC
potential. The reactive gas was nitrogen and propane. Non-reactive sputtering results in
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very fine-columned films attributed to the T zone of the Thornton diagram with (001)
orientation TiB, phase and B/Ti=2.8. For reactive sputtering in Ar-N, gas mixtures, an
hexagonal TiB,N, phase appears at low N, flow. An increase in N, flow results in the
formation of a phase based on TiN. Reactive deposition in Ar-C;Hg leads to the
existence of mixed-phase structure with phase based on TiB, and TiC. Coatings
deposited reactively in Ar-N,-C;Hg exhibit very fine-grained to amorphous with
multiphase structure consisting of phases based on TiB,, TiC and TiN. The hardness of
the coatings (HVo0s) on cermet carbide substrate with 3-5um thickness shows the
following values: Ti-B film 51GPa (5200HV); Ti-B-N films 56.7GPa (5800HV); Ti-B-C
films 43.2GPa (4400HV); Ti-B-C-N films 50GPa (5100HV). These high values can be
explained in part due to structural disorder, intrinsic stresses in the film and formation of
mixed phase structure consisting of compounds based on TiB,, TiN, TiC. The increasing
bias voltage enhances the hardness of Ti-B-N much more than that of Ti-B films alone.
The stresses were found to be compressive, with values up to 4GPa. The results of
scratch tests indicate good adherence onto cermet carbide and the measured values for
the critical load lay in the range of 50-90N depending of the thickness.

Herr et al *') in 1991 reported the highest hardness for TiB, films by RF
sputtering to be 39.2GPa (4000Kg.mm™). However, only one data point above 29.4GPa
(3000Kg.mm™) was presented for Ti(B,N) coatings.

T. Friesen et al (55), in 1991 produced ultrahard multilayer coatings with
hardness values up to 58.8GPa (6000HV). The concentration of Ti, B, N was reported in
the ratio of (T1i):(B):(N)=1:0.5:0.4 for Ti=10nm thick and BN=4nm thick. Moreover, a
mixture of two solid solutions of Ti(BxNx) and TiN..By was reported. The multilayer
coatings of Ti/BN were prepared by reactive or non-reactive magnetron sputtering from
a Ti target between 50-300WDC and h-BN target at IKWRF. The argon pressure was
held at 0.5Pa (5x10°mbar). The film thickness was between 1-3um. The as-deposited
films display hardness values between 2-4GPa (200-400HV). However, after annealing
at 400°C for 10h they became very hard (3200HV) and roughly stress free (-0.4GPa up
to 0.26GPa). The hardening mechanism was found to be due an interdiffusion at the
Ti/BN interfaces and so to phase transformation. The hardness also depends on the
thickness ratio of the Ti/BN layer with the maximum at 1.7. Applying bias voltage of
50V during sputtering, the multilayer coatings reached values of hardness of 58.8GPa
(6000HYV). The films show good adhesion and the scratch tests reveal a critical load of
40N for coatings Ti=8nm thick and BN=4nm thick onto steel.

H. Deng et al *!, in 1995 reported that a small N, content added to the TiB,
films exhibited a crystallised microstructure similar to the pure TiB, film and improved
the mechanical and tribological properties. The TiB, and TiB,(N) films with small N,
content may have potential applications as protective coatings in the magnetic recording
industry. The TiB»(N) and TiB; films on oxidised silicon were prepared by reactive and
non-reactive DC magnetron sputtering in a nitrogen atmosphere. The films were
deposited at a fixed power of 400W and a deposition pressure of 0.6Pa (SmTorr) with
seven levels of nitrogen flow rates: 0, 5,15, 30, 45, 60 and 80sccm. The thickness of
these films was about 550nm. Grazing angle X-ray diffraction and TEM analyses indicate
two groups of very different microstructures. The pure TiB, and TiB(N) films with
small N, content exhibit on (001) textured well-crystallised microstructure, while more
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N; results in a TiB,(N) amorphous microstructure. When the N, flow rate increases from
0 to 5 sccm (standard cubic centimetres per minute), both the hardness and Young’s
modulus of the film are significantly improved. Nanoindentation hardness is increased
from about 34 to 40GPa and Young’s modulus changes from 280 to 390GPa. However,
further increases in N, resulted in a sharp decrease in these properties. The tribological
properties follow the same path. A solid solution strengthening mechanism, believed to
be nitrogen solution in TiB,, may be the explanation for these improvements at low
nitrogen flow rates.

As far as I am aware, H. Holleck et al have done research into ceramic hard
coatings for improving wear resistance, since 1985 >’. They suggested that the toughness
of the TiC/TiB, coating is influenced by the number and constitution of phase
boundaries. In this work, multilayer coatings were deposited by RF magnetron sputtering
from the TiC and TiB, target alternatively. The deposition conditions are: turning speed
up to 1.6rpm, 650WRF power for TiB, target and SOOWRF for TiC target, cathode
diameter of 15cm, deposition time between 7-15h and 1.2Pa (1.2x10”mbar) argon
pressure. A single layer thickness of 4nm leads to about 10° TiC/TiB, phase layers for a
coating thickness of 4um. These have been deposited onto steel and hard metal
substrates. They reported the wear of the composite to be about half that of the single-
layer coatings due to the improvement in adherence and toughness of the multilayer
coatings. The Ti close-packed planes in the TiB, and TiC structures form partly coherent
phase boundaries which give the explanation for high toughness of the composite. The
adherence as evaluated by a scratch test resulted in critical loads of 10N for the TiC
layer, 20N for the TiB, layer and 38N for the TiC/TiB, layer.

Later in 1987, H. Holleck & H. Schulz ¥, concluded that TiC/TiN, TiB,/TiN,
and TiC/TiB; coatings of S5pm thickness exhibit the optimum properties and performance
with 100-250 layers. Sequential sputtering was used to fabricate multilayer coatings on
hard metal with composition wavelength (A) of 5, 50, 125, 250, and 500nm. The single
layer thickness varied from 500nm (10 layers) to 5nm (1000 layers). An increase in the
width of the interface was observed from the TiN/TiB; interface, (about 0.6-1nm), the
TiC/TiB, interfaces (about 2nm) to TiC/TiN interface (about 3nm). For A=250 and 500
the structure of the single layers was strongly influenced by the preceding layer, so that
as the number of layers increased, an increasing lattice distortion was observed.

The same authors °’, later in 1988, reported an investigation focussed on
mechanical and tribological properties. The sequential magnetron sputtering coatings
onto cermeted carbides were deposited at 0.2Pa argon pressure, 1000WDC power, the
cathode diameter of 150mm and the same composition wavelength as before. The
hardness of the sequential coatings was influenced by the amount of phase boundaries.
The peak of hardness for TiC/TiB, with 250 layers is around 31.9GPa (3250HV); for
TiC/TiN with 100 layers it is around 27.5GPa (2850HV) and for TiBy/TiN with 500
layers it is around 27.4GPa (2800HV). Cutting tests with TiC/TiB, coated inserts were
produced under continuous and interrupted cutting of low carbon steel. The coating with
100 phase boundaries shows the lowest flank wear, which is about four times less than
TiB, and half the TiC coating. This can be explained by the optimised toughness of the
coating, by introducing a large number of phase boundaries. The crack resistance of the
coating is due to the dissipation of crack energy and crack deflection at the phase
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boundaries. Another factor is the different composition of the phase transition in these
sequential coatings, reflected in the microstructure of the coating.

Keeping to the same system, G. Hilz & H. Holleck *®, in 1991, reported that in
contrast to former investigations with AES, TEM showed no clear evidence for
interfacial zones between TiC and TiB, in multilayer coatings. However, TEM
examinations of single-layer TiB, coating indicate a change of texture and grain size with
distance from the substrate/coating interface. In multilayer coating a similar change of
texture can be found and could be the reason for the change in properties and X-ray
diffraction peaks as a function of the amount of phase transformed. This time, the TiC
and TiB, single-layer and TiC/TiB, multilayer coatings onto cermeted carbide inserts
including 10, 100, 1000 individual layers with a total thickness of S5um were prepared by
magnetron sputtering, at an argon pressure of 1Pa and S00WDC power.

Later in 1996 the same authors * added SiC and B,C to the other systems.
They reported that the maximum values of hardness for the following systems are:
TiC/TiB, with 10 layers 36.1GPa (3685HV); SiC/TiC with 100 layers 37.7GPa
(3842HV); SiC/TiB, with 10 layers 37.6GPa (3831HV);, B,C/TiB, with 100 layers
39.9GPa (4071HV), B,4C/SiC with 10 layers 35.6GPa (3627HV). All the systems were
prepared by magnetron sputtering for a total thickness of Sum. The constitution of single
layers in SiC/TiC, SiC/TiB,, B4C/TiB, and B,C/SiC multilayer coatings fits the
microstructure of single phase coatings of the same thickness. However, for the
TiC/TiB; coating the texture of the individual layers is influenced by the texture of the
previous layer, as they had concluded in previous research. The occurrence of mixing
zones between the layers depends on the materials, and the crystallinity of the previous
layer.

As far as I know, research into the Ni+TiB, system commenced in 1987 when
R. H. Parrish et al *° reported deposition of 10%Ni+TiB, films on Ti-6Al-4V and Inconel
718 by sputtering, for film thickness of 25um. The effects of the surface preparation
parameters were reflected in the morphology of the film. Substrates prepared by liquid
vapour honing with 1250 grit AL,O; particles developed a finer nodule size compared to
that of a 180 grit bast and the hardness was 20% greater.

Using the same system, J. J. Wert & S. J. Oppliger >>* in 1992, reported that
Ni+TiB, coatings may protect Ti-6Al-4V and Inconel 718 from an erosion environment.
However, the growth morphology of these coatings is dependent on the substrate
preparation. The coatings were produced by DC magnetron sputtering and were 30um
thick. The substrate was prepared by two methods: liquid vapour honed and grit bast.
Liquid vapour honed substrates produced coatings having a zone T-type growth
morphology (dense close-packed array of nodules with poorly defined boundaries),
whereas grit-blasted substrate produced coatings with a zone 1-type (tapered nodules
having domed tops separated by boundaries containing voids). The nodule diameter was
also found to be dependent on the substrate preparation. Coatings deposited on Inconel
718 tend to be more adherent and more effective as an erosion barrier than coatings
deposited on Ti-6Al-4V, due to the differences in the coefficient of thermal expansion of
the two substrate materials. Coating properties like: hardness and elastic modulus were
found to be independent of the substrate material. For the same sputtering deposition and
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substrate parameters the addition of 10%Ni+TiB, reduced the erosion resistance of the
coating. The TiB, coating is appreciably softer 24.2GPa (24.2GNmm™) and has a lower
elastic modulus 264GPa (264GNmm™) than 10%Ni+TiB, coating that has hardness of
43.9GPa (43.9GNmm™) and elastic modulus of 365GPa (365GNmm™). Replacing some
of the TiB, with 10%WC (10%Ni+10%WC+TiB,) significantly increased both the
hardness and elastic modulus.

D. L. Chambers et al ®, in 1991, reported that TiC+Ni and TiB,+Ni coatings
with Ni and Ti interfacial layers could be a potential coating for erosion resistance. The
films were deposited on carbon steel substrate by DC magnetron sputtering at 0.4Pa
argon pressure. The Ti coatings were deposited at a power density of 4.1W/cm® and the
others at 7.2W/cm’. The substrates were sputter etched before deposition at a power of
130W and 3.3Pa argon pressure. The substrate temperature during deposition was about
135°C. The thickness of the coating range from 2.5 to 12.0um and the intermediate layer
from 2.5 to 9um. The ratio of the TJ/Ty for TiB,, TiC, Ti and Ni coatings deposited
ranges from 0.12 to 0.24 siting these structures in the T region where they should have a
dense fibrous structure in which high levels of intrinsic stress can form. The TiC+Ni and
TiB,+Ni coatings were in a state of compressive stress. When interfacial layers are
included in the coating, the intrinsic stress in Ni interface coating assumes a positive
value and a negative value when the Ti layer is added. The addition of an Ni interfacial
coating improved the erosion resistance of the TiB, coatings and a further improvement
was observed with a second interlayer (Ti) on top the Ni interlayer. The erosion
resistance of the TiC coating was identical to TiB, coating with a Ni interlayer.
However, when the Ti interlayer was added, the erosion resistance decreased
significantly. The TiB, and TiC coatings with 5%Ni binder had a lower erosion rate than
those with 10%Ni binder.

Following this last work, K. A. Taylar & A. J. Emrick %, in 1992, proposed
improving erosion resistance of the polymer matrix composite (graphite fiber) with high
thermal and mechanical stability for the aerospace industry, by depositing a TiB,+Ni
coating with a Cr interface layer to improve adhesion. The films of TiB,+10Ni were
prepared by DC magnetron sputtering from Cr and TiB,+Ni targets at a power density of
3.7W/cm” and 6.8 or 9.3W/cm’ respectively and argon pressure of 0.5Pa. The maximum
substrate temperature was 260°C. The coating thickness was about 25.4um and the Cr
layer ranged from 5.1 to 12.7um. The substrate surface was grit blasted. The TiB,+Ni
developed a structure of large tapered domelike crystals that are prone to catastrophic
failure by brittle fracture. It was concluded that substrate surface roughness must be
minimised for an effective erosion resistant coating to be achieved.

R. A. Andrievskii, in a review published in 1997 *?*, suggested that the mode of
deposition process has a strong influence on the hardness, composition and structure of
TiB; coatings such as: substrate temperature, bias voltage, annealing temperature, as
illustrated in table 1.5. The superstoichiometry of the TiB, phase has been attributed to
the mobility and collision reactions of the boron and metal atoms leading to vacancies in
the metallic sublattice.
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Phase Deposition Process Film Thickness Substrate Hardness

(um) (GPa)
TiB, D.C. Magnetron Sputtering 5.0 WC/Co 34.0
TiB ; (amorphous) D.C. Magnetron Sputtering 5.0 WC/Co 23.5
TiB.,3 D.C. Magnetron Sputtering 4.1 WC/Co 51.0
TiB., R.F. Magnetron Sputtering 5.0 _ Cr steel 37.2
TiB. 0 D.C. Magnetron Sputtering 8.0 HSS 62.5
TiB,» Dynamic ion mixing 1.0 WC/Co 27.5

Table 1.5. TiB, hardness in function of modes of sputtering process.

4. lon Plating Technigues

The Dynamic Ion Mixing (DIM) method has been recently developed for
depositing adherent TiB, coatings of nanocrystalline structure at low temperature. This
technique consists of depositing and bombardment by a heavy ion beam of higher energy
(100-300KeV) simultaneously. The DIM method can be used either with electron beam
co-evaporaton of Ti and B with ion mixing (EBDIM) or sputtering of the TiB, target
with ion mixing (SPDIM) or co-sputtering of the TiB,+B target with ion mixing 12,63,6465

J. P. Riviere et at ®, in 1991 reported a lum thick TiB, film, at room
temperature, by using EBDIM and SPDIM techniques, using high energy heavy ions of
100KeV Ar" and 320KeV Ar’ or 320KeV Xe" respectively. The substrate was steel or
silicon. The SIMS analyses showed uniform composition of Ti and B throughout the
film. The electron probe X-ray microanalysis gave a ratio B/Ti=2 for EBDIM films with
hardness of 27.9GPa (2840HV) and about 1.5 for SPDIM with a hardness range of 21.5-
22.5GPa (2190-2290HYV).

The structure of TiB, films produced by electron-beam evaporation without ion
mixing is amorphous up to 1170K, and by sputtering without ion mixing is not
completely amorphous with hardness of 1600HV. A hexagonal nanocrystalline structure
is formed by EBDIM ® and SPDIM *. A critical damage level of about ldpa
(displacement per atom), is necessary to induce crystallisation. When an efficient
interface mixing was achieved, the result was an improvement in the steel substrate
~adhesion. — — ~ — — — - - -

A few years later (1995) P. Chartier and J. P. Riviere et at ** reported that TiB,
films deposited by EBDIM had been analysed by CEEXAPS (Conversion electron
extended X-ray adsorption fine structure), concluding that fine crystalline grains (4-6nm)
are formed from stoichiometric TiB, and that the excess Ti atoms are located in the
intergranular regions of the disordered structure.

To overcome the lack of substoichoimetry of TiB, films deposited by SPDIM,
J.P. Riviere et at ®, in 1996, reported stoichiometric TiB, films at room temperature by
SPDIM using a TiB, target enriched with boron. The TEM and XPS support the
formation of TiB, polycrystalline phases with bonding energy of B1s typical of the TiB,
hexagonal structure.
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OTHER DIBORIDE COATINGS

1. ZIRCONIUM DIBORIDE (ZrB;) COATINGS

Evaporation of ZrB, directly from compacted billets resulted in crystalline films
at T=600°C. At lower deposition rates (=0.11pum/min) the cross-section hardness
reached a maximum value of 29.9GPa (3050Kg.mm™) at T,=850°C and the structure
showed preferential orientation of (100) planes. For high deposition rates (=2.14pum/min)
the hardness decreased with increasing temperature from 27.6GPa (2815Kg.mm™) at
670°C to 12.3GPa (1255Kg.mm™) at 1300°C. At this deposition rate the structure
showed a preferential orientation of (001), with ZrB and B present, at the lower
temperature and changed to (100) above 1180°C. The coating morphology changes from
domed to columnar as the deposition temperature increases °.

For films deposited by CVD the hardness values are very close to the bulk
material of 22.6GPa (2300Kg.mm?) >*.

The electrical resistivity for ZrB., films deposited by RF magnetron sputtering
at room temperature was reported 250uQcm and 75uQcm after annealing. The hardness
of Z1B, films onto stainless steel by DC magnetron sputtering with Sum thickness was
reported to be 21.6GPa >,

2. TANTALUM DIBORIDE (TaB,) COATINGS:

TaB, coatings have been deposited by CVD processes. The grain size at 500°C
is about 5nm, whereas at 700°C is about 10nm. The hardness is from 21.6 to 26.5GPa
(2200 to 2700Kg.mm?) at T>600°C. The bulk material value is 24.5GPa
(2500Kg.mm?) °,

3. HAFENIUM DIBORIDE (HfB;) COATINGS:

The electrical resistivity for HfB, films by RF co-sputtering of B and Hf was
reported to be about 370puQcm at room temperature. Changing the x values from 1 to 5
was shown to increase the film resistivity by less than a factor of 2. However, an increase

in the oxygen impurity content from 0.3% to 0.6% was found to increase the resistivity =~

value by an order of magnitude **.
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1.3. THIN FILM TECHNOLOGY: DEPOSITION PROCESSES

LAYOUT
U
Why Thin Films Have Industrial Interest?
U
Definition of Overlayer and Diffusion Coatings
U
Classification of Deposition Processes
U

Selection of Deposition Processes

U

Advantages of PVD & CVD Processes

Developments in surface engineering products have been a continuing challenge
to achieve increased performance, reduced costs and control of surface properties
independently of the substrate. R. F. Bunshah ®, in 1994 reported that Japan was
spending $100 to $150 million on R&D in diamond and diamond-like carbon coatings. It
was estimated that more than $10 million was spent in the U.S. in thermal barrier
coatings for high temperature on turbine blades. Likewise, wear resistant coatings for
discs and heads has pulled in more than $10 million in R&D spending throughout the
world.

From the available information, it is apparent that the surface engineering area
will continue to expand in industrial and academic fields for many decades ahead offering
the possibility of research and development in the following areas **:

¢ Creation of new products

4 Solutions to previous engineering problems

¢ Improved product functionality

¢ Development of manufacturing techniques

¢ Conservation of scarce materials — — - S .

¢ Improvements in ecological matters: reduction in effluent output and power
consumption

The benefits of combining two or more of the following properties: high
temperature strength, impact strength, specific optical, electrical or magnetic properties,
wear resistance, ability to be fabricated into complex shapes, biocompatibility and cost
have been recognised for some time. Hence, attempts to deposit a thin layer or layers, of
a second material (coating), applied to the component surface have been a continuing
challenge in order to achieve the required properties to fulfil the specifications. So, thin
film technology is a key point in many areas of industry. For example, a composite
material with high surface hardness and a tough core should be ideal for many
engineering components. Similarly, high temperature strength provided by the bulk
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material and corrosion resistance coming from the coating is a combination suitable for
hot stage blades and vanes in a gas turbine.

There are two main ways of depositing films. These can be classified as overlay
coatings and diffusion coatings °***® Surface modification is also possible by ion
implantation. In this case, the surface layer consists of a new material made from both
the parent and added material.

Diffusion coatings are produced by depositing a material that alters the
composition of the surface region by interdiffusion into the interface. Therefore, the
coating forms an integral part of the component. There is also a concentration gradient
(various layers) from the surface to the interior of the coating which is dictated by the
thermodynamic and kinetic basis of the coating process.

An overlay coating is an add-on to the surface of the substrate by processes
such as PVD or CVD. Depending on the process parameters, an interdiffusion layer may
or may not be formed. The advantages of overlay coatings, over diffusion coatings
including: wide range of deposited compositions, design flexibility, wide range of coating
thicknesses. However, the limitations are preferential attack down defects, poor
adhesion, if substrate is badly prepared, and increased cost.

A standard definition of thickness of thin film is lacking. However, a thickness
of 1um is often accepted as the boundary between thin and thick films. Recently, it has
been suggested that a film can be considered thin or thick depending on whether it
exhibits surface-like or bulk-like properties *.

On balance, coatings are helpful for a variety of reasons, including economics,
material conservation, unique properties or design flexibility that can be obtained by
separating the surface properties from the bulk properties.

A standard classification of deposition processes has been difficult to achieve
because there are a very large number of techniques. On the other hand, depending on
the viewpoint, various processes could overlap different categories. P. Furnival %
grouped the coatings processes as illustrated in figure 1.14, which has been modified to
include ion beam assisted deposition (IBAD) as ion implantation is not a cooling process.

| Coating Processes |

| T | A

Hf)t Welding - Chemical Physical\‘lflpour Ion Beam Assisted
o (Blectoless) Depostion Deposition (IBAD)
(PVD)
Spraying Electrochemical Ch%n;pcggigggour Mechanical
Plating
(CVD)

Figure 1.14. Classification of Deposition Processes.
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vacuum deposition techniques as outlined in figure 1.15.

A different classification for CVD and PVD variants recently developed is

VACUUM DEPOSITION

Chemical Vacuum Deposition (CVD)

Physical Vacuum Deposition (PVD)

Evaporation Sputtering
High Inert Reactive

Vacuum Gas

Ion Plating Bias Sputtering

Thermal Growth Polymerisation
Plasma Assisted Plasma Induced
Thermal Growth Polymerisation

Figure 1.15. Classification of PVD and CVD Processes °*™

shown in figure 1.16.

Soft Vacuum
Source of | prioh Vavuum (107 10" mbar) 3
Deposition 4 7 Deposition Process
Species (107 -10" mbar) Plasma Bias
(RFor DC) | (self ornegative)
No No Reactive Evaporation
Thermal [*Evaporation Yes No Activated Reactive Evaporation (ARE)
Energy  |*Ion Plating Yes Yes Reactive Ion Plating
Biased Activated Reactive Evaporation (BARE)
Y N Reactive Sputteri
Momentum |*Sputtering = 2 ea =P fmﬂg
Transfer  |*Ion Beam Biased Sputtering
Yes Yes Sputter Ion Plating (SIP)
No No CVD
Vapour/ |, . .
Gas phase CVD Yes Yes Chemical Ion Plating (CIP)
Yes No Plasma Assisted CVD

Figure 1.16. Classification of Vacuum Deposition Processes.

The formation of a deposit, from a vapour phase takes place according to the

three steps outlined below

1-Synthesis or Creation of Vapour Phase Species. This step consists of the transition

56,66,70,71,72, 73

from a condensed phase (solid or liquid) to the vapour phase and also defines the basic

class of the coating:

¢ Thermal excitation: Evaporation.

¢ Momentum transfer: Sputtering.

¢ Gas or vapour species; CVD.
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2-Transport of the Vapour Phase from Source to Substrate. Three factors should be
considered in this step:

¢ Degree of vacuum: type of flow gas, mean free path (average distance traversed
by particles between collisions), as seen in table 1.6.

¢ Presence of plasma that can be generated by RF or DC.
¢ Reactivity of the gas environment: reactive processes.

3-Condensation of the Vapour Phase Followed by Film Nucleation and Growth. The
factors to be considered in this step are:

¢ The microstructure and composition can be modified either by ion bombardment
of the growing film (back sputtering and recombination, enhanced surface atom
mobility) or by deposition temperature.

¢ Ion bombardment depends on the degree of bias (no bias, self bias, negative bias,
positive bias).

These steps can be independently controlled in PVD process but not in CVD
processes. This means that there is much greater flexibility in controlling the structure,
properties and deposition rate for PVD processes, over CVD process. The three steps
for CVD process can take place simultaneously at the substrate and cannot be
independently controlled.

Characteristics of the Various Types of Vacuum
Low Vacuum | Medium Vacuum High Vacuum | Ultra-High Vacuum

Pressure (mbar) 1013-1 1-10? 102107 <107
Mean Free Path

e e <10? 10210 10-10° >10°

(cm)
Visoous: Transition from viscous
Flow Type *Laminar Molecular Molecular
to molecular
*Turbulent
LKL >>>>
PVD_me"?S Sputtering Evaporation
Applicability Ton Plating

Table 1.6. Characteristics of the various types of vacuum ""*7%,

Some characteristics of the deposition processes are described in the table 1.7%.

The selection of one specific deposition process to be used depends on the several

factors®>®:

¢ Vapour Source: material to be deposited, resources, purity

¢ Processing parameters

¢ Apparatus required and availability

+ Limitations imposed by the substrate: size, shape, sensitivity to heat and plasma
irradiation ,

¢ Coating material: properties required, single-layer or multilayer design, thickness
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¢ Cost: cost/benefit analysis by grading the possible options and the risks involved

¢ Ecological considerations

Considering all these factors and an accurate analysis of the characteristics of
each process, it should be possible to select a suitable process. Moreover, in some
situations adding an appropriate thermal treatment could enable the coating properties to
be optimised according to specific application requirements.

Chemical Vapor Eloctro- Thermal
Evaporation fon Plsting Sputtering Deposition depesition Spraying
Mechanism of pro- | Thermal energy Thermas! enargy Momentum transfer Chemical reaction Deposition from | From flames
duction of depos- solution or plasmas
iting species
Deposition rate Can be very high | Canbe very high {up | Low'except for Moderate Low 10 high Very high
{up to 750,000 0 250,000 A/min) pure motals (e.q., {200-2,500 A/min}
A/min} Cu-10,000 A/min)
Depositing specie Atoms and iens Atoms and jons Atoms and jons Atoms fons Droptet:
Throwing power for:
a, Complexshaped] Poor line-of-sight | Good, but nonuniform | Good, but nonuniform | Good Good No
object coversge except |  thickness distributions]  thickness distribution
by gas scattering
b. into smail blind} Poar Poor Poor Limited Limited Very fimited
holes
Maotal deposition Yes Yes Yes Yes Yes, limited Yes
Alloy deposition Yes Yes Yes Yes Quite limited Yes
Aefractory com- Yes Yes Yes Yes Limited Yes
pound deposition
Energy of daposit- | Low Can be high Can ba high Can be high with Can be high €Can be high
specles =>0.1 t0 0.5 eV {1-100 eV) {1-100 eV} plasma-aided CVD
Bombardment of Not normally Yes Yes or no depending Possible No Yes
substrata/deposit on geometry
by inert gas ions
Growth interface Not narmally Yas Yes Yes {by rubbing) No No
perturbation
Substrate heating Yes, normally Yesor no Not generally Yas No Not normally
{by external
means}

Table 1.7. Characteristics of Deposition Processes

26,66

Both PVD and CVD techniques offer a wide variety of advantages that have
followed the most important progressions in vacuum engineering, as illustrated in figure

1.17 2,5,66,28

Considerable progress has been made in the last decade but the understanding of
basic processes and phenomena is still lacking in some areas. Areas for research activities

include:

parameters in the nano-scale range. This is particularly important for submicron
microelectronics, reflective surfaces, corrosion, etc.

¢ Effect of the energy of the depositing species on interfacial interaction, nucleation
and growth of deposit, mainly in multilayer coatings, alloys and compounds.

¢ Effects of substrate surface conditions: contamination, layers, adsorbed gases,
surface topography.

¢ Influence of process parameters on the residual stresses and elastic properties of
the film.
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The deposition process from Ecological The atomistic
vapour phases has been able to benefits with firocesses allow high
produce more than a doubling of certain evels of cleanliness
the diversity of materials, over techniques during deposition in
liquid phase deposition (sputtering). order to obtain high
processes. quality coatings.

The possibility of applying analytical tools
that allow the growtn to be monitored and
process parameters that could produce new
coatings, higher manufacturing quality and
reproducibility, with higher production
throughput to give a more profitable
process.

Flexibility in changing the morphology and
crystallography ofthe coatings that can be grown
either from completely amorphous to crystalline
or from ultrafine (submicron grains or nano-scale
laminate) to single crystal films.

The coating Eroperties produced from
the vapour phase can be varied more
than the coatings produced from the
liquid phase. Owing to the fact that
deposition conditions can be chosen to
produce coatings either close to or far
from thermodynamic equilibrium.

Hard coatings have been
produced either in the form of
a monolayer or multilayers

for improving wear resistance
for cutting tools or wear parts.

*Deposition of thin films *Overlay coatings can be deposited with properties
or self-standing shapes. independent ofthe thermodynamic basis (PVD).

Figure 1.17. Advantages of PVD and CVD Processes.
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1.3.1. PHYSICAL VAPOUR DEPOSITION PROCESSES (PVD)

LAYOUT
Y
Overview of PVD Process
U
Evaporation Process

U

TIon Plating Process

Physical vapour deposition encompasses three deposition processes °:

evaporation, sputtering and ion plating. In the scope of this thesis, the sputtering process
is treated in detail. However, an introductory description is given for evaporation and ion
plating.

As early as 1877 mirrors were coated with thin films by sputtering
deposition®””. Initially, improvements in vacuum technology and electron beam
technique allowed vacuum evaporation to largely replace the sputtering process because
of the higher evaporation deposition rates. However, as many materials could not be
evaporated by resistance heating methods, increased knowledge of sputtering processes
plus the invention of RF sputtering brought about renewed interest in sputtering. Hence

scientists and engineers, have made continuous progress in both technologies.

Over the last few years, some specialised variants of PVD processes have been
developed, for instance: reactive ion plating, activated reactive evaporation, reactive
sputtering, unbalanced magnetron sputtering, new heating methods of the vapour
sources (by induction or electron beam).

One of the most recent reported variants of the PVD process is the Dynamic
Ton Mixing (DIM) ®. This is an example of ion beam assisted deposition (IBAD). The
technique consists of simultaneous deposition and bombardment by a broad heavy ion
beam (Ar", Xe") of high energy (100-300KeV). DIM technique has been used with either
electron-beam evaporation (EBDIM) or sputtering (SPDIM). DIM is based on the highly
energetic ions that may produce dense displacement cascades inducing an effective
collision mixing at the coating/substrate interface during growth of the film. The -
consequences are: increased adhesion to the substrate by the interface mixing effect;
control of the microstructure and phase formation in the growing film. Both could be
modified in a reproducible way, independently of the system; relieving the intrinsic
stresses of the film; increasing the film density.

The need to develop these techniques will increase their usage, as the high
technology applications require multiple and often conflicting sets of engineering material
properties.

43



Thin Film Technology

The wide variety of applications of these techniques ranges from decorative to
significant segments of the engineering, chemical, nuclear, microelectronics and related
industries .

In PVD processes the material to be deposited will be transformed into a vapour
phase by a physical process, either thermal evaporation or an impact process. The
deposition on the substrate occurs in a vacuum chamber.

The main characteristics of atomistic deposition processes are:

¢ Film formation is by condensation onto substrate
4 Surface migration of condensed species may occur
¢ Nucleation and growth occur at preferred sites

¢ Nucleation and growth modes determine the crystallography and microstructure
of the coating

¢ Adatoms rarely achieve their lowest energy configuration

Consequently, the coatings can contain high concentrations of structural defects
which may or may not be beneficial.

The deposition rate limits for PVD processes are indicated in table 1.8 ™. It is
clear that evaporation and ion plating have much higher deposition rates than sputtering.
The high deposition rates of evaporation processes occur because the electron beam is
much faster and creates a large volume of vapour plasma. However, the sputtering
process can be used for substrates that will not withstand high temperature and alloy
composition and deposition rates are easier to control in sputtering, as opposed to
evaporation processes.

PVD Processes Deposition Rate (nm/min.)
Evaporation 10-25000 (in special cases to 50000)
Ion Plating 10-25000
Sputtering 2.5-1000

Table 1.8. The deposition rate limits for PVD processes '°.
Some features and drawbacks of evaporation and sputtering methods are
summarised in the table 1.9 ™.

There are several advantages and some shortcomings of PVD processes over
competitive processes such as: CVD, electrodeposition and plasma spray, as mentioned
in figure 1.18 7776,
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Process Direct Reactive Activated Direct Reactive Magnetron
Evaporation Evaporation Reactive Sputtering Sputtering Sputtering
Evaporation
Operating 10~4-10~5 10~3-10~4 10-3-10%4 =3 oF 10~2-10~3 10~3-10~4
Pressure
Range,torr
Substrate 500-100D 500-1000 room temp. 200-500 200-500 room temp.
Temperature, -500 -500
o
C
Source-to- 25 25 25 5-10 5-10 5-20
Substrate
Gap, cm
Deposition. generally generally C500-10000 500 for up to 1000 up to 2000
Rate, &/min low; <3GO0 low 200 compound
for compound film s
film s
Compound A major prob- limits dep. Target poi-
Dissociation lem rates soning
Comments m D ifficult to High temp. High cep.rates; High temp, Interdepen- Magnetic confine-
I deposit fully reqd.j lew plasma control cue to dent reactive ment restricts
j stoichiometric dep.rates _ indep. pressure energetic gas pressure, substrate bombard-
1 film 1 s source power. particle source power G ment.
bombardment. surface state

s of target.

Table 1.9. Characteristics of Evaporation and Sputtering Processes /U

Mrantag§g

Extremely versatile in composition of deposit. Virtually every type of inorganic material like:
metals, alloys, ceramics, refractory compounds, intermetallic compounds or their mixtures, as well
as some inorganic materials can be deposited.

The substrate temperature may be varied within limits (<-80 to 800°C).

The PVD techniques produce an overlay coating.

Excellent bonding can be achieved, mainly with ion plating.

Possibility to vary the atmosphere environment.

The structure, purity and adhesion are better controled, compared to CVD methods.

Unusual microstructures and new' crystallographic morphologies can be produced, for example,
amorphous deposits.

Evaporation and sputtering processes have been able to deposit refractory compounds that could
provide near full density coatings.

Deposits can be of high purity.

Excellent surface finish can be produced. This can be equal to that of the substrate. Thus
machining or grinding operations can be eliminated.

The PVD technique can deposit coatings of free standing shapes at high rates such as: sheets, foils,
tubes.

The film thickness may be varied over wide limits, from angstroms to millimetres.

A clean process. Elimination of pollutants and effluents from the process. They are ecological
friendly.

I~ (0j

Inability to deposit polymeric materials with certain exceptions (PTFE).
High sophistication of the processing equipment gives high capital equipment costs.

Inability to coat some complex geometries, e.g. re-entrant angles and long, small holes can be
difficult.

Figure 1.18. Advantages and disadvantages of PVD processes.
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EVAPORATION PROCESS

The metal deposits which Faraday obtained in 1857 were probably the first
evaporated thin films. The large scale industrial applications of these technologies had to
await the vacuum technique developments and for that reason date from 1946 and
onwards ",

In the evaporation process the vapour phases are produced from a material
located in a source that is heated by different methods: direct and indirect resistance,
radiation, induction, eddy currents, electron beam (thermionic and plasma), laser beam’®
and arc discharge.

The process is usually carried out in a vacuum, typically 1.3x10” to 1.3x10™*Pa
(10° to 10°Torr) and consequently the evaporated atoms undergo an essentially
collisionless line-of-sight transport before condensation on the substrate. The substrate is
usually at ground potential (no bias). For most materials of practical interest, the source
operating temperatures range from 1000 to 2000°C %™,

The transition of solids or liquids into the vapour phase could be considered as a
macroscopic or atomistic phenomenon. The atomistic approach is derived from the
kinetic theory of gases for nucleation and growth. Both macroscopic and atomistic
approaches are of interest in the microstructure of the film .

Evaporation equipment consists of the following systems: vacuum chamber,
vacuum system, evaporation sources, substrate holders, rate monitors and pressure
control system. For high purity coatings ultra-high vacuum is needed and an ion-pump,
or turbo-molecular, or cryo-pumped system have been used to produce a low
contamination, high vacuum environment "*’*”’. Substrate holders may be very simple
for flat substrates or can incorporate complex motion for planetary or rotating devices.

Evaporation sources are classified by the method of heating them. Difficulties in
evaporating all materials from any type of source contribute to many types of source
design. The main reasons are "*:

1. Chemical interactions between source material and evaporant.

2. Reactions between metallic sources and evaporant.
-3.-The power density varies with the method of heating the sources.

Many factors influence the selection of source material such as ”:

¢ Material to be deposited.
¢ Required film purity.

¢ The material must have inconsequential vapour and dissociation pressures at the
operating temperature to avoid molten droplet ejection from the pool (spitting).

¢ Auvailability in the desired shape.
¢ Applicable to different methods of heating.

The emission characteristics of the vapour source are very important in the
design of the source to ensure thickness uniformity of the film. This problem could be
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minimised by either moving the substrate or using multiple sources or sources of special
shapes "%

The properties of the film depend upon the processing parameters, such as:
surface properties of the substrate, residual gas in the chamber, deposition rate, thickness
uniformity, geometrical design between the source and the substrate, heating of both the
substrate and source, substrate bias, etc.

The material selection for direct evaporation deposition depends on the melting
point, vapour pressure and compatibility with the source material. The process is
considered efficient and reliable for metals but difficult for ceramic and compound
materials unless electron beam sources are used *'. To overcome these difficulties, two
variants of the evaporation technique have been developed "*’®”: reactive evaporation
and activated reactive evaporation (ARE).

The reactive evaporation process is identical to the direct evaporation process,
apart from the presence of a reactive gas in the chamber. The compound is formed by
reaction of the evaporated metal species with the molecules of the reactive gas. The
partial pressure of the reacting species is low (<10°Torr) and the mean free path of the
reacting species is longer than the source-to-substrate, consequently the reaction
between the metal atoms and the gas atoms occurs only on the substrate.

Activated reactive evaporation (ARE) occurs in the presence of a plasma of a
reactive gas. The partial pressure of the metal vapour and gas atoms used is above
6.6x10%Pa (5x10™Torr). However, the plasma presence influences the kinetic reactions
by supplying activation energy to the reactive species. Thereby the synthesis of the
compounds with desired stoichiometry at high rates and low temperature has been
possible by modifying the growth kinetics and thus the morphology of the deposits. The
substrate can be either grounded or positively or negatively biased.

The reactive evaporation and activated reactive evaporation techniques allow a
wide range of materials to be deposited by evaporation. Metals, semi-conductors, alloys,
intermetallic compounds, refractory compounds and mixtures have been deposited
successfully. However, compounds that decompose irreversibly during evaporation
cannot be evaporated %"

-ION PLATING PROCESSES

Ton plating is a vacuum deposition technique that was introduced by Don
Mattox in 1964 and has been used since then ®*’®”_ It is a hybrid process linking two
techniques: the material to be deposited is evaporated in a similar way to that in
evaporation processes and the substrate is biased (similar to the way the cathode behaves
in sputtering).

The D.C. diode ion plating configuration consists of an anode and a cathode
immersed in a low pressure gas. The material to be deposited onto the substrate is then
evaporated from a resistively heated filament (anode). The glow discharge is produced
by biasing the substrate to a high negative potential (0.2 to S5KV). The argon pressure, in
the chamber, ranges from 1.3x107 to 1.3x10' Pa (10° to 10" Torr). The evaporated

47



Thin Film Technology

atoms are ionised in the plasma by impact and accelerated towards the substrate by an
applied electric field, between substrate and earth %",

Applying bias and ion beam simultaneously, leads to the deposit itself being
sputtered away (resputtering) and redeposited along with ion bombardment of the
growing coating. To minimise this effect, the conditions must be chosen correctly so that
the deposition rate is higher than the resputtering rate. Moreover, heating of the
substrate occurs due to the intensive gas ion bombardment 7. The latter problem can be
lessened by using an auxiliary heating tungsten filament to generate the plasma *.

Nevertheless, a constant cleaning of the substrate is occurs. As the arriving ions
have a substantial kinetic energy, films with good adhesion, high density, lower residual
stresses and low impurity can be produced ®. If the deposition rate is sufficient to
maintain an adequate partial pressure of the evaporatant then the discharge can become
self-sustaining. Insulating substrates can be coated by replacing the DC bias by RF and
by placing a metal cathode backing plate to avoid a positive surface charge build-up ”°.

The most typical configurations to create a plasma are *': DC diode discharge,
RF discharge, electron emitter sustained discharge, magnetron enbanced discharge,
microwave discharge, hollow cathode discharge, vacuum arcs and plasma arcs.

Ion plating can produce metals, alloys, ceramics or metal/ceramic composite
coatings. The use of a reactive gas such as O, N, or hydrocarbon allows a variety of
compounds to be deposited by reactive ion plating (RIP) or activated reactive
evaporation (ARE) ”°. Recently, ion implantation accelerators have been used to give
high energy ion bombardment (50-100KeV) of as-deposited films for mixing the
interfacial region "**!.

The main advantages offered by ion plating techniques and some drawbacks are
illustrated in figure 1.19 %7508,

There are many features of the ion plating process that are important for
applications, such as ***":

¢ Excellent film durability and high deposition rates: turbine engine blades and
rotary engine surfaces.

¢ Good adhesion: Ag on steel for mirrors, soft metals on bearing surfaces for space

* lubrication, Ag on Be for diffusion bonding, Cu and Au on Ta and Mo for

subsequent brazing, Cu-on-ceramic metallization.
¢ Metallization: Al, Ag, Au on plastics and semiconductors.

<

Uniform film on complex shapes: TiN on tool bits, moulds and jewellery items,
semiconductor metallization.

Good reaction and stoichiometry: TiN on tool bits.

Corrosion resistance: Al on U, steel and Ti; C and Ta on biological implants.
Abrasion resistance: MgF, on plastics.

Diffusion barriers: HfN and TiN on semiconductor devices.

* & & o o

Wear and erosion resistance: HfN and TiC.
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1-Good coverage of complicated
shapes (throwing power)

2-Ability to have in situ surface
sputter cleaning during deposition

3-Good adhesion at low

4-Flexibility in film properties by
controlling bombardment
conditions

5-Uniform adhesion, thickness,
composition and structure on
irregular shapes

6-The capability to hold a lower
contamination level during
deposition

7-Equipment requirements are
roughly equivalent to those of
sputter deposition.

Thin Film Technology

lon Plating Process

1-The specimen must be fixed to a
high voltage electrode

2-Almost all of the processing
parameters must be controlled

3-The deposition process may be
dependent on substrate geometry
and fixturing

4-Uniform bombardment and
reactive species availability over a
complex surface may be difficult

5-High working gas pressure
6-Excessive gas incorporation
7-Excessive substrate heating

8-Unsuitable for coating internal
surface like tubes

9-Difficult to mask.

Figure 1.19. Advantages and disadvantages ofion plating techniques.
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1.4. THE SPUTTERING PROCESS

LAYOUT
U

Processing Parameters
U
Sputtering Advantages and Shortcomings

U
Sputtering Applications

General Outlook of Sputtering Process
U

The advanced concepts of PVD techniques, for hard coatings, involving

multicomponent mixed phases, new metastable materials and multilayers have been
studied over the last few decades. Therefore, it has been a continuing challenge to
develop and control the sputtering process. The trend will be in the direction of
optimising and improving the functional behaviour of the film depositions and

consequently their properties.

Sputtering is an atom-by-atom deposition process, as illustrated in figure 1.20.

Material is dislodged and ejected from a target surface by momentum exchange,

associated with surface bombardment by energetic particles and subsequently deposited
onto the substrate surface.
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Figure 1.20. Representation of sputtering process.
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The energetic particles (positive ions) are produced in a glow discharge,
typically at gas pressure between 5 to 5x107'Pa (5x10? to 5x10*mbar). A negative
potential, between 0.5-5KV, is applied to the target (cathode) to keep the ion
bombardment running, while the counterelectrode (substrate) may be grounded. The
sputtering process occurs in a vacuum chamber that is evacuated to a base pressure
range from 1.3x10%-1.3®Pa (10°-10"°Torr). The process occurs at deposition
temperatures usually lower than 300°C 7",

The formulation of a theory which enables prediction of the experimental data
has been difficult to achieve as the sputtering mechanism involves several parameters
like: kinetic energy of the ions, electronic structure of the collision partners, binding
energy of lattice atoms.

However, an adequate understanding of the complex process occurring during
ion bombardment of solid surfaces has recently been established, allowing a reproducible
and controllable sputter deposition process **’"*?>. Monte-Carlo simulation tools offer the
possibility to study several physical processes, under defined sputter conditions, e.g. the
path of the ejected particles from the target. This method has been used to consider the
target material, geometry, energy and angle of sputtered particles, gas scattering, particle
loss, film thickness, angle and energy distribution *.

Keeping the sputtering process under control is as meaningful as the
understanding of sputtering mechanisms for producing high quality single crystal,
complex alloys, compounds, superlattice coatings with suitable known microstructure
and properties. Nevertheless, this area requires further research ”°.

The process parameters should be established in terms of maintenance,
tolerances and material to be deposited. While the controllable parameters should be
settled according a systematic control study that includes: deposition rate, pressure
monitoring, gas composition measurements, etc. The processing parameters are selected
before deposition and should not change. While the controllable parameters may change
during the run. Both are listed in the figure 1.21.
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The Controllable parameters ask: Why are you looking puzzled?

Reactive gas:

. scomposition
Deposition rate: t *pressure

scycling pressure

Bias voltagettnhe e
& Deposition time &
substrate turning speed Voltage & C t
clean substrate &P orage urren
reduce Ar in the film
infjf£age film density
Temperature: Carrier gas: ,
starget sgetter temperature'
*vacuum Chamber /\opressure
esubstrate flow rate

The processing parameters reply: How can youfit together like apuzzle

System geometry: Target: Process routes:
*Bi-switch s .
.T;rswtl/c b Composition RF. DC
get/substrate . . *Magnetron
spacing Cooling system Masking:' .
Bonding system ) *Bias voltage
*Material oJon beam
s* Shape I *Reactive sputtering
.C 51321513:? Substrate Deposition rate:
*Chamber *Material *Efficiency ofj +Clamp target
*Target ,*Shape - the magnetic system
Initial field *Erosion target area
vacuum *Substrate position

Figure 1.21. The processing and controllable parameters ofthe sputtering process.

Films containing essentially every element in the periodic table have been
prepared by also sputtering multicomponent alloys, refractory compounds, insulating
materials and PTFE for lubricant films. Alloys, compounds or their mixtures can be
prepared from single compound targets or simultaneously from several different targets
(co-sputtering), by reactive sputtering or by a combination ofthese techniques.

Sputtering processes present some advantages and shortcomings, as illustrated
in figure 1.22 6W 6 7788
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Advantages

Advantages

Disadvantages

Disadvantages

The Sputtering Process

Film thickness control that is simple and reproducible.

Thickness uniformity, over large areas, can be achieved with
unbalanced magnetron sputtering.

Spitting problems do not usually cause trouble as in thermal
evaporation.

There are no limitations with respect to gravitational forces in
either electrode or substrate arrangement.

Sputtering is adaptable to tubular geometries (cylindrical
magnetron).

Sputtering is a reliable process that allows automatic control

Capable of producing non-porous films that reproduce the
substrate surface.

Provide layers with good adherence and the required structure.

Multilayer deposition has been possible due to the compatibility
and applicability of sputtering to various materials.

Complex materials can be sputter-deposited and the
composition of the film tends to be the same as the target.

Source material must be available in sheet or plate form.

The relatively slow deposition rate has been one of the subjects
ofresearch over the last few years.

Sputtering is an inefficient process because more than 90%
imput power goes into cooking water.

Target and substrate must be cooled unless low deposition rates
are used.

Sputtering equipment implies high capital expenditure.
However, volume production may allow the equipment cost to
be amortised over a large number of parts.

Sputtering is an inefficient process because the phase change
energy cost is from 3 to 10 times larger than in the evaporation
process.

High sputtering rate equipment generally incorporates large
non-standard power supplies and automatic control systems
which increase the cost.

Some materials are incompatible under the various types of
bombardment in vacuum either due to their properties or their
products.

Organic solids are usually unable to withstand ion
bombardment.

Figure 1.22. Advantages and disadvantages of sputtering process.

The enormous range of sputtering applications reflects the universality of the

process due to the relative insensitivity to the properties of the target material. They
range from coatings for razor blades to depositing wear-resistant coatings for machine
tools. Typical applications are microcircuit metallization layers, microcircuit insulation
layers, transport conducting electrodes, amorphous films for integrated optic devices,
piezo-electric transducers, photoconductors and luminescent films for display devices,
thin film lasers, resistors and capacitors, video-discs@8&
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1.4.1. SPUTTERING MECHANISM AND GLOW DISCHARGE PROCESSES

LAYOUT
U
Physical Phenomena at the Bombarded Solid Surface

U

Sputtering Mechanism

e

Sputtering Threshold and Yield

Self-Sustaining Glow Discharge Process

When a solid surface (target) is bombarded by energetic particles (ions,

molecules, atoms) several physical phenomena can spring up, as pictured in figure 1.23.
The latter are dependent on the bombarding particles (mass, flux, kinetic energy), the
flux of non-energetic particles and the bombarded surface (atomic mass, chemical
nature).

below
L 4

R

L 4

* & o o

Several effects of energetic particle bombardment on a solid surface are outlined

80,82,

Desorption of weakly bonded surface species (plasma cleaning).
Reflection of the energetic species as high energy neutrals (ion scattering).

Sputter ejection of surface atoms by momentum transfer through collision
cascades (physical sputtering).

The impact of the ion may cause the target to eject an electron (secondary
electrons).

Sputtering and redeposition of sputtered species by collisions in the gas phase,
ionisation and acceleration back to the surface.

Raised chemical reaction of impinging and adsorbed species to produce
condensed species (reactive deposition) or volatile species (etching).

The ehergetiéipartiéle may become buried in the surface (ion implantation).” -
Surface species may be recoil-implanted into the sub-surface lattice.
Mobile species may be trapped at lattice defects.

The energetic particle impacts may also be responsible for structural
rearrangements in the target such as: vacancies, interstitials, lattice defects,
surface mobilities of atoms (displacement), changes of stoichiometry and changes
in electrical charge levels.
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Figure 1.23. Effect of energetic particle bombardment on a solid surface *

Sputtering can be considered as a statistical process that occurs as a result of
momentum-exchange collisional cascades *, due to the bombardment of energetic
particles on the surface of the target. The so called collision cascade can be explained, on
the basis of computer simulation, as a series of binary collisions, as pictured in figure
1.24A. The incident particle strikes the atom 1 (elastic collision) driving it deeper into
the target lattice. Subsequently, the glancing collision with atom 2 causes the incident
particle to hit atom 3 that is displaced and collides with atom 4. The atom 4 overcomes
the surface barrier and can be ejected. The incident particle, atom 1 and atom 2 displace
other lattice atoms in subsequent knock-out collisions.

The more practicable simulation of the sputtering process is the comparison
with the billiard game break *, pictured in figure 1.24B. The cue ball (the bombarding
ion) strikes the neatly arranged pack (the atomic arrangement of the target), scattering
balls (target atoms) in all directions including some back toward the player (out of the
target surface). Both approaches have limitations. The dependence of the interactomic
forces versus interatomic distance is different from the hard sphere billiard ball model.
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Figure 1.24. Approaches to the sputtering process **%,
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Summing up, from the approaches above the sputtering process is combined
with surface migration of atoms and permanent or temporary damage to the lattice. The
kinetic energy of the ions is adsorbed either as electron transitions or goes into the lattice
causing atom vibration or displacement and consequently heat. Only less than 1% of the-
bombardment energy gives sputtered atoms and the remainder causes target heating. The
risk of overlapping lattice regions that will be excited simultaneously by individual
bombardment is diminished because the interactions in the target are shorter and
consequently only interactions between near neighbours should be considered "**.

Which energetic particles are used to bombard the target surface? They are
mostly ions due to their ability to be accelerated to any desired kinetic energy with any
electric field. Using inert gas ions, avoids chemical reactions at the target and substrate.
Argon is often used as the working gas, because of its mass compatibility with materials
of engineering interest, low cost and it is easily available *.

The sputtering threshold is the minimum ion energy that is able to dislodge
target atoms. The values typically range between 13-35eV. The threshold energy is
virtually independent for different ions and for the energy-transfer coefficient but seems
to be dependent of the target material which reflects the atomic bonding ****.

The sputtering process is quantified in terms of the sputtering yield (S), which is
defined as a ratio of the number of emitted-atoms per incident ions to the surface. The
sputtering yield is determined experimentally. However, in the last few years one of the
goals in sputtering has been to be able to calculate yield from atomic or lattice data
without adjustable parameters.

M. Kaminsky et al *°, calculated the sputtering yield of compounds and
considered that the partial sputtering yield S," of the constituent v of a.compound surface
is related to the total sputtering yield by the expression S=X.S,’, the partial sputtering
yield S, is defined by Sv*”—‘Nv/Ni, where N, is the number of atoms sputtered of element v
‘and N; is the total number of ions incident on the compound surface.

The sputtering-yield -depends on-several parameters -such as: energy of the
incident ion, relative mass of the incident ion, structure and crystallography, target
material, incident angle of the ions, surface morphology and sputtering

pressure®®’*""*%% The main features of each one are outlined below:

7'I.Ene’r,éy_'oflncidentlon: S s e e e Lt

Figure-1.25 shows the-variation of sputtering-yield for several materials versus
argon ion energies. Above the threshold of 20-40eV the sputtering yield rises nearly
linearly. The sputtering process in this region is more efficient on the basis of energy
consumption. At higher energies, the yield versus ion energy becomes less linear.
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Figure 1.25. Sputtering yield of several materials as a function **.

2. Relative Mdss of Incident Ion:

Sputtering yield tends to increase when the mass of the bombarding particles is
of the same order of magnitude or larger than the target atoms. For a given row in the
periodic table, the rare-gas ions have the highest yields. The sputtering yield with argon
ions is much higher than with He and Ne but only a little less than the more expensive
Krypton and Xenon gases. Only when sputtering massive atoms such as uranium is the
use of heavier inert gas ions required. The yields vary with ion species much more (factor
of 100 or more) than with target atom species.

3. Structure and Crystallography:

The yield depends on the orientation of the crystal with respect to the
bombarding ions. Channelling effects in the target near the surface region can modify the
sputtering yield.

- 4. Target Material: - - - = - -

The table 1.10 shows the sputtering yield for various materials under argon ion
bombardment. Sputtering yields are of the same order of magnitude for different metals,
alloys, insulators and compounds except for carbon and compounds that have a tendency
to dissociate. This is why when sputtering alloys it is easier to get the right composition
than with evaporation where elemental vapour pressures vary widely. This table also
shows the importance of sublimation heat of the target material. The elements from the

centre column of the periodic chart (Al, Ti, Zr, Hf and rare-earth series) have the lowest
yields.
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ton Energy (eV) Heat of
Targst 200 €00 1,000 2,000 5,000 10,000 Sublimation
Matad Sputtering Yields (Atoms/lon) {eV/atom**)
Ag 1.6 34 - - - [-X:] 2.84
Al 035 1.2 - - 20 - 3.33
Au 11 28 3.6 56 79 - 3.8
[+ 005 02* - - - - 7.9
Co 06 1.4 - - - - 440
Cr 07 13 - - - - 411
Cu 1.1 23 a2 43 55 68 3s0
Fe 0.5 13 14 20" 25" - 4,13
Ge 05 12 16 20 3.0 - 3.98
Mo 0.4 0.9 1.1 - 15 22 6.68
Nb 025 065 - - - - -
Ni 0.7 15 24 - - - 445
Os 0.4 085 - - - - 8.18
Pd 1.0 2.4 - - - - 390
Pt 0.8 1.6 - - - - 5.95
Re 0.4 0.9 - - - - 8.08
‘Hh 0,55 15 - - - - 5.76
S 02 05 086 09 14 . 468
Ta 0.3 0.6 - - 1.05 - 8.10
Th 0.3 0.7 - - - - 587
T 0.2 0.8 - 1.1 1.7 2.1 488
U 035 10 - - - - 5.00
w 03 05 - - 1.1 - 8.80
& 03 075 - - - - €34
Sputioring Yields (Molecties/lof
-Cds{i010} 05 12 - 8 - ¢ . " -
GaAs{110) 04 09 - - - -
GaP(111) 04 0 - . - -
GaSh{111) 04 09 12 . - .
InSb{tt0) 025 055 - - . -
PLT8(110) 08  1.40 - - N -
800001y - 045 - - - N
Sio, - - 013 04 - -
ALG, - - o004 om . .
*Kr lons *“*Type 304 siainfess stes! **From Ref. 240

Table 1.10. Sputtering yields of several materials under argon ion bombardment.

5. Incident Angle of the lons:

Figure 1.26 shows the variation of the sputtering yield versus incident angle
of the ions for a constant ion energy. In general the ions approach the target in a
direction normal to the target surface. However, when the target surface is irregular,
the angle of incident ions can be changed. An ion which is incident on the target
surface at an angle 0 will have its path length increased by a factor of sec 8 before it
passes through the depth d. The sputtering yield increases with oblique ion incidence
up to 70° and then decreases because the ion reflection dominates.

SPUTTERING YIELD, Ste)

i

Smax
ANGLE OF INCIDENCE {6)

Figure 1.26. Sputtering yield versus ion angle of incidence .
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6. Surface Morphology:

The roughness of the target surface affects the yield even under normal ion
incident conditions because sputtered atoms may not be able to detach from the surface
and may become reattached on neighbouring hills.

7. Sputtering Pressure:

The sputtering yield decreases with gas pressure due to backward scattering.
The sputtering yield is relatively independent of the target temperature, though at high
temperatures evaporation may occur. Moreover, if the bombardment species are ionised
or not, this does not affect the yield because the incident ions have a high probability of
being neutralised before impact. The erosion rate of the target is given by:

R=(6.23><J><S><M)
yo)

Where J is the ion current density
S is the sputtering yield
M is the atomic weight
p is the density of the target material

(nm/min) (1.1)

The life span of the positive ions in the glow discharge at low pressure is
defined by the mean free path inside the vacuum chamber. The mean free path of the
energetic particles is inversely proportional to the pressure in the vacuum chamber
(Torr) ¥ as described by:

_5x107

L (cm) | (1.2)

An important difference between sputtering and other vapour-phase deposition
techniques is that sputtered atoms can have quite high kinetic energies and much greater
than thermal. The cosine law describes the energy distribution of sputtered species
impinging on the substrate and will also be roughly the same as the ejected species from
polycrystalline targets *. This dictates the deposition rate, as can be seen in figure 1.44.
Likewise, the most probable ejection energy is typically of the order of one half the
surface binding energy and in general is found to increase with atomic number of the
target. It has been reported that the average energy of the ions emitted from the alloy
target was lower than those emitted from the elemental co-sputtering target (the cosine —
law often do not apply when sputter is from compound targets). The former produce
much more uniform film surface morphology and this may be due to the fact that the
deposited particles have high surface mobility *°.

The directions of the sputter atoms, from the target, are influenced by the
energy and direction of the incident ions. Perpendicular or oblique incident bombardment
results in sputtered atoms, from polycrystalline or amorphous targets, in a roughly
random direction, owing to the multiple collisions within the target and also the
roughness of the target surface *2. However, collisions between sputtered atoms and the
inert gas, change the original direction of the former and decrease their energy. This
effect can be greater for high gas pressures due to the mean free path being smaller
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compared with the target-substrate spacing. Consequently, the increased number of

thermalized particles affects the diffusion process and also the film properties and the
thickness distribution *.

Resputtering may occur during film deposition due to the energetic neutrals,
and negative ions created at or near the cathode. But also, for insulating films, the

positive ions may be accelerated toward the film surface as a result of a negative floating
potential and so produce resputtering.

Some of the effects which can influence the preferential sputtering from a
compound material are listed below *>*':

¢ The difference in energy transfer between primary ion and the light or heavy
elements of the compound.

¢ The difference in the back scattering probability of a light ion from a heavy or
light element of a compound for a given ion energy

¢ The difference in the surface binding energies for each element of a compound
¢ Different isotopes of an element may be released preferentially.

THE GLOW DISCHARGE

An undersanding of the self-sustained glow discharge process is fundamental for
the design and control of the glow discharge itself. Several analytical methods have been

used to study the glow discharge such as: mass spectrometry, electrostatic probes,
optical emission spectroscopy *>%.

The glow discharge is a low pressure gas at low temperature that contain ions,
electrons and neutrals. Also, a degree of ionisation is sustained in the glow discharge by
energetic particles. Typical glow discharge electron densities are in the range of 10° to
10"%cm™ with average electron energies of 1-30eV, as illustrated in figure 1.27.
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Figure 1.27. Areas of average electron density and energy of several types of plasma **.
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To keep the steady state of electrons and ion density between recombination
and ionisation processes requires an external energy source (electric field). The potential
variation between the electrode surface and the plasma is mostly confined to a layer
called sheaths. The function of the sheaths is to form a potential barrier, so the more
mobile species, which is the electrons, except in the case of a strong magnetic field, are
electrically reflected.

When an electric field is applied to an ionised gas, energy is transferred more
rapidly to the electrons than to the ions. Consequently, at low pressure the electrons can
accumulate sufficient kinetic energy to increase the probability of excitation or ionisation
during collisions with heavy particles *. However, the major factor in sustaining a glow
discharge is an electron impact ionisation with argon atoms in the negative glow
(¢ + Ar—2e + Ar"). Additional contributions come from electron or ion impact
ionisation in the cathode sheath and from ionisation of metastables in the glow
discharge®*.

The degree of ionisation in a glow discharge depends on the balance between
the rate at which ionisation is produced by energetic electrons and the rate at which
particles are lost by volume recombination and wall losses. The latter generally
dominates over volume recombination. The rate of ionisation depends on the type of gas,
the gas pressure and the strength of the electric field.

Several factors determine the occurrence of breakdown voltage (Vy,), for a given
equipment set up, such as:

¢ Gas pressure

¢ Electric field strength

¢ Ratio of surface-to-volume of the plasma
¢ Mean free path of the secondary electrons
¢ Distance between anode and cathode

The interelectrode breakdown voltage (Vs) as a function of the gas pressure (p)
and electrode separation (d) is given by Paschen’s law *° and is illustrated in figure 1.28.
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Figure 1.28. Paschen curves for breakdown between plane-parallel electrodes
in air and argon at 20°C *.
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From Paschen’s curve we can derive the following conclusions:

¢ The curves are useful guides for adjusting the operating conditions for a given
piece of equipment in order to produce a plasma discharge.

¢ Increase in breakdown voltage for low values of pd is due to the electrons lost
through the walls. This can result either because the sputtering device is small or
the gas density is lower.

¢ Increase in breakdown voltage for high values of pd is because the electron
energy is too low to produce ionisation. This can occur either at high pressure
due to the high frequency of the electron collisions; or at a given applied voltage
in a large chamber where the electric field in the plasma is very weak -

¢ Maintaining the discharge in a small apparatus requires a higher average electron
energy to counteract wall losses.

In practice the breakdown voltage occurs at values lower than would be
predicted. The ions have lower mobility, due to their mass, compared to electrons.
Consequently they tend to gather in front of the cathode to form a space change known
as cathode dark space (CDS) or sheath. Then, most the power supply is consumed in
that region so the electric field is increased in front of the cathode ***. When the
breakdown voltage occurs, the secondary electrons produced at the cathode are
sufficient to keep up the discharge, known as a self-sustained glow discharge. The cross-
sectional view of the cold-cathode glow discharge is pictured in figure 1.29.

\-&\\ \\\\\\\\\\w

Figure 1.29. Glow discharge cross-sectional view *°.

The glow discharge is maintained during the process basically by secondary
electrons emitted from the cathode due to the ion bombardment from the plasma.

- The secondary electrons are the important key in maintaining the discharge and
also in the growth of sputtered film. These secondary electrons are accelerated and
energised in the CDS region and traverse it very rapidly due to the large electric field.
Then they enter into the negative glow region (NG), where they are known as primary
electrons. The electrons collide with gas atoms and they must produce the necessary
volume of ionisation to sustain the discharge. At least each primary electron in the NG

region must produce a number of ions to release one further secondary electron from the
cathode *>%,

The NG region of the plasma is where the primary electrons spend their energy
in travelling from the target. This region is an ionised gas of nearly neutral charge due to
the beam of fast electrons entering from the cathode. The plasma also consists of primary
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electrons, thermalised electrons and low-energy ionisation products. The electron energy
distribution in the NG is multimodal *>*,

The Faraday dark space is a region where the electrons have insufficient energy
to cause either ionisation or excitation *°. A positive column region (PC) lies between the
NG and the anode. The PC region has enough electric field to transport the discharge
current from the NG to the anode.

When two electrodes are moved closer to each other, the CDS and NG regions
are unaffected while the PC region reduces and can eventually disappear. The minimum
separation is about twice the CDS thickness, otherwise the dark space becomes distorted
and then the discharge is extinguished *. The target-substrate distance should not be less
than a few mean free paths.

The cold-cathode glow discharge operates effectively at low pressures if the
electrons are preserved without being lost in the system until they have had a chance to
expend their energy in ionisation. To reduce the pressure, the length of the dark space as
well as the voltage required to maintain the glow will increase. Ultimately the dark space
will extend all the way through to the anode and the available voltage will not be
sufficient to start or maintain the glow *.

At low working pressures the energy of ions bombarding the cathode will be
about the difference between the cathode and plasma potential. At higher pressures,
where ion collisions become important, the bombardment flux consists of both ions and
energetic neutrals due to charge exchange collisions. In this case the average
bombardment energies are considerably less than the potential drop across the CDS
region.

Sputtering processes are achieved within abnormal glow discharge because the
current density and drop voltage in the normal glow discharge are quite low, while the
current density in the abnormal discharge increases with increasing voltage, as illustrated
in figure 1.30 *°. The target atoms and argon ions at high pressure collide at a greater
rate. The number of bombarding ions tends to decrease with the pressure reduction in the
vacuum chamber, but as a consequence their mean free path increases, along with their
bombarding energy at the cathode. To sustain the abnormal discharge at high pressure
requires a high density of argon collision by primary electrons *.
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Figure 1.30. The formation of a DC glow discharge *.
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1.4.2. PRACTICAL ASPECTS OF THE SPUTTERING PROCESS

LAYOUT B

U

Sputtering Sources (target) / Target Cooling
m

Ground shield / Mask / Shutters
U
Film Contamination / Substrate Surface Preparation

U

Vacuum System
Sputtering Power / Sputtering Pressure

Substrate Temperature / Deposition Rate

Step Coverage

The sputtering equipment consists of the following systems: vacuum chamber,
vacuum system, sputtering source (target), water cooling system, substrate holders,
pressure control system, power supply and gas system. All these systems are illustrated

in the figure 1.31.

DCIRF
nf Voluge

HV
Probe

DC Vol
Cooling Oscilloscope =

|_— Ground

7 /Fl. Shield

s Yout Wi e by a Jt
/2 Target ]

i
Shutter
U Substrate
7 17
Y S
Cooling Heating

-

DC/BF/Ground

Figure 1.31. Schematic of sputtering system *°.
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SPUTTERING SOURCES (TARGET)

Sputtering targets have been used in different shapes, including: flat rectangles,
squares or circles, cylindrical, conical, hemispherical, stepped target, etc. Usually, the
targets are in the solid state, although powder and liquid are occasionally used. Targets
of both single crystal and polycristalline materials are available ""*°.

The wide range of metals, alloys and compounds as well as many different
purities, target sizes and tolerances make the target up-to-date. Manufacturing processes
for targets used are generally vacuum melting, casting and rolling, cold pressed powder
then sintered, hot pressing techniques or vacuum plasma spraying.

Coatings may be formed by using either targets which are a mosaic of several
materials (co-sputtering), or several different targets simultaneously to obtain an alloy
film, or several targets sequentially to produce a layered coating without breaking the
vacuum. Co-sputtering demands a uniform and homogeneous surface to each of the
target components in order to obtain stoichiometric films ***°.

The understanding of source behaviour during deposition and the way it affects
film properties and thickness uniformity will undoubtedly improve the design of
sputtering sources and apparatus. For example, the film composition tends to be the
same as the target if the following aspects occur *>°*;

Keeping the target cool during the run to avoid bulk diffusion of the constituents
Oxidation effects do not prevail

Resputtering from the film does not occur

The target does not decompose under the operation conditions

Reactive contaminants are not present in the deposition system

The working gas composition does not change during the run

* & & & o o o

The sticking coefficient or angular distribution for ejected species on the
substrate is the same (the sticking coefficient is the ratio of the number of atoms
adhering to the substrate to the number of atoms striking the substrate).

For planar diode and triode target systems, it is possible to consume about 70%
of the target material before target wear out and less for RF sputtering, while the planar
magnetron results in about 35-40% utilisation. Clearly the target utilisation is of prime
importance for industrial applications in terms of profitability, as these determine the
waste target material and the period of machine downtime for replacing the target and
control. The best target utilisation does not give the best thickness uniformity and
therefore a compromise has to be made in design between these two factors °*%
Nevertheless, most of the targets last for several deposition runs.

TARGET COOLING

Sputtering has been considered an inefficient process because most of the power
input to the system appears finally as target heating. For example, the power dissipated
as heat into the planar magnetron target, at high sputtering rate, can range from 70-90%
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of the power supplied. The remaining energy is carried away by the sputter atoms,
secondary electrons, backscattered argon atoms, ions and infrared radiation. The latter
leads to heat in the system 5%""2,

Such heating can become excessive and can lead to severe damage including:
the bonding between the target and the backing plate, the target itself (cracks, spalls,
composition), the associated vacuum “O-rings”. However, this can be minimised or
avoided by an efficient direct cooling target system with water or another suitable liquid.

The cooling efficiency of the target, for a given power, depends on several
factors, including **

¢ Cooling system efficiency
¢ Thermal impedance of the target and backing plate materials

¢ Thermal and chemical properties of the bonding material between target and
backing plate

The cooling efficiency of the target can be estimated by measuring the
temperature increase of the cooling water as it passes through the source. With the
variation in temperature and the flow rate of the water, the power dissipation can be
determined by using the nomograph of the figure 1.32 7. However, the calculation
accuracy could also be reaffected by secondary electron emission. ‘
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Figure 1.32. Nomograph of the power dissipatéd in water-cooled
sputtering devices 7.
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GROUND SHIELD

The target is surrounded by a ground shield. The function of the ground shield
is to prevent ion bombardment and sputtering from the target backing plate, mounting
clips and mechanical supports that would cause film contamination, and also to promote
a uniform erosion rate over the target surface **°.

The space between the target and the ground shield must be less than the
thickness of the dark space region, in order to sputter only from the target surface.
However, some factors could affect this gap and the shield design such as:

¢ Increasing capacitive target-to-ground coupling, as the gap is decreased, in RF
discharges.

¢ Sharp points, patches of dirt and non-metallic inclusions may cause local
discharges or arcs, particularly with DC discharge and also non-metallic
inclusions.

¢ The shield gap fixes an upper limit for the operating pressure because the
thickness of the dark space decreases with pressure.

¢ The enhanced sputtering at the edge of the cathode can be minimised by
increasing the length of the shield, particularly with longitudinal magnetic fields.

MASKS

Masking areas may be necessary when uncoated areas are required, or to
preserve dimensional tolerances . It is important that the mask material does not
contaminate the vacuum chamber and the film.

SHUTTERS

Placing shutters between target and substrate is very helpful in achieving
thermal and background pressure equilibrium conditions by pre-sputtering, whilst
maintaining substrate protection. It is also possible to clean the target by removing the
first few atomic layers that could otherwise contaminate the substrate *.

FILM CONTAMINATION

The atom impurity conditions determine the effect of the contamination on the
growth, structure and properties of the film. They can be incorporated at the substrate-
film interface into the bulk film or onto the film surface. Furthermore, contamination
reactions can occur at various stages of the overall deposition procedure ***,

Contaminant impurities at the film-substrate interface can arise from various
sources, including ****:

¢ Incomplete, or inefficient, or inadequate substrate cleaning.
¢ Deposition atmosphere contamination.
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¢ In the time between cleaning and achieving a steady state to start deposition, in
which some undesirable reactions can occur.

¢ In the act of sputter cleaning and deposition of the first layer the substrate is
exposed to residual gases from the vacuum chamber or in the sputter gas
atmosphere. For example, a partial gas pressure of only 10™Pa of O, or H,O can
cause oxidation rates of up to one monolayer per second.

¢ When the system is opened to be loaded or unloaded, the target is likely to
become contaminated by either atmospheric pollution or handling.

Impurity incorporation inside the film is caused by reactions of residual gases
during deposition; reactions in the gas phase between film atoms and impurity atoms;
sputtering from a poisoned target and interaction of a film during deposition with the
various species of a plasma *. The impurity concentration inside the film depends on the
ratio of the sticking rates of impurity atoms (oxygen atoms for example) to sputtered
atoms.

Film surface contamination occurs after film deposition. Afier deposition, the
coating is first exposed to the vacuum chamber and then to the air. Consequently, oxide
scales could be formed **.

SUBSTRATE SURFACE PREPARATION

The surface substrate properties could influence the film formation stages of
adatom nucleation, interface formation and film growth, which affects film structure and
properties such as: adhesion, pinholes, density, porosity, film microstructure,
morphology and mechanical properties 2%

As is evident from the foregoing, the substrate preparation is the first step in
film deposition and is also a crucial part of the deposition process. The first goal of this
step is a reproducible and economic surface preparation method that allows the
fabrication of desirable film properties and good adhesion between coating and
substrate”’.

Substrate preparation may involve the reduction or elimination of the
contaminants, modification of the physical or mechanical properties of the substrate,
activation of the surface species to enhance reaction or the addition of desirable species
to the substrate to aid nucleation and adhesion of the film *°.

An important requirement in this step is that the substrate material conditions,
and history, should be known and specified to help in selecting the surface preparation
method. Monitoring the surface preparation method is difficult because the tests used in
monitoring could contaminate the surface. The procedure relies on specifications and
testing samples from each batch of substrates .

The recontamination of the substrate surface can come from a poor environment
(processing gases, condensable vapour, fluids, contacting solid), poor handling or
storage and in subsequent processes. This could be overcome by sputter cleaning the
substrate immediately prior to deposition *>%.
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Plasma cleaning can be used in situ immediately prior to deposition. The
substrate is bombarded by low energy ions and electrons. The bombardment energy
depends on the substrate (insulate or conductive), the discharge (RF or DC) and the
negative energetic particles from the target sheath. This method is effective for removing
contamination without electronic damage, for example thin hydrocarbon or lubricant
contaminations from aluminium plates *’. However, it is ineffective in removing the
native oxide layer or compounds.

The sputter cleaning, also known as backsputtering, may have the same
drawbacks including **:

¢ Sputtering from the backing plate

¢ Contaminants in the plasma can react with the substrate

¢ Sputtered species can be returned to the surface by scattering

¢ The plasma may electronically damage semiconductor materials.

VACUUM SYSTEM

The sputtering requires an operating atmosphere which minimises the
interaction between residual gases and the surface of growing film, i.e. a vacuum
chamber that must be able to evacuate into the 1.3x10°Pa (10”7 Torr) range. Moreover, if
throttling the pumping system is necessary, the working gas pressure must be sustained
with the pump in operation. Industrial production coaters usually include a chamber with
substrate-loading interlocks to protect the target from atmosphere pollution between
deposition cycles and increase throughput **.

A suitable vacuum system consists of a complete leak-tight vacuum chamber
attached to a pump which operates at constant pumping speed, down to the lowest
pressure required. Molecules or particles passing through the pump inlet port would be
caught and not readmitted. The pump should not contribute to any contamination gases
or vapour in the system atmosphere. Electric and magnetic fields and energetic particles
should not interfere with the operating pumping system . If a diffusion pump is
introducing impurities, these can be minimised by throttling the system until the dynamic
pressure at the diffusion pump itself drops to an acceptable value *.

For applications that involve low vacuum, several types of pump are available
such as: mechanical, rotary, vapour-stream pumps *°. Diffusion and turbomolecular
pumps are used with a high vacuum which must be backed continuously by mechanical
pumps to exhaust the gases to the atmosphere. Cryo-pumps, sputter-ion pumps and
turbomolecular pumps are used in ultra-high vacuum systems ",

It is important to realise that inadequate sealing techniques are a major cause of
problems in vacuum equipment. The greater expense of a strong, reliable seal is justified
against the cost of leak detection, repair work, loss of experiments or process product *°.
A common problem met in the operation of high-vacuum systems is the inability to reach
the ultimate pressure for which the system was designed, coupled with unusually long
pump down times. These symptoms may be an indication of a leak somewhere in the
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vacuum enclosure. Virtual leaks may also be observed, associated with ground shield and
wall shield cleaning during the earlier part of the deposition process.

SPUTTERING POWER

In sputtering the power density and the rate at which power is inputted into the
system contributes to heat in the target. When the power increases, the surface
temperature also increases due to the bombarding action of the ions on the target.

Excessive heating can lead to damage, as mentioned earlier, and set an upper power
1il’nit77’80’92.

The RF systems are controlled either by the power input to the matching
network or the target voltage. The DC voltage is normally obtained by filtering out the
RF component with an LC circuit. At both electrodes the sheath voltage is determined by
the difference between plasma potential and electrode potential **. The power supply
must also be able to handle arcing without shutdown or causing damage, which may
result from contamination or thin layers of nonconducting material onto the target *".

SPUTTERING PRESSURE

In order to determine the effects of the vacuum environment on the sputtering
process, it is important to consider the working gas pressure. On the other hand, metal-
gas interactions at the substrate or the growing film depend strongly on process
parameters such as: pressure, temperature >,

Operating pressure limits are imposed either by the glow discharge or the film
deposition. The glow discharge sets a lower pressure limit. The discharge is sustained by
electrons that make ionising collisions in the gas. The degree of ionisation decreases
when gas density decreases and consequently gas pressure. For very low gas pressures,
the discharge current, for constant voltage, will also decrease and the sputtering rate will
become very small ¥,

For a constant power input the deposition rate increases linearly with pressure,
due to the increased ion density and so the sputtering-current density increases. When
still higher pressures are used, the deposition rate falls off rapidly with increasing
pressure. In practice the optimum working pressure may be lower than the breakdown
point. This is because the problem of backstreaming of the pump fluid occuring may lead
to a local rise in chamber pressure.

Also, at high pressures the dark space is reduced, so making it more difficult to
have an effective ground shield ®. Furthermore, at high pressure the mean free path of
the sputtered atoms and ions will be short, so the high collision probability will lead to
lowering the energy of ions and neutrals. Consequently, the backscattering of the sputter
atoms to the target is increased and also the charged particle density at the
substrate” "%

One can envisage that an increase in inert gas pressure means an increase in the
background impurity concentration that will be transferred to the growing film. Also,
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argon may become entrapped in the film. The latter can be minimised either by increasing
the substrate temperature or applying bias voltage *°.

SUBSTRATE TEMPERATURE

The substrate temperature affects the growing film, its final structure, the
sticking coefficient, deposition rate, and gas incorporation into the film 7. So it is an
important parameter but often difficult to control ¥.

The goal is to measure the temperature of the substrate surface rather than the
bulk substrate. However, it is a difficult task due to the thermal barrier present, e.g. the
electrical isolation between the substrate and thermocouple or due to thermal isolation
between substrate and substrate platform. The problem is intensified by the power input
to the substrate from the glow discharge, which is liable to make the surface temperature
greater than that of its bulk. The absolute value of substrate surface temperature is
therefore quite difficult to determine.

The use of a thin film thermocouple evaporated onto the surface of the substrate
has been proposed, but this is not very convenient because it could contaminate the
film*. Another option is to use an infra-red thermometer that measures the infra-red
radiation emitted by the substrate, but this demands a knowledge of the transmission
characteristics of the window through which observation is made, unless the detection

system can be built into the vacuum system, and also a knowledge of the surface
emmissivity™.

Heating of the substrate platform can be achieved by circulating a hot liquid or
by electrical resistance and radiant heating. While cooling of the substrate platform can
be attained by circulating cooling water or liquid nitrogen *.

DEPOSITION RATE

The main factors that influence the deposition rate are the current density, the
voltage, substrate and target temperature ****2. The deposition rate can be increased
until the target temperature starts to damage the sputtering system or produce
undesirable film properties such as high stress 2.

At a given power, the current density is more efficient for determining the
deposition rate rather than voltage owing to the fact that the sputtering yield increases
slowly with increasing ion energy, while the sticking coefficient is proportional to the
current density. On the other hand, increasing the discharge current by increasing the
applied voltage is restricted because the ionisation decreases with increasing electron
energy over 100eV *2. Consequently, it is an advantage to sputter at high current and low
voltage by using either thermionically or magnetically supported glow discharges or by
increasing the pressure °°. However, the sputtering rate can only be increased by
increasing the argon pressure in a limited range *.

The deposition rate, uniformity and consequently the film thickness distribution
are determined not only by the sputtering source such as: design, area, its characteristics

71



The Sputtering Process

emission behaviour (e.g. cosine or point source), but also by parameters such as:
operating pressure, target-to-substrate distance and their relative orientation, substrate
geometry 7%, »

To achieve better uniform film thickness may require repetitive experimentation,
which is time consuming. Nevertheless, the homogeneity of the film thickness is of
interest in the production of and development of thin films. The designers of sources and
coating systems, must take account of the useable substrate size and overall process
economics .

STEP COVERAGE

Components with vertical steps have been a problem to coat with the same
deposition rate as for the whole component, i.e. conformal coverage. Cracks could
develop as the film on the different surfaces grows together as illustrated in figure 1.33.
Neither rotating the substrate table nor using planetary rotation offers a proper solution.
Improvement to the step coverage and minimising the possibility of cracking can be
achieved by increasing the substrate temperature or by substrate bias. The substrate bias
level can be applied to make the film thickness of the wall the same as the plane surface
by resputtering '

Depeaitad Matal Layerss -7

Figure 1.33. Conformal coverage configuration .
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1.4.3. SPUTTERING TECHNIQUES

LAYOUT
U

Overview of Sputtering Techniques
Planar Diode D.C. Sputtering
Triode Discharge Sputtering
RF. Spﬁlttering

Ion Beam Sputtering

Magnetron Sputtering

The basic demands for commercial applications of thin film technology
processes by sputtering methods include: high deposition rate, uniformity of the film
thickness over a large area, good target utilisation and often low substrate heating **.

A number of techniques have been developed to provide better control over film
chemistry, microstructure and properties, and sputtering process demands, including: DC
glow discharge, Triode discharge, RF discharge, Magnetron and Ion-beam sputtering.
The sputter deposition techniques, in any configuration, could be operated in three
modes: reactive sputtering, bias sputtering and ion irradiation *.

All these techniques utilise a low pressure glow discharge that has been
confirmed to be the most cost effective source of ions. Often it has proved difficult to
achieve a uniform and sufficient supply of ions over the target surface. Also, the low
deposition rate that may result can make the sputtering process uneconomic for most
industrial applications. Consequently, a wide range of glow discharge apparatus

geometries have been used in an attempt to *>°*

¢ Increase the ion supply and thus the sputtering rate

¢ Increase the target area and thus the available deposition area
4 Reduce plasma heating of the substrate

¢ Permit low working-gas pressures

¢ Facilitate the coating of particular substrate shapes

The selection of a sputtering device for a given application depends on the
substrate (size, shape, material, temperature sensitivity, resistance to plasma irradiation),
nature of the coating (single or multilayer design, thickness, materials, critical properties,
lifetime) and production volume. The main feature of each sputtering technique will be
reviewed below:
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I-PLANAR DIODE DC SPUTTERING

The planar diode is the simplest configuration of sputtering apparatus, as
illustrated in figure 1.34. Nevertheless, a wide variety of thin, complex films,
multicomponent films and refractory films have been deposited by this technique.

POWER
SUPPLY

1

VACUUM
VACUUM CHAMBER

Figure 1.34. Scheme of a parallel-plate diode
sputtering system 2,

In a DC diode the sputter source is a cathode of an electric circuit. A high
negative voltage (DC) is applied to the cathode. Then a glow discharge of a type known
as an abnormal negative glow, as described in chapter 1.4.1, is maintained between the
electrodes with a suitable pressure. A ground shield is clamped around the target. The
latter is water cooled unless it is to be operated at low deposition rate or for short runs.

The substrate is placed on a grounded anode (target). The two electrodes are
housed in a vacuum chamber. The argon gas is introduced into the chamber, typically at
pressures of 3.9-13.3Pa (30-100mTorr). The voltage required to maintain a glow
discharge having a current density of 0.1-2.0mA/cm’® is usually in the range 500-
5000V®**°. The dark space thickness is typically between 1 and 4cm, depending on the
pressure and the current density.

Several factors could decrease the deposition rate, which is one of the main
limitations of this process, including *

¢ The ions and fast neutrals that bombard the target have an energy that may be
less than 10-20% of the potential drop across the CDS owing to the fact that, at
typical operating pressures, the ion motion, is disrupted by collisions and charge
exchange with gas atoms in the CDS.

¢ The high scatter level of sputtered atoms during transport from the target to the
substrate.

¢ The collision-dominated transport of the sputtered atoms reduces their kinetic
energy by the time they reach the substrate.
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¢ Many of the energetic primary electrons and ions spend their energy by
bombarding the substrate because they fail to transfer their energy into the
plasma.

¢ Jons and electrons could be lost from the edges ofthe discharges.

The foregoing suggest the DC diode technique's main limitations are due to the
lack of ionisation to sustain the glow discharge. This can be minimised by either
increasing the probability of ionisation or increasing the number of electrons in the
following ways &0

¢ Using a magnetic field to contain the primary electrons.
¢ Using the ionisation enhancement given by RF excitation.
¢ Injecting electrons into the discharge by using a hot filament electron source.

The planar diode can operate with both DC and RF power supply and also in
two modes: reactive sputtering and bias sputtering. Substrate sputter cleaning and bias
sputtering are easily attained by adding a negative bias to the substrate holder. Applying
an axial magnetic field may lower the operating pressure or increase the ion current but
could squeeze the discharge and cause non-uniform deposition onto the substrate.

The main advantages and some of the drawbacks of DC diode technique are
illustrated in figure 1.35 77

*Substrate heating.
*Low deposition rates.

* [nability to sputter froman *
insulating target. An insulator

ADVANTAGES DISADVANTAGES surface in a plasma will cause
negative charge build up to the
plasma potential like a floating
electrode.

*Arcing could be a problem
due to patches, pockets of

The technique is suitable for outgassing, or asperities This
research and small production could lead either to the
volume. necessity of conditioning a

target before usage, or by
slowly increasing the applied
power and sputtering away the
The target can be fabricated arc forming effect.

easily from a wide range of *Inability to deposit on

materials. insulating substrates

It is a widely used technique
due to its simplicity.

Good film adhesion is assured

. *It is normal that the source J
for low temperature epitaxy.

material must be available
in sheet form.

Figure 1.35. Advantages and disadvantages of DC diode technique.
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2-TRIODE DISCHARGE SPUTTERING

Triode discharge devices use an additional electrode, independent of the target,
as illustrated in figure 1.36. Consequently, additional electrons are injected into the glow
discharge by thermionic emission rather than by impact ion bombardment. The purpose
of the hot filament is to increase the ions at the target surface, so keeping the target bias
voltage constant, which increases the ionisation that is required for sustaining the glow
discharge %.

NEGATIVE
HIGH VOLYAGE

-. THERMIONIC
EMITTER

Figure 1.36. Scheme of a triode discharge device 5.

The hot-cathode triode can be operated at low pressures such as 6.6x107 -
1.3x10"'Pa (0.5-1mTorr) and the driving voltage is only 50-100V, although the current
may be several amperes from an AC or DC source. The filament is made of tungsten or

another refractory metal. An adequate DC or RF potential could be applied to the
target7°’77’8°’82’9°.

Applying an axial magnetic field could help in keeping electrons away from the
chamber walls;, interaction with the chamber walls reduces the electron velocity,
permitting recombination and this removes primary electrons from the plasma. The
magnetic field thus enhances ionisation and excitation by increasing the availability of
primary electrons. But such a field could produce a distortion of the current distribution
over the target surface ***>%

The advantages of this technique as well as the main disadvantages are outlined
in the figure 1.37 587%7%% . o
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Advantages and Disadvantages o f Triode Sputtering

Advantages
1. Increase m the sputtering rate> Disadvantages
at low working pressures, over
diode sputtering. This means it 1. Difficulty in scaling the
is an attractive technique for equipment due to the
thick films with low additional cathode.

backscattering.

~

. The thermionic filament

j 2. Decrease the residual gas so makes reactive sputtering
/ the film density and purity' are impractical.
enhanced.
3. Capability of quasi- > 3. The filament may
independent control of plasma / contribute to

density and a better control of / contamination..

sputtering deposition made this

N

. The filament could burn-

technique attractive for 1 out and the power
research. / dissipation could

4. Ability to sputter efficiently at increase chamber
low voltage and avoid heating.

radiation damage to substrate
at an adequate current density
and deposition rate.

Figure 1.37. Advantages and disadvantages oftriode sputtering.

3-R.F. SPUTTERING

The RF sputtering device is illustrated in figure 1.38, where a non-conducting
targetis placed over one electrodeand a substrate on the other one. An alternating
voltage (AC) power supply is used at RF frequency. The operating frequency is generally
13.56MHz, since this is the frequency in the 10-20MHz range that has been allocated by
the Federal Communication Commisson for Industrial-Scientific-Medical purposes 868,
This frequency does not allow accumulation of ion charge in a cathode during the RF
cycle. If some positive charge is gathered during one half-cycle, then it can be neutralised
by electron bombardment during the next half-cycle. Thus, the electrodes need no longer
be electrical conductors.

The RF glow discharge forms with a CDS over each electrode. The electrons
spend almost all their time near the centre position between the electrodes, and oscillate
between cathode and anode on each half of RF cycle. When the electrons go toward one
electrode, this uncovers ions at the other electrode to form a positive ion sheath. This
sheath takes over nearly the total voltage in which the ions are accelerated and where
they then bombard the electrodes. When the electrons go toward an electrode for only a
small fraction of a half cycle, some of them can balance the ion flux through the cycle.
Consequently, the electrodes approach or exceed the plasma potential for a very short
part of RF cycle.

At RF frequency, only the electrons can follow the temporal variation in the
applied potential because the ions are relatively immobile. Thus, the plasma can be
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pictured as an electron gas, that moves back and forth, i.e. in an oscillating movement of
electrons, in a sea of near stagnant ions

Additional electrons are created as a result of this electron oscillation in an RF
field. There they can pick up sufficient energy by making in-phase collisions with gas
atoms to cause ionisation in the plasma. Additional ionisation could come from less
energetic electrons that are repelled from the electrode toward the discharge. This
variety of plasma excitation is very effective at high frequencies and can be maintained at
lower gas pressure. This means that the secondary electron is no longer key to
maintaining the RF discharge.

The RF current through the plasma is predominantly an electron current caused
by electron motion instead of power transfer from the oscillating electrons into the gas.
This current is out of phase with the applied voltage. Power transfer only occurs as the
ion current passes through the sheaths, unless some ions and electrons are in phase with
the voltage. The ion current and thus the sputtering rate at a given electrode, is
determined by the difference in potential between the electrode and the plasma

The electrical character of an RF discharge can be classified either as balanced
or unbalanced or single-ended ****°_ In a balanced system both electrodes are identical
and their potential is 180° out of phase, as illustrated in figure 1.38A. The sputtering
voltage is about equal to half the peak-to-peak RF potential and each electrode could be
covered with a dark sheath and be sputtered. In an unbalanced system the electrode on
which the substrate is placed is larger than the target electrode. So the drop in RF
voltage across the substrate electrode is small, due to the large sheath capacitance, as
illustrated in figure 1.38B.

VOLTAGE A

SMA
pomum. Y / PORNTIAL
[}
T

: T /\
4.1 .
smzm { : \’

ELECTRODE “ i“ / A | S
\\\\\\msn\\\\\\\ X

1w
ELECTRODE <\\\\\ \\\\ SUPRLY \\ FLECTRODE - A

DARK SPACE NN ELECTROBE - 8
\ B
N
\ \\ VOLTAGE : ,

REGIONS
e——-\ f——y = r-—\

- -
. ] sussTRATE PLASMA
ELECTRODE '
L i FOTENI‘IAL m‘" v, PaTENTIAL
| -
‘ 0 ;2, " 3o TIME
T Wit

PO{IN’NAL

e
VARV

TARGEY
_ RF POTENTIAL

Figure 1.38. Scheme of a planar RF diode sputtering device and the target voltage versus the plasma
potential for a balanced system (A) and for a single -ended system (B) 82
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The typical electrical circuit, in the RF sputtering technique, consists of: RF
power supply, an inductive coupling to the load and a matching network. The RF system
requires an impedance matching network between the power supply and the vacuum
chamber. The purpose of this network is to increase the power dissipation in the
discharge and to protect the generator.

Since both electrodes and chamber walls are in contact with the plasma, the
impedance is dominated by the sheaths. The sheath capacitances result from the charge
separation across the dark space. Long leads will exhibit inductance, while overhanging
flanges and projections will exhibit capacitance. Ifthe substrate is not properly grounded,
undesirable RF voltages can develop on its surface. As a result, these power losses
decrease efficiency 7/909. Many commercial sputtering sources monitor the reflected
power from the load as an index of how effectively the matching network is adjusted.
The reflected power should be minimised.

The main advantages of'this technique are outlined in figure 1.39 &9%.

. The RF technique allows films to be deposited from
insulating targets.

2. The RF discharge uses electron ionisation more
efficiently, so the operating pressures can be
extended down to ImTorr and the electrons lost from
the plasma are also reduced.

3. RF discharges in planar diode systems can be operated at lower
pressures such as 0.6-1,9Pa (5-15mTorr), compared to DC
discharge 4-13.3Pa (30-100mTorr)

4. The RF system is more efficient, compared to DC in sustaining
the glow discharge

5. Arcing rarely forms in RF discharges. The field is maintained in one
direction for less than one cycle and reduces to zero twice in each
cycle, making it difficult to sustain the arc

6- Reduced scatter of'the sputtered atoms due to low operating
pressure

7- Reactive sputtering can be used with RF discharges

Advantages ofRF
Technique

Figure 1.39. Advantages of RF technique.

The RF sputtering technique has a wide application in the electronics industry
for nonconducting and semiconducting materials, insulating materials, compounds,
refractory semiconductors, ferroelectric compounds, oxides, pure metals, alloys, nitrides,
sulphides, chlorides, pyrex glass and plastic.
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4-IONBEAM SPUTTERING

Ion beam sputtering techniques are arranged such that the target is held
obliquely and intersects an ion beam that is created by an independent ion source, as
illustrated in figure 1.40. The substrates are suitably placed to receive the film.

SPUTTERED
FLUX
TARGET

Figure 1.40. Scheme ofion-beam sputtering&.

This method permits independent control over the energy and the current
density of the ion bombardment. In addition, the ion beam source can deposit material at
very low working gas pressures (<0.ImTorr) onto substrates that are not in contact with
a plasma?.

The method is ideal for collecting data at higher bombarding-ion energies.
However, these devices are limited for industrial applications due to the small ion-beam
sizes of about 1cm and so the deposited area. Recently, the ion thruster technology has
been provided with an ion beam source with large diameter, between 10 and 30cm, while
Kaufmann ion beam sources are now available up to Im in diameter or more & The main
advantages o f this technique are outlined in figure 1.41 80

\
Advantages oflon Beam Sputtering

The substrate is not part of the electrical circuit so it is much easier to
incorporate substrate heating, cooling and process control.

The low operating pressures minimise gas incorporation into the growing film.
Reduced sputter particle collision means the sputtered atoms keep their energy.

An attractive method for ion beam etching, special deposition applications and
research studies

Ability to sputter under high-vacuum conditions

Ability to maintain a field-free region between target and substrate which
allows the sputtering of powder materials and minimises unwanted heating.

Figure 1.41. Advantages oflon Beam Sputtering.
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S-MAGNETRON SPUTTERING

The use of magnetron sputtering devices has grown swiftly in the past two
decades due to the industrial deposition of refractory films, high temperature wear
resistant films as well as microelectronics thin films "**. Nevertheless, new magnetron
designs have been continuously developed over this time span while relatively little work
has been published on the fundamental aspects of the magnetron process '®. The
purpose of using a magnetic field in a sputtering system is to increase the sputtering rate,
extend the operating conditions and reduce electron bombardment at the substrate. The
magnetron systems also attempt to make the plasma more efficient by trapping the
electrons near the target, increasing their ionising effect and reducing their losses *°.

The magnetron sputtering technique can be defined as a cold-cathode discharge,
enhanced using a magnetic field. The £ x B drift and cathode sheath are shaped to ensure
that the secondary electrons emitted from the target are trapped within the negative glow
region. Consequently the mean free path (m.f.p.) of the electrons in the discharge is
decreased and the collision cross-sections are increased. More ions can then be produced
for ionisation without increasing the gas pressure. Moreover, the loss of fast electrons

going to the anode and walls is eliminated. The magnetic field also accelerates the ions to
knock out the target particles 72252,

How do the electrons behave in the magnetron discharge? The electrons in a
magnetic field can be trapped and then collisional diffusion across the magnetic field lines
makes the plasma more efficient. An applied electric field perpendicular to the magnetic
field makes the electrons undergo a motion in a direction perpendicular to both fields.
This motion is known as the £ x B drift and has a cycloidal form if the initial electron
energy is small compared to that gained from the electric field, as illustrated in figure
1.42A. However, if the initial electron energy is large compared to the electric field then
the E x B drift becomes more circular, as illustrated in figure 1.42B. Magnetic field
strengths between 50 and 100G are usually used with sputtering glow discharge
devices™>*.

MAGNETIC FIELD MAGNETIC FIELD
(® UPWARDS UPWARDS
: 1 9 e
m £
DRIFT —
ELECTRON i
STARTING DRIFT
AT REST
A B

Figure 1.42. The electron paths in static magnetic and electric field ">*2.

The plasma only exists in the target areas where the magnetic field and electrical
field are orthogonal to each other. Consequently, the maximum force is exerted on the
particles in this area. Therefore, the etching zones of different shapes on the target can be
identified in conformity with the plasma shape where the discharge occurs.

Magnetron sputtering can be configured in a variety of forms including: planar
magnetron (circular or rectangular), S-gun type, cylindrical type (cylindrical-post
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magnetron, hollow magnetron, magnetic end-confinement). The selection of a particular
type of magnetron depends on the deposit material, substrate and target availability for a
desired geometry. The cylindrical targets are difficult to manufacture and are more
suitable for batch processes. The planar targets are easily machined or hot pressed and
are more suitable for continuous process operation .

In the plasma-ring devices, some field lines could intersect the substrate which
allows electron bombardment to the substrate. However, the electron bombardment
intensity is much less over planar diodes and consequently the substrate heating is less.
All plasma-ring magnetrons offer the advantage that a magnetic field can be produced by
permanent magnets located within the cathode rather than by magnetic field coils located
at or beyond the chamber walls for cylindrical magnetrons.

Magnetron sputtering can be undertaken using either DC or RF power supplies.
DC magnetrons are typically operated at discharge currents in the range of 1 to 50A. A
magnetic field parallel to the RF field can constrain the electrons and reduce their chance
of being lost, mainly at lower pressure. The magnetic field is considerably more
important for enhancing the RF discharge in terms of improving its efficiency, compared
to the DC discharge.

When a magnetic target material is used, it must be magnetically saturated so
that its magnetic behaviour is surpressed and a field of the desired shape can be
maintained over its surface ™.

Typical current-voltage curves for various types of magnetron source compared
to planar diode are shown in figure 1.43. These curves show the effect of ionisation
processes in a plasma discharge "**2. A more efficient discharge requires lower voltage
for a given cathode current density. Magnetron discharge obeys a relationship of the
form I proportional V", where n is an index to the performance of the electron trap and is
typically in the range 5 to 9.
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Figure 1.43. Typical current-voltage for several Al sputtering
sources at Ar working gas *.
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Figure 1.44 shows a typical deposition profile for cylindrical-post magnetron
(a), planar magnetron (b), ring-type planar magnetron (c). At typical operating pressures
(1mTorr), the deposition flux can be predicted with reasonable accuracy by assuming a
cosine emission of sputtered material from the erosion area and collisionless passage to
the substrate. Simulation methods for determining the motion of sputtered atoms has
been reported for unhomogeneous target erosion ‘!
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Figure 1.44. Typical deposition profiles for different types of magnetron.

The development of high performance magnetron sputtering has opened up new
applications and has also provided the following advantages outlined in figure
1.45 3268.102807092103,104 10572106 The main disadvantages of this technique are also
outlined in figure 1.45 %,
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Advantages

Relatively high deposition rates (>1 pm/min) but this still may not be
economic for some thick film applications.

Large deposition area capability and large production volume.

Reduced substrate heating, over diode sputtering, which expands the range of
feasible applications, materials and thermally sensitive substrate applications.

Proper cathode design, aided by minimal aperturing or by plasma control
(unbalanced magnetron), can provide film thickness uniformity better than
+5%.

Magnetron sputtering can coat complex substrate shapes.

Co-sputtering magnetrons allow immobile metals such as electric conductors
(Al,Cu,Ag_Au) and refractory metals (NbJVIo,W,Ta) to be sputter deposited.

Low sputtering pressure and therefore fewer electrons scattered out ofthe
reaction area.

Planar magnetron source has better step coverage, compared to planar diode.

Disadvantages

Magnetrons seem to be more susceptible to arcing than other types of
sputtering system, which can be exacerbated by the high current, low voltage
power supplies which are required to drive the low impedance discharge.

The power dissipated at the target by the large ion current involved causes
considerable problems with target cooling.

Low efficiency ofthe target utilisation due to the erosion area.

Figure 1.45. Advantages and disadvantages of magnetron sputtering.

PLANAR MAGNETRON

Nowadays, the planar magnetron devices are the most widely used form of
magnetron sputtering. They have been configured either in a circular or rectangular
form7/ as is illustrated in figure 1.46. They very often use planetary rotating substrates to
provide good film uniformity 107

The planar magnetron can be scaled to large sizes. The rectangular magnetron is
particularly useful for coating a large substrate surface that is transported in a direction
perpendicular to the long axis ofthe cathode. Large circular planar magnetrons of about
0.6m in diameter have also been reported &
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Figure 1.46. Several shapes of planar magnetron.

The electric and magnetic field configuration permits the electrons to be trapped
and create ions by collisions between gas atom and electrons. Sustaining the glow
discharge depends on the degree of ionisation. The conditions for trapping electrons are
that . x » and the cross electric and magnetic fields form a closed loop. If B decreases
or E increases or the energy of the particles increases, then the electrons may not be
confined and will escape.

The more energetic the drift current, the more ionisation that will occur. This
situation takes place in the glow discharge ring where the magnetic field is strong and
parallel to the target surface. The glowing ring is located in front of the target and
between the pole pieces ofthe cathode assembly. In this area a drift current of electrons
with sufficient energy for ionisation exists. Consequently a narrow V-shaped erosion
groove is formed and is related to the electron motion, magnetic field distribution and
magnetic confinement of the electrons. The glow discharge shape between anode and
cathode is a toroidal plasma band form as shown in figure 1,478&&w 307108

Magnetic
Field Lines

Tied raydcld

Cathode

Figure 1.47. Planar magnetron sputtering configuration 80,105.

The groove erosion profile becomes deeper as the sputtering goes on. Then the
voltage decreases by about 12% during the target life for maintaining the current, as the
secondary electrons emitted from the sides of the groove go toward the centre,
producing a high ionisation current& 107.
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The sputtered particles with direction normal to the substrate occur in front of
the gully area. As the radial distance from the erosion zone centre increases, the angle of
sputtered particles impinging on the substrate increases and this decreases their energy.
This tendency could be enhanced for high pressures and results in a non-uniform film
thickness. On the other hand, as the groove shape grows, the angle of the sputtered
particles is reduced and the film thickness distribution deteriorates with time. The latter is
an important aspect for extending target life **'*’. The target utilisation is typically about
25_30% 103,105,108.

The ring erosion is independent of the material composition, surface finish and
quality of the target ®*'. The groove shape is mainly dependent on magnetic field
strength, shape, and target material and is controlled by the magnetron design.

A multi-target magnetron system consists of several separate magnetrons
operating independently of each other '®. This system has several attractions that enables
the development of new coatings, including: independent control of the individual target
current and the material yield from each magnetron, e.g. TiAIN films produced by
reactive DC unbalanced magnetron co-sputtering with individual pure Ti and Al targets;
change in composition of the coating does not require shutdown of the coater unit to
change the target for the production of multilayer coatings.

UNBALANCED MAGNETRON SYSTEMS

The localised erosion area in the conventional magnetron target under the
plasma rings, except in cylindrical magnetrons, has several detrimental effects, related to
its form and shape, including *~'®'®®: deposition rates varying with operating time,
frequent target replacement, non-uniform distribution thickness, low efficiency of target
utilisation. Nevertheless, this problem can be minimised with unbalanced magnetrons by

changing the magnetron design, broadening the erosion area or flattening the magnetic
field *.

The magnetic field configuration can have notable effects on the magnitude and
spatial distribution of the plasma properties and thus film properties. For example, a fully
dense coating at low bias voltage seems to require ion current densities over 2mA/cm’,
which is difficult to achieve with a conventional magnetron. The unbalanced magnetron
offers the possibility to minimise the effects of the erosion target area, giving high
density-low energy ion and electron bombardment and also increasing the ionisation
density in the region near the substrate, i.e. extending the plasma to the substrate. The
latter results in high ion current density on the biased substrate and thus increased
reactivity of the process on the substrate surface, hence a lower operating pressure %',
An unbalanced magnetron can also give coatings densification at high current density.
Low bias voltage is necessary to produce this densification and this results in less damage
to the film.

Recently, it has been possible to predict film uniformity for a range of source to
substrate distances by design of mask shapes to intercept material between source and
substrate and by a computer program to simulate the magnetron source using erosion
target data *"'%*.
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The unbalanced magnetron has been designed in several configurations to

improve magnetron performance and efficiency, as shown in figure 1.48. Some of these
configurations are;

¢

¢

Magnetron with a moving magnet assembly swinging behind the target increases
the target life %%,

The double-electromagnetic structure improves the uniformity of film thickness
distribution within +5%. The cathode consists of two electromagnet coils (inner

and outer) coaxially on a magnetic yoke behind the target plate *’.

Placing the poles of the magnetic circuit in front of the target surface could result
in a flatter erosion profile *.

The interpoles target-hollow magnetron consists of soft magnetic pole pieces
positioned on top of permanent magnets. This design allows a flat magnetic field
and target utilisation of 64% and also the ability to run a self-sputtering mode

without incorporation of argon gas, which is attractive for very pure layers '*.

The facing target system consists of two target magnetrons placed opposite each
other. The substrate is held on a plane perpendicular to the surface of the targets.
This configuration gives a very high deposition rate at low substrate
temperatures. Also, the geometrical parameters such as: inter-target distance,
target-substrate distance and target size give a flexibility to coat thin films over
larger areas """,

Cathode with poles above the annular target results in a relatively flat magnetic
ﬁeld 103,108.

Symmetrical magnets of one inner annular magnetron and two outer annular
magnets facing each other result in target utilisation about 64% 1%,

Magnetron with an auxiliary solenoid magnetic field results in target utilisation of
5 1% 103,108.

Inverting the magnets in the unbalanced magnetron provides a continuous field
across the chamber, resulting in higher ion current at the substrate. Also, the
current density could be increased three times compared with a conventional

magnetron "°.

The combination of the two techniques, unbalanced magnetron plus cathodic arc,
offers advantages for multilayer alloy deposition providing significantly higher ion
fluxes to the substrate and growing film ">,

An ultra high vacuum DC planar magnetron with an external variable axial
magnetic field (Bex) superimposed on the permanent magnetic field has been
reported *. The sign of B affects the plasma density near the substrate and

hence the ion flux incident at the substrate '*°,
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1.4.4. MODES OF SPUTTERING

LAYOUT
U

Reactive Sputtering

Sputtering Bias

Jon Beam Irradiation

REACTIVE SPUTTERING

Reactive sputtering is a widely used technique to deposit compound and alloy
thin films. This method can be used either with magnetron or RF sputtering or DC
sputtering.

It is a process in which a fraction of at least one of the depositing species enter
in the deposition process in the gas phase. The target could be either a pure metal or
alloy or a compound containing volatile species. In the pure metal or alloy target the high
vapour-pressure species is provided entirely in the gas phase while in the case of
compounds, a small partial pressure of the reactive gas is added to the discharge.

The working gas is a mixture of argon and reactive gas where argon is a buffer
gas. A reactive gas may be intentionally added to produce a suitable film
composition®®''S. Chemical reactions could take place on the target, in the gas phase for
high working pressure and on the substrate.

In sputtering with a reactive gas/argon mixture, the relationship between film
properties and the reactive gas injection rate is generally very non-linear. The non
linearity occurs due to the sticking coefficient on the condensing film which depends on
the growth rate of the film, composition, film structure and temperature **. This means,
that a condensing film works as a getter for the reactive gas and this effect falls quickly
as stoichiometry is reached. Keeping high deposition rates for stoichiometric films
requires an injection of the reactive gas near the substrate and argon gas near the target.
This also minimises the chance that the target may be poisoned ™.

The main parameters of the reactive process are; target erosion rate, film
deposition rate, target composition and reactive gas pressure, which may exhibit a
hysteresis with the reactive gas flow. This latter requires dynamic flow control of the
reactive gas to minimise this hysteresis effect. The contribution of the reactive gas ion in
the total target erosion rate is up to 20% '*°.

A compound layer forming on a cathode during reactive sputtering is referred to
as cathode poisoning. This effect depends on the metal/reactive gas combination and the
properties of the cathode surface layer. The poisoning effect introduces several practical
problems, including: decrease in the target erosion rate and even termination of the
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discharge current. Arcing on the target surface may cause a reduction in the deposition
rate. If the material to be deposited passes abruptly from a metal to a nearly
stoichiometric compound, then intermediate materials, such as suboxides, become
difficult to deposit. The hot target in reactive sputtering operates at a high enough
temperature to evaporate the surface layer and thus avoid the poisoning effect ''’.

The reactive sputtering process is dependent on the system geometry, the
accumulation of coating on walls and fixtures and the positions of gas injection and its
composition. All these parameters must be carefully controlled in order to use
effectively the reactive sputtering on industrial production and film optimisation ****.

The advantages of reactive sputtering are '**:

¢ Compounds and alloys can be formed from metallic targets

e Insulating compounds can be deposited using DC power supplies
o Films with graded composition can be formed

e Can be used to restore the stoichiometry of the film

BIAS SPUTTERING

Applying a negative potential (Vb) to a substrate will establish a sheath potential
(Vp-Vb) in front of the substrate. The sheath polarity accelerates positive ions onto the
substrate, i.e. the substrate could become a sputtering target. For small bias voltage, the
sheath at the substrate will be thin enough so there will be no collisions. However,
increasing bias voltage, the sheath thickness grows so that collisions may become
important and attenuate the ion energy. Consequently, the average energy of particles
striking the substrate will increase slowly compared to the applied bias voltage.
Moreover, the fast electrons from the target can bombard the substrate, increasing the
bias on the substrate. This is true in the DC system but is restricted in RF .

Biased negatively, the substrate before deposition can be used to improve film
adhesion to the substrate and remove contaminations. However, during deposition it can
preferentially remove oxygen, reduce argon incorporation into the growing film, increase
substrate temperature, provide low-energy ion bombardment of the growing film,
increase film density, improve film purity and control film properties. The properties that

can be modified are, for example: resistivity, hardness '**''®; change crystallography

orientation, for example AIN coatings, by reactive sputtering '*.

The growing film is also subject to resputtering by the incoming ions. However,
at moderate bias voltage (about -50V) there will be little resputtering of the growing
film. Negative substrate bias can be used to control film deposition and thus the
conformal coverage of surface topography by resputtering. Consequently, to coat a
perpendicular step is easier '%°.

The process consists of resputtering deposited material and redepositing it on
the side walls. This is facilitated by sputtering under a cosine law, i.e. there is a tendency
for material to be ejected sideways rather than outward (cosine or overcosine) at high
energy. As the bias voltage is increased and the deposition rate decreases, relatively more
metal is resputtered onto the side walls. The process parameters must be chosen
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cautiously due to gas scattering right back onto the target and the substrate backing plate
will also be subjected to ion bombardment. Consequently, backing plate material could
be incorporated into the growing film.

The basis for bias sputtering to produce high purity films is that during
resputtering most impurities should be removed in preference to the atoms of the films *°.

A positive bias applied to the substrate attracts secondary electrons. The latter
will be accelerated onto the substrate, heating the surface and reducing the sticking
coefficient. Substrate temperature and electrical bias also have an effect on the crystal
structure of the film ”’. The positive bias also raises the plasma potential and so will
increase the energy of ion bombardment. This can be useful as a cleaning technique but
can also be a source of contamination *.

Selective deposition can be achieved by high bias sputtering, i.e. selective
growth and erosion. Experimentally, this has been demonstrated. It has been shown that
Al is selectively deposited on Si and not on W surfaces. Also, Ti is selectively deposited
on Si and not on Pt surface. The high mass and high atomic density materials are likely
candidates for growth-inhibiting materials while low mass and low density materials are
likely candidates for growth-promoting materials during bias deposition of low to
medium mass species 2>*1%2,

ION BEAM IRRADIATION

Using a second ion gun to irradiate the substrate by an ion-beam has been
shown to affect film nucleation, and growth kinetics, adhesion, film microstructure and
chemistry and hence film properties .
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1.5 CHARACTERIZATION OF THIN FILMS

LAYOUT
U
Overview of Film Characterization
U
Objectives
U

Types of Film Characterization

Coating deposition techniques can offer the possibility of modifying the surface
properties of components through coating deposition to improve performance, reliability
and lifetime and hence profitability. To achieve such benefits, it is important to
understand the interrelationship between coating properties and their performance, and
how these properties may be controlled either by choice of deposition process or control
of microstructure, as mentioned earlier '**.

Thin films or coatings, in single or multilayer design have microstructures,
physical and mechanical properties that could be different from either those of the
identical bulk material or the substrate material '>*'**'**. Some unique film properties can
come from the fabrication processes and the microstructure, due to the restricted grain
size and thickness of the film, as illustrated in the figure 1.49. The same figure shows the
main properties such as the chemical, physical and mechanical, for each system of the
film/substrate composite including: surface, bulk coating and interfaces '=.

When a coating/substrate performance is well “established, then it is worth
optimising each part of the composite system and their inter-relationships. Moreover,
understanding the relationship between microstructure and mechanical properties has
been one of the targets in Materials Science mainly because this can be controlled by the
selection of deposition technology and processing parameters. For example, knowing the
mechanisms responsible for deformation and fracture of film material may allow the
mechanical properties to be changed through the control of microstructure 21212512

From figure 1.49 it is evident that many of the film properties are useful only in
certain applications, so there is a need to characterise the film by measuring a few
fundamental properties for specific applications '*. This means that it is not sufficient to
look for individual properties, such as hardness, when selecting a coating for a given
engineering application. Other properties such as residual stresses or adhesion are equally
important '*. In the same way, the experimental study of mechanical properties of thin
films requires the development and use of non-traditional mechanical techniques. In these
chapters we shall be looking at the traditional as well as non-traditional mechanical
measurement techniques that have been used in this area.
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Figure 1.49. Specific characteristics and main properties of thin films.

It is clear from the foregoing that the characterization of thin films is essential
and could include several targets such as 124

¢ Development of new material processing parameter optimisations.

¢ Set up process control, specifications and monitoring for making the process
reproducible.

¢ Problem solving.

¢ Development ofthe processing variables to control the properties ofthe material.

¢ Determination of functionality and establishing performance limits for a specific
application.

¢ Acceptance of products in terms of functionality and stability.

¢ Establishing the baseline for composition, structure or performance of the
coating.

¢ Determining the stability and degradation conditions ofthe material in service.

¢ Aiding in analysis of failure.

Film characterization can be defined as absolute or relative. Absolute
characterization can be achieved by a specific value. However, the absolute value usually
requires accurate measuring techniques and standards and the comparison of the
measured values to standards for the parameter of interest. The relative characterization
is obtained by comparing to an acceptable value that need not be standardised. Relative
characterization is easier to obtain and cheaper than absolute values 124

Film characterization may also be classified according to certain objectives such
as: functionality, behaviour, stability. Functional characterization relates to the final use
of the material, e.g. hardness, wear. The behaviour is a function of processing
parameters, mechanical properties and structure. The stability refers to the product
variation during subsequent processes, handling, storage and use in service, e.g.
corrosion resistance.
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Property evaluation could be general or vary locally over the whole component.
Moreover, the general properties may be non-uniform over a large area on the deposition
fixtures. Such deviations could result either from the substrate conditions, or deposition
parameters or the technique itself Hence, when selecting methods for sample
characterization one must consider such variations and incorporate them in appropriate
statistical design methods. To identify each sample and its position in the fixture for
future reference with respect to variations in properties may be a helpful policy in
selecting the method of sampling.

In testing films, one differentiates between the properties of the films that are
adherent to the substrate and those that are free-standing. This means, they have been
separated from their substrate. In both cases the knowledge of the film thickness is
essential %°.
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1.5.1. STRUCTURAL CHARACTERIZATION

LAYOUT
u
Film Formation

u
Nucleation and Film Growth Modes
u
Computer Methods Simulation
u
Structural Models

u

Effects of Low Energy lon Irradiation
u

Structural Characterization Techniques

Understanding some ofthe unique film properties requires a detailed knowledge
and understanding of the film formation with a specific fabrication process. The film
formation stages due to atomistic processes are outlined in figure 1.50 14

Surface Preparation
Condensation and Nucleation of the Adatom

Interface Formation

Film Growth

Post- Deposition Treatment

Figure 1.50. Film formation stages due to atomic process.

The film condensation processes start with the impingement of sputtered
material on the substrate, mostly in an atomic or molecular form. Then they transfer their
kinetic energy to the lattice and become freely bonded adatoms. The latter have some
mobility on the surface so they diffuse over it. Thereafter they interchange energy with
the lattice and other adsorbed species until they are either adsorbed, or reevaporate, or
resputter, or become trapped at low-energy lattice sites. Finally, the incorporated atoms
readjust their positions within the lattice by bulk diffusion processes 8712¢130:31

The nucleation density depends upon the adatom kinetic energy, adatom surface
mobility, chemical reaction, adsorbed surface species, and the nucleation sites available.
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The atomic mobility across the surface depends on temperature, defects and impurities or
physical barriers which impede the atom diffusion and available energy 14132

The nucleation density of adatoms on a substrate surface and the mode of
growth determines the structure of the interface, such as: contact area, voids,
restructuring of the interface layer. Interface formation starts during nucleation of the
adatom on the surface and may continue through the deposition process and still
continue during post-deposition processes, and perhaps even in service.

It is clear from the above that atomic travel includes four basic processes:
shadowing, surface diffusion, bulk diffusion and desorption 1j0. The factors that
determine the nucleation and growth kinetics, microstructure evolution, and hence,
physical properties ofthe film grown by PVD are outlined in figure 1.51 7H2413'3

A_ST

s fsIB ) Detarl'Tefalte fe ifkeFunM b

The film material

The incident film flux angle

The kinetic energy ofthe incident species

The film growth temperature and heating during deposition
The flux of contaminants

The substrate material such as: morphology, structure, chemistry
and physical properties

The surface cleanliness

The surface crystallinity, and orientation
The ion/surface interaction

Deposition variables: film deposition rate

Figure 1.51. Factors that determine physical properties of the film growth by PVD.

The important structural features that affect the physical properties of multilayer
coatings are interdiffusion, interface roughness, layer thickness homogeneity, the flatness
ofthe layers and the repeatability ofindividual layers [’4

The contaminants present depend on the base pressure, pumping speed, and the
design ofthe vacuum system. Moreover, substrate surface cleanliness depends upon pre-
deposition methods, as mentioned in chapter 1.4.2.

Non-equilibrium thermodynamic deposition conditions could form several
imperfections. The most important are those that arise at the interface caused by poor
vacuum, impurities, resputtering and decomposition. The outcome is poorly bonded
nucleation sites giving low density interface layers and thus weak bond strength.
Stoichiometry variations, phase separation, complex precipitates, stress gradients,
uncontrolled nucleation, columnar or grain boundary diffusion pathways, and poor
stability are also observed 132

Post-deposition treatment may be used to improve the film or interface
properties, to lessen impurity problems and rectify composition. Some of these
treatments include: burnishing or shot peening; rapid thermal processing; annealing; ion
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beam mixing. The latter results in enhanced interface adhesion in several metals,
insulators and organic-substrate composites. Nevertheless, each treatment can add new
forms of defect interactions 2#13%1%,

Thin films can grow with amorphous, polycrystalline textured and single
crystalline structures depending on the substrate temperature, deposition rate, film
material and processing parameters. Both polycrystalline and amorphous films produced
by vapour deposition at low temperature (T:<0.3T,,) are habitually formed with open
columns with voids and pores along the column boundaries. Such structures are
susceptible to environment contamination which can be incorporated in the voids. This
results in poor mechanical and optical properties and also affects the magnetic and
electric resistivity. Such films are also anisotropic. Metastable phases and special
structures are often formed but with an increase in the film thickness they may disappear.
Epitaxial deposition has a crystalline structure and a crystallographic orientation which
follow that of the substrate. When a film grows on single crystal substrate under special
conditions (epitaxy growth) it could also become a single crystal 3>13¢137,

There are three models that describe the film growth on a substrate surface,

which are discussed below:

1.Three-dimensional island (3-D) or Volmer-Weber **13%136:137
2.Two-dimensional layer-by-layer (2-D) or Frank-van der Merwe 13%13%133136.137
3 Stranski-Krastanov mode] *>13%136137,

1. Three-Dimensional (3D) Island or Volmer-Weber

The main features of the 3-D nucleation and growth are illustrated in figure
1.52. An impinging flux of film species is thermally equilibrated on the substrate surface
by a few vibrational periods. Then the adatoms can diffuse over the surface and interact
with other adatoms or re-evaporate. Small clusters are nucleated directly on the substrate
surface and then grow in size into islands with sequential coalescence to form a
continuous film.

Rlcm@ x s1)
: Direct
Reevaporation Adatom
ccomemodati Critical Capture
Accommedation ‘ Metastable  Size Islond l
Cluster Cluster Growth

Substrate at Tempergture Ts
Nofsites X crm@)

Nucleation and Growth Processes

Surface Diffusion

Figure 1.52. Main features of the 3-D nucleation and growth '*°.

This type of growth occurs when the film atoms are more strongly bound to
each other than to the substrate. A schematic illustration of the sequential steps during 3-
D growth for island density versus the nominal film thickness is shown in figure 1.53.
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The critical nucleus size can grow either by direct impingement or by catching
the vapor-phase species or by the capture of condensed adatoms which are diffusing
across the substrate surface. As the deposition goes ahead, the size and densities of the
nuclei increase and so reach a maximum at typical values of 10™ to 10"cm™ which gives
island sizes of 10 to 100nm. Over the maximum point, further deposition leads to a
decrease in the nucleus density due to coalescence of adjacent clusters. However, the
islands continue to grow by catching mobile adatoms and small clusters. Then the film
becomes semi-continuous with channels and holes. These latter can be filled by
secondary nucleation as the growing film becomes continuous.

The secondary nucleation is a result of the driving force for coalescence that
reduces the surface energy by rounding the islands. Stresses may occur in continuous
films due to film/substrate lattice constant and thermal expansion mismatch and can also
be relieved by dislocations climbing. Nevertheless, recrystallization can also occur during
coalescence, which tends to eliminate misorientation and increase the nucleus size.

Dense small islands during the initial stages of deposition will form continuous
films at a relatively low film thickness, though a few large islands during the early stages
of deposition will produce films with an island structure at relatively large film thickness.
The thickness at which 3-D nucleated films become continuous depends upon the film
material, substrate material, supersaturation (S) and growth temperature (Ts). This
critical thickness decreases with an increase in the deposition rate at constant growth
temperature.

Film Growth by
Island Formation
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Figure 1.53. Steps during 3-D growth for island density
versus nominal film thickness '*°.

The minimum thermodynamic requirement to achieve net deposition is that the
condensate pressure in the gas phase (p) should be equal to its equilibrium vapour
pressure over the solid (ps). Consequently, the supersaturation ratio must be larger than
one, S=(p/ps)>1, because the nuclei have a greater vapour pressure than that of the bulk
material due to their high surface/volume ratio. Thus the clusters must be greater than a

98



Structural Characterization

certain minimum critical size to allow film growth. The critical cluster size decreases as
the supersaturation increases, which will occur either by increasing the incident flux of
condensing species (p), or decreasing ps which depends exponentially on the growth
temperature.

For high deposition rates (or low deposition temperature), higher than the
surface site density multiplied by the adatom surface diffusivity, then the film is
amorphous owing to the lack of time for adatoms to diffuse across the surface and sit at
low energy positions before they are overlayered by subsequently deposited adatoms.

Covalent materials have low packing densities and strong directional bonding,
and, therefore, easily form an amorphous state by deposition since the high metal
diffusibility depositing them in an amorphous state is more difficult.

2. Two-Dimensional Layer-by-Laver (2-D) or Frank-Van Der Merwe

The 2-D layer-by-layer growth occurs when the desorption energy (no binding)
of film atoms condensed on the substrate is equal to or larger than the desorption energy
of film atoms condensed on other film atoms. Therefore, it is easier for the atoms
depositing on an existing plane of atoms to desorb rather than those on the substrate.
Atoms continually arrive and adsorb all over the surface. Those on existing deposits
desorb more easily. The net result is that atoms will build up in two dimensional layers.
This requisite can be performed by growing a film on a substrate of the same material
under ultra high vacuum. In this case, no barrier exists to nucleation, in spite of
coverage, and no supersaturation is essential. Consequently, the growth occurs in a quasi
layer-by-layer manner by step motion as one monolayer across the surface.

There are numerous examples of this growth in metal-metal (Cd on W) and
semiconductor-semiconductor systems (YBa,CusO; onto SrTiOs). However, a small
amount of oxygen can reduce the growth rate and then furnish a barrier to nucleation. As
a result the nucleation mode changes to 3-D growth which then obstructs the epitaxial
growth.

3. Stranski-Krastanov Model

This third growth mode is a mixed-mode in which the film initially nucleates by
2-D growth and then turns into 3-D growth. The change occurs after a few monolayers
of the 2-D growth, because this mode of growth becomes unfavourable, and may be due
to the release of elastic energy stored in the film as a result of the film/substrate lattice
mismatch.

Computer simulation methods and molecular dynamic simulations have been
very helpful in drawing some conclusions about the microstructure evolution,
demonstrating that ***;

¢ The open columnar structure may be caused by low adatom mobility combined
with self-shadowing by previous deposited atoms.
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¢ Increasing the growth temperature could result in a film with much higher
density.

¢ The temperature range, in which a porous columnar microstructure moves to one
that is densely packed, increases slowly with increasing deposition rate.

¢ The introduction of grains with low surface energy, i.e. crystrallographic texture
in the early stages of the film deposition, tends to activate grain growth.

¢ Low energy ion bombardment can improve the film structure.

Movchan and Demchisin 2*1**13>1391% yere the first researchers to classify the

film microstructure produced by vapour deposition, developing a structure-zone-
diagram. The main features are illustrated in figure 1.54. Thick films (0.3-2mm) of Ti,
Ni, W, ZrO,, Al,O; and Fe were deposited by electron beam evaporation. These authors
concluded that the coating microstructure could be represented as a function of the -
normalised growth temperature (TJ/T.) for three zones. Each zone has a specific
characteristic structure and physical properties as mentioned below:

ZONE 1 (147,,<0.2-0.3): The microstructure consists of tapered crystals with domed
tops which are separated by voided boundaries. The internal structure of the crystal is
poorly defined with high dislocation density. The crystallite width increase with Ty/Ty,
and that dependence suggests an activation energy about 0.1-0.2eV which is too low to
be explained by grain growth mechanisms. This zone is dominated by conditions of low
adatom mobility.

ZONE 2 (0.3<T1y/T,<0.5): The microstructure consists of columnar grains separated by
dense intercrystalline boundaries. The boundaries had high dislocation densities. The
surface exhibits a smoother matt aspect. The grain width was less than the film thickness.
The grain width increases with Ty T, giving an activation energy about equal to that for
surface diffusion. \

ZONE 3 (0.5<T/T,,<1): The microstructure consists of equiaxed grains with a bright
smooth surface. The grain diameter increases with TJ/T,, and yields an activation energy
like that of bulk self-diffusion. The transition between zone 2 and 3 was gradual, thus the
boundary had a positive slope.
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Figure 1.54. Movchan & Demchisin model on left hand side. Thornton’s model on right.

Sanders’s model *° was based on a dominant physical process. The range 1
(T/T»<0.1) was dominated by shadowing. The range 2 (0.1<TyJT,<0.3) was dominated
by surface diffusion. The range 3 (0.3<TyT,<1), the most significant process, was
dominated by bulk diffusion. However, at high TJ/T,, Sander’s inferred a new range
based on liquid-like condensation.

Thornton's model ?>P%P>13141 went one step further over the Movchan and

Demchisin diagram by adding an additional axis to account for the sputtering pressures.
He also added an additional region called the transition zone as illustrated in figure 1.54.
The Ti, Cr, Fe, Cu, Mo and Al coatings onto glass, in the range of 25-250um thickness
were produced by post-cylindrical magnetron sputtering.

ZONE 1: The structure consists of columnar crystallites defined by open voided
boundaries. This type of structure is aided by surface roughness, high argon pressure and
an oblique flux deposition. The lack of adatom diffusion to overcome the shadowing
effects depends upon the degree of surface roughness. The shadowing effect can occur in
amorphous and crystalline films. Preferential growth on the surface peaks over the
valleys increases with oblique deposited flux which brings about open boundaries. The

- surface roughness can result from the initial nuclei shape, preferential nucleation at
substrate inhomogeneities, substrate roughness itself and preferential growth.

TRANSITION ZONE (T): The transition zone is defined as the limiting form of the zone
1 structure at zero TJ/T,, on infinitely smooth substrates. The structure consists of a
dense matrix of poorly defined fibrous structure without voided boundaries and high
dislocation density. The boundaries are sufficiently dense to produce acceptable
mechanical properties. This transition zone, structure is believed to be the internal
structure of the zone 1 crystallites. Films with this structure grow on smooth
homogeneous substrates at T¢/T,, where the adatom diffusion overcomes the roughness
of the substrates and the initial nucleation so that the shadowing effects are minimised.

ZONE 2: The columnar structure goes toward an equiaxed shape crystallite separated by
dense intercrystalline boundaries. At high TJ/T,, the surface was smooth with grooved
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grain boundaries. This growth structure is controlled by adatom diffusion. Incidentally,
the growth takes a form of platelets or needles. The growth depends on the crystal face
condensation, lattice adsorption, surface diffusion, T¢/T,, and residual gases.

ZONE 3: The structure consists of dense grain and twin boundaries. The grains could be
either equiaxial or columnar, depending upon stresses at the initial deposition. This zone
is controlled by bulk diffusion processes such as: recrystallization, grain growth.

Metal films in the transition zone exhibit high hardness and strength but low
ductility. The densely packed structure in zone 1 has the same hardness as that produced
in zone T but poorer strength. The ceramic compound films have low hardness at low
TJ/Twm. The dislocation density and hardness of metals decreases rapidly with Ty/Ty, until
the zone 2 develops. Within the zones 2 and 3 the sizes of the columnar and equiaxed
grains increase with T/T,, and the hardness and strength of metals decrease. Metals
deposited in the low Ty/T,, range of zone 2 exhibit high strength and low ductility.
However, those deposited in the high T4/T,, range of zone 3 are similar to fully annealed
bulk material.

The film microstructure is strongly affected by working pressure, surface
roughness and ion bombardment:

¢ Increasing the pressure for values that increase the oblique deposited flux could
result in a more open zone 1 structure. Using shields for limiting the oblique flux,
can result in a dense zone T structure. Moreover, increasing pressure at low Ty Ty,
may open intergrain boundaries and then the structure could change from zone T
to zone 1. Also, residual gas adsorption promotes a zone 1 structure. On the other,
hand, decreasing pressure could result in an increase in energetic particle
bombardment and hence growing film densification.

¢ The zone 1 structure exhibits arrays of shadow growth boundaries associated with
the substrate roughness. The most open boundaries are associated with severe
surface irregularities. Substrates prepared by machining or polishing leaving
grooves would produce the zone 1 structure. Oblique flux deposition and surface
roughness are similar in producing shadowing. Increasing the Ty/T,, the shadow
boundaries are overcome by adatom diffusion. Moreover, a smooth substrate is an
effective way of promoting a dense coating at moderate Ty/Th,.

¢ The ion bombardment using bias sputtering can reduce the open structure at low
TJ/Tn by creating nucleation sites for arriving atoms or by eroding surface
roughness peaks and rearranging material into valleys '*>. A disadvantage is that
inert gas entrapment may cause blisters during annealing.

Grovenor’s model 3> i5 based on TEM analysis of Ni, Pt, Au, Cu, Al, Pb,
Ti, Co, W, Cr, Ni and NiAl coatings produced by evaporation. A slightly different
structure for the zone 1 and T compared with other models was reported where an
activation energy for grain boundary formation is a function of their crystallography,
even at low temperature. The zone 1 consists of bundles of small grains for Ty/T;,<0.1
while the zone T consist of small grained structures of a bimodal distribution extended to
T/Tn=0.3. Above TJT,=0.3 small grain structures were concentrated near the
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coating/substrate interface. These then gave rise to larger columnar of equiaxed grain
structures, depending on substrate temperature.

J R Nicholls's model ™' was based on Al films for deposition pressure
between 1.3x10™ to 1.3x10™" Pa (10°° to 10” Torr) at growth temperatures up to 900K.
The diagram is plotted on a gas pressure logarithmic scale. The structure can be
predicted by a combination of existing models having linear boundaries. This model, as
well as Grovenor's model, is illustrated in figure 1.55.
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Figure 1.55. Grovenor’s model and Nicholls’s model ',

The structural-zone-diagrams supply a useful method of classifying film
microstructure qualitatively. The prediction of film microstructure and properties
through these diagrams must take into account that film growth kinetics are strongly
dependent on several factors, as mentioned before.

The kinetic energy of the incident species during film growth during plasma
assisted deposition can be increased up to several hundred eV. However, the energetic
particle bombardment before and during deposition may be used to modify the interface
constitution and the stages of film formation. The low energy ion irradiation, often
<100eV, during deposition offers a better control over film nucleation and growth
kinetics and thus the microstructure, chemistry and physical properties of thin films
which are included in figure 1.56 *»#**1%5.
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Film densification and increased oxidation resistance in optical films

1(\1/Iinimisation or elimination of columnar microstructure in metallization layers for electronic
evices

Altering the state of stress, grain size, preferred grain orientation and defect concentration
Increased film/substrate adhesion

Enhanced conformal coverage

Controlling magnetic anisotropy in recording layers

Low temperature epitaxy, stimulating surface chemical reaction during deposition and etching
Tailoring film composition

Selective deposition

Growth of metastable phases

Figure 1.56. Advantages of low energy ion irradiation during dputtering.

To produce high quality films at low epitaxial temperatures requires a balance
between the beneficial effects of ion irradiation enhanced diffusion that is supplied by
atomic rearrangement into lower energy sites and the lowering of residual damage by
annealing out bombardment induced defects during deposition. The literature suggests
that the most favourable deposition conditions would seem to be: low ion energy,
relatively high ion-to-neutral flux ratios, and provided that contamination from
background impurities is not a problem, low deposition rate 133135.

STRUCTURAL CHARACTERIZATION TECHNIQUES

The continuing development of advanced materials, quality control and failure
analysis require ever closer control of properties such as: structural, chemical,
mechanical, stability and electronic performance. These factors have placed new
demands on analytical techniques which have been developed to characterise materials as
thin films with less than 1pm thickness or multilayer films.

The adequate characterization of a material requires a combination of different
methods to obtained the necessary depth of information which is nowadays required.
Every method has specific advantages and adds its pieces to the puzzle to complete the
required information about the sample. Some of the typical information and analytical
techniques are pictured in the figure 1.57.

eLayer thickness
Structural defects y

*Phase'""*,

boundary
» Crystallinity level *Surface analysis techniques. 'Inﬁerface
Lattice parameter: AES, SIMS.RBS, XRD, EDX, WDX: coherency
Stress level / XPS, EDS, STM, AFM,EMA

eImaging analysis techniques

SEM, ESEM, TEM, XTEM, STEM, .
Fracture HREM Impurity level

Topography

Inclusions

Grain/Fibres size

Chemical composition Crystal quality

Elemental composition

Figure 1.57. Some ofthe typical analytical techniques.
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In this chapter we shall be looking at the main features of the most used
analytical techniques:

1. Auger Electron Spectroscopy (AES) 1146147

The evaluation of Auger electron energy provides surface chemical information.
As a result, AES spectra are used to survey the surface composition of materials. Also,
combining with ion beam milling (ion sputtering) enables a measurement of elemental
composition as a function of the depth (so-called depth profiles). The electron beam used
in AES techniques can be focused on a small spot and deflected to a region of interest on
a sample. Spatial resolution of 25-50nm has been achieved by sacrificing the beam
current and thus sensitivity.

2. X-Ray Photoelectron Spectroscopy (XPS) ¥

An X-ray source mounted near to the sample is used for excitation. The X-ray
exposes a broad area of the sample, often a few millimetres. The XPS spectra is used to
survey the surface composition of materials and can be combined with ion sputtering to
generate a depth profile.

3. Secondary Ion Mass Spectroscopy (SIMS) '*°

SIMS is a mass analysis of secondary ions generated by ion sputtering. It has
sensitivity 10°-10° more than AES or XPS and the depth profile resolution is less than
5nm (50A) depending on the analysis conditions. SIMS data is more difficult to quantify
then other techniques such Rutherford Backscattering Spectroscopy (RBS) and these can
be used to normalise the data.

4. X-R(ZV Difﬁ”action MD) 145,146,148,149,150,151,152

The principle of this technique is that crystallites within a sample located in a
collimated X-ray beam diffract X-rays at specific angles and intensities as the chemical
composition and crystallographic structure produce a unique angular distribution of
diffracted intensity which allows information about crystallographic structure to be
obtained. The analysis is based on comparison of the diffractometer scan with known
standards. Crystalline materials lead to sharp diffraction peaks, whereas amorphous
materials produce broad diffuse scattering of X-rays. Analysis of the width of reflections
along a crystallographic axis provides data about crystallite size and the degree of
disorder within the crystal. The type of information that is obtained by X-ray diffraction
includes: phase identification and quantification, crystallinity, lattice constants crystal
structure and size, preferred orientation. All these measurements may be influenced by
the strain present in the thin film. By measuring changes in lattice constants as a result of
this strain, residual stresses can be determined.

Conventional analyses assume the sample as a homogeneous set of crystals with
random orientation. This assumption can lead to error for multilayer coatings with layer
thickness less than the penetration depth of the X-rays. Moreover, the transparency of
the layers can limit the diffracted intensity. However, the chemical modulation, structure
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and strain in multilayer coatings have been analysed using dynamic X-ray diffraction
theories.

. . 45,146
5. Scanning Electron Microscopy (SEM) M>146151.147.153,154

SEM provide scanning two dimensional images of solid surfaces using electron
beam generated secondary electrons. The primary beam may be focused on a spot less
than 5nm (50A) in diameter, in the range of 2.5 to SOKV. For X-ray analytical purposes
the probe size is typically 2um diameter. SEM images at less than 2nm (20A) resolution
have been obtained with several hundred thousand times magnification. The operating
parameters such as voltage, beam diameter, beam current, angle of incidence, time and
frame speed could improve image quality. Insulator materials may be coated with a thin
conductive layer to dissipate the surface charge.

The environmental SEM, called the ESEM, operates with a gas pressure of up
to 2.6x10°(20Torr) in the specimen chamber. It therefore allows insulated materials to be
examined without any coating. One of the most common analyses attached to the SEM is
the energy dispersive x-ray spectroscopy (EDS). However, the useful range is from 1 to
220KeV, which limits the analysis to elements with Z>9 (when using a machine with Be
window). In window fewer mode elements with Z between 6 and 9 can be detected.

6. Transmission Electron Microscopy (TEM) 1#146147

The TEM uses an electron beam at higher accelerating potential (100-400KV)
to obtain information from samples which are thin enough (50-300nm) to transmit
electrons. The samples are thinned by a combination of chemical, mechanical polishing
and ion milling. The TEM resolution could be higher than 0.15nm. The transmitted
electrons are used to form either an image or a diffraction pattern or for X-ray
microanalysis composition.

The standard method for generating diffraction patterns is by selected area
diffraction (SAD) where an aperture is used to limit the area of the specimen from which
the diffraction pattern is obtained. The latter can be used to determine the crystal system
and lattice constants of phases within the thin foil structure. Attachment of EDS
detectors permits the identification of local elemental composition variations at a spatial
resolution of about 0.1um. The STEM is both a scanning and transmission microscope
which operates between 100 to 200KV. The electron beam is focused on a small probe
which is scanned across the specimen.
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1.52. MECHANICAL PROPERTIES OF THIN FILMS BY TRADITIONAL
METHODS

LAYOUT
U
Coating Deformation Mechanisms
U
Internal Stresses within the Coatings

U
Young's Modulus of the Coatings

Strength of the Coatings
U

Fracture Behaviour of the Coatings
U
Multilayer Coatings System

Nowadays, the characterization of thin films tends to be towards their
functionality. However, features such as behaviour and stability in service could also be
of importance. For example, the coating materials used for microelectronic integrated
circuits and magnetic disks must perform their electronic and magnetic functions but
corrosion, mechanical and wear failures should not occur. Such failures could be
produced by residual stresses, substrate deformation, friction and erosion, or strain from
thermal expansion coefficient mismatch '*’.

The measurement of thin film mechanical properties has become of foremost
importance in the last few years. The explanation can be found in the following
examples, which also show that some failures in the component integrity could be
attributed to its mechanical properties:

¢ Inorganic dielectric and passivation films, for microelectronics devices, have been
reported to be dependent on mechanical strains resulting from coefficient of
thermal expansion mismatch, mechanical deformation of the substrate and
residual stresses in the film resulted **>'*",

¢ The ultimate strain has been reported to be an important property of inorganic
passivation films when a microelectronics device heats up during service, because
the coating could not be made stiff enough to resist dimensional changes caused

by thermal expansion '**.

¢ The quality and reliability of SiH, and NH; passivation films used for

semiconductor devices have been reported to be dependent on the stress, the

modulus of elasticity and the thermal expansion coefficient *°.

¢ The control of industrial coatings technologies could be improved by mechanical

properties measurement on-line ',
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¢ Thin films for microelectronic devices and wear and corrosion protection have
caused increased interest in the mechanical properties of coatings. The films must
withstand the stresses produced during the deposition process and thermal
expansion mismatch during service and processing. They must also have the
required properties for specific applications 2>'’.

L. COATING DEFORMATION MECHANISMS

The interpretation of the mechanical properties of thin films on non-deformable
substrates requires a knowledge of the film deformation mechanisms. The formation of
misfit dislocations in epitaxial and heteroepitaxial thin films on single crystal substrates
has been shown to provide a basis for understanding the dislocation processes
responsible for plastic deformation within thin films '*’.

Owing to the lattice mismatch between the film and substrate, the former must
be elastically strained in order to establish an epitaxial relationship with the substrate.
From the equilibrium theory of misfit dislocations, a thin film in an equilibrium state has
homogeneous strain and contains no misfit dislocations. Such films are perfectly coherent
with the substrate and the energy of the film is the lowest.

The associated energy due to uniform strain varies linearly with the film
thickness, while the associated energy due to misfit dislocations varies logarithimically
with the film thickness. As a result, a certain critical thickness needs to be exceeded for
the free energy of the film to be reduced by the presence of misfit dislocations. The
introduction of misfit dislocations leads to a relaxation of the homogeneous strain in the
film and promotes plastic deformation. Consequently there is a critical thickness below
which fully coherent epitaxial films are thermodynamically stable .

The mechanisms of misfit dislocation formation within the film can be explained
by dislocations on the substrate surface which grow into the film and then reach the free
surface of the film. These are called threading dislocations. The misfit dislocations are
created by the movement of the threading dislocations, and also during annealing of the
film. The multiplication of dislocations can be produced by the crossing of two misfit
dislocations or by defects nucleating in the growing film. It is important to point out that
inhomogeneous deformation can lead to fracture of the film, either by dislocation slip or
by grain boundary sliding 2"**%.

1I. INTERNAL STRESSES IN THE COATINGS

Films prepared by PVD techniques often develop internal stresses, sometimes
several times larger than the bulk yield strength of film material, both in tension and
compression. Moreover, internal stresses can be related to the maximum coating
thickness and control film spallation 2%,

The internal stresses of thin films can have several effects on the integrity of the
components and film behaviour, as illustrated in figure 1.58.
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Stresses in the film can cause dimensional variations and distortion of the component
during processing or in service 12-60.

Stresses in films may cause mechanical and adhesion failures, giving rise to defects in
the substrates or indirectly change some other properties such as magnetic properties
in magnetic disks.

Stresses can cause undesirable defect formation such as: hillocks, whiskers and holes
in the film.

Stresses can induce crystallisation of some amorphous films through a shift of the
enthalpy levels of coexisting phases and may change the composition of some growing
films 161.

The compressive stresses in films can be so great that the tensile stresses in the
uppermost layer of the substrate can cause dislocations to be nucleated there.
Consequently substrate cracking can occur at notches of other defects 127.

Residual stresses in the coating influence the mechanical properties of'the coating
such as hardness, fracture strain and adhesion 162459.

The application of ceramic coatings has grown rapidly due to properties such as high
wear resistance, good chemical stability and low friction. However, brittle fracture,
can be partly caused by residual stress, and the deformation of the substrate may lead
to coating cracking 163.

Compressive stresses in the surface will increase the wear resistance and fatigue
resistance of the components.

\ i csvife! -V - WV Y ‘. M vI M *a-'-

Figure 1.58. Disadvantages and advantages of internal stresses.

Film stresses have two origins 1&

1. Thermal stresses (cth).

2.Intrinsic stresses (ag.

The thermal stresses IXB127T4U61 resujt from the thermal expansion or
contraction coefficient mismatch between the substrate and film. They can be produced
in the film materials after deposition, during manufacturing of the component, and
associated with post-annealing processes and remain there during the subsequent use. If
the thermal stresses exceed the fracture strength ofthe film, despite being restrained by a
strong coating-to-substrate adhesion, fracture may occur. At high deposition temperature
the differences in the coefficients of thermal expansion of the substrate and the film
material can result in very high residual stresses either in tension or in compression,
depending on which material has the higher coefficient ofthermal expansion 314l

Assuming that the thickness ofthe substrate is much larger than that ofthe film
and the film is elastically isotropic, then the thermal stress is given by the equation 1.3. A
positive value ofthermal stresses corresponds to tensile stresses.
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0',,,:( i ]x(af—as)x(Ts—Tm) (1.3)

1-v,
Where Es is the Young’s modulus of the film

or and oy are the coefficient of thermal expansion for the film and
substrate respectively

Ts and T, are the substrate temperature during deposition and
measurement temperature respectively

vr is the Poisson’s ratio of the film

The elastic strain to fit the film onto the substrate is given by:
3=—(1—vf)x(af—ax)x(Ts—Tm)=-(l—uf)AaAT (1.4)

A general definition for intrinsic stresses covers all the stresses that are not
directly related to thermal mismatch. However, a more specific definition referred to the
stress developed during the film growth process. Consequently, intrinsic stresses depend
on the deposition techniques and processing conditions. Most of the growth of film
comes about far from thermodynamic equilibrium with the effect that non-equilibrium
microstructures can be produced. Such microstructures and crystallographic defects can
lead to extra stresses caused by the tendency of the film to shrink or expand as soon as it
has been deposited onto the substrate *"'".

There are some methods of modifying the stresses created in the growing film
such as *:

¢ To limit the film thickness

¢ To use concurrent energetic particle bombardment during deposition to maintain
a near stress free condition

¢ To alter the concurrent bombardment conditions periodically

¢ To add alloying or reacting material periodically

¢ To mix materials

¢ To generate an open columnar morphology that cannot transmit a stress

Films deposited by evaporation which do not have any external agency, such as:
impurities or ion bombardment, often exhibit tensile stresses. This can be explained due -
to the differences in temperature between the arriving atoms at the film surface and
substrate temperature and also the non-thermodynamic condition during film growth at
low temperatures recognised by a high degree of disorder. As a result, any relaxation
mechanism such as annihilation of structural defects in the film, towards a more ordered
state, can cause tensile stresses. The incorporation of impurities in the vacuum deposited
films can sometimes result in compressive stresses e.g. oxygen in Al films 256164,

Films deposited by sputtering often exhibit compressive stresses. Such stresses
can be caused by the bombardment of the film surface by energetic species such as:
sputtered atoms, neutral atoms from sputtering gas, backscattered neutral ions from the
cathode, i.e., the atomic peening process which increases the volume of the film. As a
result, the stresses can be created by crystal lattice defects such as interstitials and
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dislocations. However, the ion bombardment facilitates the formation of dense structures
without grain boundary voids but increases the point defects in the structure due to
implantation of energetic ions. The literature refers to the stopping power for incoming
ions as nearly proportional to the square root of the incident flux energy (E). Then the
stresses in the film should be proportional to E"*. The compressive stresses induced in
the film decrease above a critical gas pressure and they can become tensile due to the
energetic particle bombardment effect '**'*>1*'®> Hence, the film structure may become
weakened, and the film structure becomes porous with more entrapped argon '*°. The
AIN films prepared by reactive DC magnetron sputtering show a transition from
compressive to tensile stress when the ratio of Ar/N, increases to more than 2 to 1 %,

The deposition parameters in sputtering that could influence the coating stresses
include: substrate temperature, working gas species, working gas pressure, deposition
rate, angle of incident flux, apparatus geometry, distance between the substrate and the
source, bias voltage, target power, etc. ',

The working gas species and sputtering target purity are less important
compared to the gas pressure. The deposition rate has only a small influence. High
deposition rates can produce large compressive stresses and increase the critical pressure
to develop tensile stresses. The critical pressure increases with the atomic mass of the
coating material. Decreasing the working gas pressure below a predetermined value
results in an increase in the residual stress due to decreasing the gas scattering because
low gas pressure leads to more energetic ions with a higher kinetic energy '*.

Oblique substrate orientation such as: substrates of a complex shape, relative to
the coating flux tend to produce tensile stress *!. The total stresses were found to
depend on the level of substrate bias during deposition because the use of substrate bias
can control the porosity, grain size and defect densities in the film. For example,
increasing the bias voltage on a TiN coating during deposition results in a large
compressive stress due to the high kinetic energy of the bombarding Ar ions on the
substrate =%,

The microstructure and thus the intrinsic stress in the film is strongly dependent
on the deposition conditions, as shown by Thornton’s model. The energy stored in a film
by the stresses can be considered as a thermodynamic driving force which tends to relax
the stresses by activation of vacancy, interstitial and dislocation movement. For
deposition conditions in the zone 1 of Thornton’s diagram the film structure has
micropores and voids and the zone is not often highly stressed. High intrinsic stresses are
often observed in the transition zone. At temperatures in zone 2 the recovery of the
strained grains into new strain-free grains occurs. At temperatures in zone 3, the
coexistence of recovery and recrystalisation relaxes the intrinsic stresses in a growing
film by bulk diffusion 22>,

The total stress originated in the film as a function of T/Ty, is illustrated in figure
1.59. The substrate temperature is presupposed to be greater than room temperature and
the film thermal expansion coefficient is also assumed to be greater than the substrate. As
a result, the tensile thermal stress is produced on cooling the substrate. At a low ratio of
T/Ty, the intrinsic stress dominates over the thermal stress. However, for the ratio of
T/Ty, in zone 2 the recovery processes are effective and the intrinsic stress is reduced. At
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higher ratio of T/Ty, the thermal stress dominates. The total stress may have a minimum
at some intermediate T/Ty, as a result of the combined effects of the intrinsic and thermal
stresses 4.
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Figure 1.59. Representation of thermal and intrinsic

stresses in a film ',

The coating materials can be divided into two categories according to their
141,

melting point ™
1. Low melting point materials (T/T,>0.25): They are soft with a high thermal
expansion coefficient, low activation energy for seif-diffusion and produce low
intrinsic stresses such as: Al, Pb.
2. High melting point material (1/7,,<0.25): They are harder with a lower thermal
expansion coefficient, high activation energy for self-diffusion and produce high
intrinsic stresses such as: Cr, Mo.

In summary, the stresses in the films on substrates can arise from the misfit
between the elastic and thermal properties of the film and substrate. Nevertheless, there
are many ways in which the volume of the film may change over the substrate surface,
including '*":

4 Variation in the thermal expansion coefficient between film and substrate

¢ Annihilation of excess vacancies, dislocations and grain boundaries that could
produce densification of the film

¢ Phase transformation and composition changes can produce dilatation strains in
the film

¢ Normal misfits between film and substrate in their stress free state exist for
heteroepitaxial films.

Analytical models for predicting the internal stresses in a multilayer coating have
been successfully developed from the stress of each layer with '*>'%.
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1. BALANCING INTRINSIC AND EXTRINSIC STRESSES

The stress distribution of the coating/substrate composite requires the sum of
the normal forces and bending moment over the total cross-section to be zero.
Consequently, stresses of an opposite sign are formed in the substrate to balance the film
stresses and then the sign reverses at the interface. Moreover, the stresses in the
substrate change sign at the neutral axis, so the substrate stresses on the surface opposite
the coating have the same sign as in the coating. The substrate must bend to balance the
bending moment which is produced by the stressed film. As the substrate is thicker
compared to the film, so the stresses in the substrate are quite small compared to the film
stresses. Consequently, the substrate bending is insignificant compared to the film stress.

Internal stresses in the film are often determined by measuring the curvature, or
deflection, of the substrate '*. The lattice mismatch between the film and the substrate
must be accommodated by a uniform strain in the film, together with slight bending of
the substrate, which leads to biaxial stresses in the film. Such stresses may be relaxed by
plastic flow through dislocation nucleation and motion depending of the film thickness'’.

Considering a very thin film onto a thick substrate, the film and substrate
thickness is much less than their lateral dimensions and the biaxial elastic modulus is
isotropic in the plane of the substrate. In this case the biaxial stress in the film (c¢ ) may
cause the substrate to bend elastically, and can be expressed as a function of substrate
curvature by Stoney’s equation '*"'?51%%:

2

y .
=E x| —= |xAK 1.5
O-f sx£6tf] ( )

E
1-v
ts and t¢ are the thickness of the film and substrate respectively

Where E; is the biaxial elastic modulus of the substrate £, =

AK is the change in the substrate curvature

The elastic strain in the film as a function of the biaxial elastic modulus of the
film (Ey) is given by:

E, | [
8f=(EfJx[6tf]xAK (1.6)

The stresses in an epitaxial thin film can be determined without measuring the
curvature of the bare substrate. This can be achieved by making two curvature
measurements before and after thinning the substrate from its back. The equations are

given in reference **%.

Small substrate deflections require- an accurate measuring system. For large
deflections Senderoff’s equation can be used, which is based on the elastic beam theory.
It is only applicable if the width-to-length ratio of the substrate is less than 0.07. The
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determination of the total residual stress in the film by Senderoff's equation '** is given

by:
3
ES tS'I'Ef(l—US)tf
(1_0.\') Es(l_vf)
L= (1.7)
6R11,

Where G is the total residual stress in the film (GPa)

Es and E; are the Young’s modulus of the substrate and coating
respectively

vrand v are the Poisson’s ratio of coating and substrate respectively
ts and t; are the thickness of substrate and film respectively (m)
R is the radius of curvature (m)

For single crystal or polycrystalline films with strong crystallography texture,
the anisotropy of the elastic properties must be taken into account, as mentioned in
reference 127 for measuring residual stresses. For films deposited sequentially, each film
can cause a fixed amount of bending, so the curvature change is determined by the stress
and thickness of each film. The total change of substrate curvature is the sum of the
curvature change associated with the presence of each film. The sign of the curvature
change caused by each film must also be taken into account.

Thin films of uniform thickness do not cause a significant stress in the
underlying substrate. However, for patterned structures the interactions of stresses for
different films can be significant and must be taken into account in stress calculation. If
the plane of the substrate parallel to the plane of the film has non-isotropic elastic
properties so the substrate is not elastically isotropic in that plane and does not bend
symmetrically. In this case the beam theory is not applicable '’.

The experimental technique for measuring stresses in a thin film on a substrate
fall into two classes '%1?H16%1%BGIT01T1 ang some of these techniques are referred to
below:

1.7hose based on direct measurement of the elastic strain in the film such as: XRD,
RBS

2.Those_based on the curvature of the substrate such as: optical interferometry,
laser scanning, optical microscopy, bulge technique.

X-Ray technique: The literature has reported that curvature of a single crystal substrate
produces a strain in the crystal lattice that can be detected by XRD. The XRD technique
is based on measurement of the change in the lattice plane distance of a set of planes
(hkl) for different orientations of the specimen "***172

Several X-ray techniques have been used to measure stresses in polycrystalline
thin films such as: glancing angle X-ray scattering (GIXS), the sin®y method ™. In
both techniques the strain or the relative change of the lattice spacing d in the film is
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related to the change in the diffraction angle ¢ through the Brigg law where do and ¢p
are in the unstressed state. The strain is given by '

g Ad_ sing, (1.8)

d, sing-1

The sin®y method is a traditional X-ray method applied to measuring strains at
the surface of the bulk materials and films. According to this method the strain €(¢,\y) at
a constant ¢ is a linear function of sin®y and the stress can be found from the slope of
this relationship from ((_”_")) xo, The strain &(¢,y) is determined for several

E

directions that are specified by the polar angles ¢ and y. Assuming the stress state within
a coating is in biaxial stress, which requires that the measured value of strain is related to
the principal stresses 6y; and o3, given by:

S ) .
4y = (72) X {0',1 cos’ ¢ +0,, sin’ ;Iﬁ}smZ w+8(0, +0,) (1.9)

Where S; and S,/2 are the X-ray elastic constants for a particular (hkl)
reflection. For an elasticity isotropic film then

S, o (150) v
—2(hkl) = —*~ ; S (hkl) = ——

Where E is Young’s modulus and v is Poisson’s ratio. In this method an
interplanar spacing d serves as an internal strain gauge given by:

E4y = _(d""”d: d")

0, =0,,008" $+0,,sin’ ¢

Where dg, is the interplanar spacing of crystal planes which are perpendicular to
the y direction in the stressed condition and d, the interplanar spacing in the unstressed
condition. The slope of sin®y versus €4, is proportional to G, when a biaxial stress state
is assumed. The compressive stress in the plane of the coating expands the planes parallel
to the surface due to the Poisson’s ratio effect.

a -
Eop = { (hkl; 0} :Sl(o-ll +O—22)
0

2v
Apay = G — (‘E“)O'¢ao

Where a, is the lattice parameter of the unstressed film and o, is the internal
stress. The linear manner in the sin®y versus g4, plots is not always observed and plots
often show v splitting and curvature due to the presence of shear stresses and stresses
normal to the surface 2",
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Optical Interferometry Technique: The optical interferometry technique is able to
measure the substrate curvature changes by counting of interference fringes. This
technique is advisable for quite large curvatures '’. An optical displacement-detection

apparatus has been able to measure in situ the stress of a film 7.

Laser Scanning Technique: The laser scanning technique is one the most popular
techniques for measuring substrate curvature connected with film stresses. A beam of
laser light reflects off the surface of a curved surface at an angle 0 that depends on the
orientation of the surface. After the laser beam scan, if the substrate is bent, then the light
reflects at a different angle. A photodetector can be used to detect the change in angle of
the reflected laser beam. Some laser scanning devices use a rotating mirror to scan the
laser beam over the substrate. The substrate shape along the laser scan path needs to be
found before deposition or after the film is removed in order to obtain the change in

curvature associated with the presence of the film '*’.

- As a conclusion, the most sensitive technique for measuring strain in films
involves RBS dechanneling and XRD. However, they do not measure continuous strain
relaxation and also require a long time for measurement. The XRD technique gives a
wide variety of information such as: measurement of all of the components of stress in
the film; detection of spatial variations of stress within the film either from grain to grain
or from one point in the film to another. It can be used at temperatures up to 1200°C.
However, this technique is limited to crystalline films and cannot be used to determine
stresses in nanocrystaline materials or amorphous films. For single films this technique
gives absolute values 2%,

The substrate curvature technique is often preferable due to its simplicity and
can be applied to special conditions such as in situ heating or cooling or during film
growth. Moreover, the average film stress can be easily calculated without the
knowledge of elastic properties of the film. This technique allows strain and strain
relaxation to be monitored in epitaxial films by using the laser scanning technique. If the
stress varies through the thickness, then the substrate curvature technique gives only the
average value of the stresses 2%1271%,

1IV. HARDNESS

The hardness is usually the initial guide to knowing the applicability of the
coating. Some investigators '’ have reported that some hardness values found in the
literature or in manufacturers” specifications are often equivocal because they have been
measured in a non-standard way. Some of the problems that could be pointed out in the

determination of the hardness in coatings onto substrate are outlined in figure
1 60123,154,156,176,177
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The presence ofthe coating/substrate interface. The indentation size effect (ISE) should also not
interfere with the film hardness measurement. To minimise this effect, a rule of thumb criterion is
often applied. Such a criterion establishes that the indentation depth must be less than one tenth of
the coating thickness. However, this rule is often difficult to achieve using standard microhardness
equipment for coating thickness less than Spm unless non-traditional methods are used.

The accuracy ofthe hardness measurement is affected by: small indentation size, poor surface
finishing and adsorbed surface layers such as: water, oxidation. To minimise these problems the
literature recommends using a large load/indenter size range provided that reliable hardness
measurement can still be achieved, which depends on film thickness.

Some ceramic and metal coatings show increased hardness at low loads (O.IK gf). This is known
as the indentation size effect (ISE). The load effect can be observed in single crystals,
polycrystalline and aggregate materials. Several proposals have been made to explain this effect,
including: surface work hardening, surface oxide films, non-continuous deformation, friction
between the indenter and the indenter material

Using spherical and conical indenters in ciystallographic anisotropy hard materials could result in
distorted indentations and circumferential tensile stresses around the contact area that could
produce brittle fractures. To minimise these effects, pyramidal indenters are often used, such as:
Vickers, Knoop or Berkovitch. However, the anisotropy effect is not completely overcome. For
example, variation in hardness from one crystal to another, and changes with respect to a specific
ciystallographic orientation for a given material, have been observed. As aresult, it is advisable to
specify both the planes of indentation and the orientation of the indenter when comparing hardness
values. The Knoop indenter is usually used for measuring hardness of hard materials. Owing to it
being more likely to give crack free impressions the hardness value is determined on the basis of
the length of'the long diagonal. The alignment of this diagonal with a specific ciystallographic
direction may not be so critical because of its low penetration depth.

The classical hardness methods limit the minimum depth of the indentation to less than 1-2 pm
because the indentation is too small to be measured by conventional light microscopy. Some
indentations measured on an optical microscope may have a 30% error when compared with SEM
measurements.

Increasing the dwell time in some hard materials leads to an increase in the size of the indentation
for a given normal load and so an apparent reduction in the hardness. This means indentation creep
can occur. This effect has been observed in ionic and covalent solids at room temperature and in
some ciystalline solids at temperatures up to 0.4Tm.

Figure 1.60. Factors to be considered in the determination of coating hardness.

Nowadays, hardness models have become available which allow the hardness of
the bulk coating to be determined independently of the substrate, for hard coatings onto
soft substrate, soft coatings onto hard substrate and for multilayer coating systems 123

The hardness model suggested by Sergent for coating thickness in the range of
1-10pm is based on the volume law of mixtures and has been extended by S. Bull and
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D Rickerby '?'"". The latter considered the presence of the deforming volume shape of
the coating and substrate, as shown in figure 1.61.
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Figure 1.61. Rickerby’s model for the hardness of the coating/substrate system '%.

According to Rickerby’s model, the hardness of the coating/substrate system
(H.) is given by:

Vf Ve s
14 14
v
H, =—I§X3Hf+%H$ for H<H, (1.11)

Where Hy and H; are the hardness of the coating and substrate material
respectively and they are determined as a function of the contact size. V; and Vs are the
deforming volumes in the substrate and coating and V is the total deforming volume
given by

V=V;+ XV, for Hy > H;
V=XV +V, for Hr < H.

X is an empirical factor which relates to the modification of the deforming value
of the softer strained component of the coating/substrate system and it is strongly
dependent on the ratio of plastic zone radii of the coating and substrate. Using a
spherical cavity model to describe the deforming volumes of the coating and substrate,
then the radius of the volume deformed plastically (R;) can be calculated. Hence the X
can be based on the ratio of deforming volumes between the coating and substrate given

by:
n E H n
R, < (E) ; X=|=L=
PO\H E.H,
Where E; and E; are the elastic modulus of the film and substrate. The exponent
n is theoretically in the range 1/2 to 1/3 but in practice is determined by fitting to
experimental results. When the load is increased, the coating is strongly pressed into the
indentation so multiple cracking can occur. This means that the deforming volume in the
coating will not be a slice through a hemispherical volume. In this case the hardness and
ISE index of the coating should be determined from the low load data where cracking

within the indent is not a problem. For this reason this model should be used for a
minimum thickness of coating of around 1pum.
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A recent hardness model has been developed to understand the hardness of the
coated systems, considering the penetration depth ofthe indentation given by 1&
Hf~H
H=H. + ) (1.12)
1+i3°
Where K is a fitting parameter which describes indenter properties

p=(8/t) is the indentation depth normalised with respect to the coating
thickness

In summary, a reliable hardness model should be able to predict the hardness of
a coating/substrate composite over a range of indentation sizes or loads and use
parameters that reflect the hardness behaviour of either the substrate or coating without
any ISE effect. The hardness models can be used in quality control for comparison of
coatings from different manufacturing processes, comparison of coatings of different
thickness on different substrates, evaluation and development of new coatings and
studying ofthe effect ofthe processing parameters on mechanical properties177.

V' YOUNG'SMODULUS

Several investigators 24P consider that the elastic modulus is the most
important mechanical property for the characterization of coating performance.
However, the most important mechanical property is the one which makes the
component fail or reduces its lifetime. So why is elastic modulus so important? Figure
1.62  outlines some  examples of the elastic ~modulus knowledge
advantages 280166174015

Why is Elastic Modulus so Important ?

The mechanical thermal shock resistance depends linearly on the elastic modulus.

The elastic modulus is dependent on the bonding forces between atoms, so the elastic modulus can give
information about the atomic co-ordination. For example, this has been used in the amorphous carbon
structure to assess the degree of covalent bonding.

The knowledge of elastic modulus is important in the analysis of the mechanical behaviour of coatings to
improve their fatigue resistance.

P-J.Burnett and D.Rickerby infer that the elastic modulus of the TiN unbiased coating would be dependent
upon the ratio of voids to columns, thus coating morphology.

The stress-strain behaviour, contact stress field, integrated surface hardness, cracking, spalling, bending and
residual stress states of coating systems are all functions o f the in plane elastic modulus.

Poor adhesion impedes the stress transfer between the coating and the substrate. This decreases the integrated
elastic stiffness and so the elastic modulus and so the component integrity.

* Wear-resistant coatings could be subjected to external loading conditions so adhesion and resistance to
fracture are basic requirements. Coating/substrate interface failure may be increased by a stress discontinuity
across the interface due to a Young’s modulus mismatch between the coating and the substrate.

Figure 1.62. Advantages in knowledge of elastic modulus.

Several techniques have been performed to measure the elastic modulus of thin
films, such as: resonant frequency, bending test, ultrasonic surface waves, bulge tester,
vibration membrane, speed of bulk waves, strain gauge, surface wave, derivation from
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XRD stress measurement '*'. But none of these methods is either universal or accurate
enough for calculating Young’s modulus of a sub 1pm thick layer deposited on a 200um
thick substrate '*°. As a result, to obtain meaningful elastic modulus results, the accuracy
of the measurement and the homogeneity and stability of several geometrical and
physical parameters must be extremely high. The accuracy of the elastic modulus of the
coating is dependent on the geometrical conditions, substrate, properties and error in the
measurement and the homogeneity of the elastic modulus '*2. Some of the mentioned
techniques are referred to below:

. . 25,17
Dynamic Resonance or Resonant Frequency Technique *>'°18

The resonant frequency allows the elastic properties of the coating to be
determined. The technique consists of making a specimen vibrate either in bending or in
tension mode and measuring its resonant frequency.

The specimen temperature can vary from 27°C to 1227°C. The applied
frequency may vary between 1KHz and 1MHz. Conductive materials can be tested
directly in the apparatus while non-conductive materials require a previous metallic
plating. 'll"ge elastic modulus of the coating (Ef) can be calculated by Berr’'s equation

given by :

2 E
(N_M_N_) = 1+g(3._fJ _Pr (1.13)
2 E ) p,

Where N is the resonant frequency of an uncoated specimen

5

(N+AN) is the resonant frequency for specimen with coating

E; is the Young’s modulus of the substrate

ps, prare the density of the substrate and the coating respectively
g=(hy/hy)<1 is the coating thickness over substrate thickness

A resonant frequency method was reported by P. Hancock '* to calculate the
coating modulus, in the range between 5-10um, by measuring the resonant frequency of
an oxidising rod with known scale growth rates. The system measured (E/1-v) and an
assumption had to be made for the value of Poisson’s ratio. The author derives an
alternative equation given in reference '**.

The advantage of this technique over others is that it is able to perform
measurements without contact between the specimen and the exciting or detecting
components. The uncertainty in Young’s modulus value from equation 1.13 is about
10% for a film thickness of the order 1um, but successful results have been reported for
films in the range of 0.1 to 0.9 pm. This technique requires accurate measurements of
thickness of the coating and substrate and temperature control during the experiments. P.
Hancock and J. Nicholls in 1994 reviewed alternative methods to measuring the elastic
modulus and stated that the only direct way of measuring the elastic modulus is by using
depth-sensing microindentation.
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. 186
Ultrasonic Waves

A laser beam is used to produce ultrasonic waves. The method uses a cylindrical
lens that guides the laser beam to be focussed on the specimen surface in a focal line. The
wave propagates perpendicularly to the direction of the focal line with a frequency over
100MHz. After this, the beam is received by a piezoelectric transducer. Both specimen

‘and transducer are fixed on a moving table relative to the laser beam and with an
accuracy of x=1pum. The relative error of the wave velocity is less than +10°. The -
Young’s modulus of the layer can be calculated according to Newlands’ theory by:

Zil:C(f;)_Clixi,Ef,Uf’pf>Es’U“ps:| :l (114)

1

Where C(f) are the values of surface wave velocity measured for a series of
frequencies fi, Es, vg pr and E,, v, ps are the coating and substrate parameters
respectively.

The measurement of the film elastic modulus is not influenced by changes in the
sound path direction on the substrate. The values have a scatter of +5GPa for several
angles of the sound path. The film is bonded to the substrate and the specimen does not
need either special form or dimensions. This method allows calculation. of the shear,
biaxial and flexural modulus.

187,125,188,157

Bulge Tester

The bulge test applies gas at pressure to make a circular mounted free-standing
film deflect. The height (h) of the bulge is measured as a function of the applied gas
pressure (p). Typical maximum pressure values are 65KPa+40Pa and the maximum bulge
height is 0.5mm+2.5pum. Two methods can be employed to measure bulge deflection:

1.Using a bourdon gauge to measure pressure to about 0.04KPa and a micrometer
to measure the total bulge deflection (£2.5pum).

2.Using an electrical transducer to monitor pressure to about +0.04KPa and a laser
interferometer to provide a precise measure of the total deflection. This is less
precise than the micrometer because it does not provide a measurement of the total
deflection including the initial bulge height (h,) associated with p,

The biaxial stress ¢ and strain € at the centre of the bulge foil when the
thickness t¢ of the foil is small over radius r of the hole is given by:

Pxr? _ _An
O—:a(hxth ; 8—ﬂ(r2) (1.15)

Where o and 3 are constant for a spherical bulge (assuming a Poisson’s ratio of
0.33) so a=0.28 and B=0.69. The total height of the bulge deflection should be corrected
for the initial height (h,). An initial pressure (p,) is used to remove slack in the foil. The
elastic modulus is determined from the initial slope of ¢ versus € curve. The accuracy is
no better than 5-10% for film thickness from 0.5 to 2pum. This test eliminates the risks of
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edge defects. Moreover, a fluid such as glycerol can be used to smooth wrinkles by
wetting the bottom of the film and holding it flat.

Bendine Test 125156179181
benaing [est

The measurement of the in-plane elastic modulus of the coatings onto substrates
by a bending test has been performed with different configurations. Some of them are
mentioned below.

Andre Rouzaud et al **® produced a three point bending design that was applied
to a flat rectangular coated beam ranging from 0.5 to 10um thickness. The load was
applied at the central point of the sample. A programmable displacement was imposed by
the end points in order to keep the central specimen fixed. A piezoelectric force system
for a nominal range of 0-50N was placed below the central bending point. An optical
microscope coupled with a video camera allowed the sample area under test to be
monitored. An acoustic emission detector is fixed in the central point in order to detect
acoustic noise from the beginning of the cracks. The elastic modulus measurements are
performed by computing the S; and S, slopes obtained from the uncoated and coated
beams of the force versus displacement curve. The scatter in standard deviation that was
found for Ef may be related to low adhesion. The uncertainty range of the modulus is
about £10%. This technique allows the stress field to be monitored together with the
onset of cracks and an estimate of the adhesion of the coating.

A. G. Van Nie "*° determined the elastic modulus of the coatings by placing a
beam in a three-point bending test. The curvature caused by the central load was
measured with a standard laser (Hewlett Packard). The relationship between the
curvature of the coated beam, stresses and elastic modulus is based on the plane strain
model and Timoshenko’s relations for pure bending of plates. Some conclusions were
drawn from these experiments such as: the elastic modulus of the substrate is
independent of the applied load; the E; values are different from sample to sample, this
may be due to either the geometric dimensions of the beam varying or to the scatter in E;
due to surface imperfections; the elastic modulus of the film (Ey) is independent of the
applied load but it increases with the stress in the coating.

Chin-Chen Chiu et al '”” determined the elastic modulus of a coated beam from
a pure bending that could be performed in a four-point bend test. The elastic modulus of
the coating (E¢) and the beam (E;) can be calculated from the surface strain detected by a
strain gauge attached to a specimen loaded using the equation:

KR+2K—R)

E=ER( 1.16
7 2R-K +1 (1.16)

. . . . t

where R is the relative thickness given by R =—=
I

. . . £

K is the relative strain given by K = ——
&

!
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The relationship between relative strain, relative thickness and elastic modulus is
shown in figure 1.63. For a coating/substrate system at EJ/E¢ constant ratio, the relative
strain goes toward a unit value when the relative thickness is increased. Constant
experimental error due to the strain measurement gives an increase in the uncertainty of
the measured modulus data when R is increased. It is advisable to use small values of R
for measuring the elastic modulus of the coating. The test requires accurate dimensions
of the specimen and coating thickness.
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Figure 1.63. Relationship between relative strain,

relative thickness and elastic modulus .

H. Ascada " designed a four-point bend test to measure the Young’s modulus
of TiC and TiN films. The deflection of the beams was measured by a laser device. The
elastic modulus was calculated from the deflection versus force curve of the substrate or
the coated specimen. The Young’s modulus of the coating and for each layer was given
by:

Eql, =E1,+25(E,I;) (1.17)

Where Eg and E; are the elastic modulus of the coated specimen and substrate
respectively.
Ejy is the elastic modulus of the layers
I is the moment of inertia.

As is evident from the foregoing, the in-plane elastic modulus of the film does
not depend on the mechanical properties of the film but the thickness and biaxial elastic
modulus of the substrate and its dimensions. The flexural modulus of the film/substrate
composite is dominated by the properties of the substrate.

VI. STRENGTH OF THIN FILMS

Some films exhibit high strength that can be due to the following effects: '*'

¢ The fine microstructure. Moreover, after annealing, the grain size cannot exceed
the thickness of the film so notable grain size strengthening can occur in the film
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¢ The dislocation density in the film could be quite high, which contributes to the
high strength of the film

¢ The apparent strength of thin films can be caused by constraints from the substrate.
For example, the strength of an Al film onto silicon substrate is much higher
compared to the free standing film strength.

¢ The yield strength of thin films is often higher than that of the bulk materials. For
example, the constraint effect of the substrate produces Al films that are stronger
than bulk Al of comparable grain size.

There are two main factors that determine the strength of thin films:

1.The grain size effect
2.The influence of the substrate.

The grain size effect can be described by the Hall-Petch relation given by:
o, =0,+Kd (1.18)

Where oy s the yield strength of the polycrystalline sample
o1is the overall resistance of the lattice to dislocation movement
K is the Hall-Petch coefficient
d is the grain size

The substrate effect can be explained by the film/substrate interface constraint
on dislocation motion in the film. The literature suggests that decreasing the film
thickness, increases the constraint of dislocation motion. Moreover, a non-deformable
layer on the film surface can cause a constraint of the dislocation motion. As a result, the
yield strength of polycrystalline films has been shown to have a strong inverse
dependence on the film thickness, owing to the fact that the grain size of the film is
restricted by the film thickness '*°.

The evaluation of the plastic deformation properties of a thin film attached to
the substrate requires the stress and strain variations in the film to be measured. Such a
requirement cannot be fulfilled with mechanical tests for bulk materials. Using the
difference in the thermal expansion coefficient mismatch between the film and the
substrate enables the biaxial yield strength of the film to be determined by heating or
cooling. The curvature technique allows the stress changes in the film to be measured.
This method permits a study of the yielding and plastic flow of the film **'¥’.

The plastic flow occurs when the thermal stress exceeds the yield strength of the
film, which can be measured by a stress-temperature curve. The time-dependent plastic
flow can be evaluated by keeping the temperature constant and measuring the kinetics of
stress relaxation. It is important to point out that the mechanism of stress relaxation in
the first heating cycle does not contain plastic deformation of the film but it is a result of
a strlig;ullzrs transformation associated with grain growth of the as-deposited structure
state ",
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VII. FRACTURE BEHAVIOUR OF THE COATINGS

Cracking in the coatings and their debonding from the substrate has been
evaluated by indentation, scratch methods and bending tests. The elastic-plastic stress
field around an indenter or the stylus tip makes this analysis very complex. However,
bending tests have been shown to offer a simple alternative method.

Different bending test designs have been reported in the literature, such as:

¢ A four-point bend jig design was built to fit into the SEM chamber. Applying an
increased load makes the tensile stress in the specimen surface increase to
fracture or debond the coating. This method allows a direct observation of crack
population and also allows estimates of the interfacial shear strength of the

system. The main disadvantage is the effect of edges '®.

¢ A controlled strain was applied to a specimen in a four-point bend test. The
cracking was detected by an electrochemical method. The ultimate strain as a sum
of the residual strain and the material’s intrinsic ultimate strain could not be
determined. This method enables the fracture behaviour of insulating films to be
evaluated. Moreover, this method gives reproducible results, providing the
ultimate strain of the film is less than the limit of tensile elastic strain of the

substrate *°.

VIII. MULTILAYER COATING SYSTEMS

Multilayer coatings or films consist of alternating layers of two different
materials, generally in a well-proportioned or periodic manner. The layer thickness can
be produced as small as Inm or less. The characteristic microstructural scale is the
wavelength or superlattice periodicity (A) which is the sum of two layer thicknesses.
Amorphous and polycrystalline multilayer structures have been designed with metallic,
ionic and covalent materials often up to 1000 layers '*.

Two specific procedures have been used to produce multilayer coatings such as:
the vapour source is interrupted by shutters or the sample is moved through independent
sources in a controlled manner. The time sequence is of importance because
contamination of the multilayer from the system ambient can affect the properties of the
coating "*''. The deposition conditions (deposition rate fluctuations, shutter rotation
speed) can affect the layer thickness control and interface sharpness. The latter can also
be affected by the thermodynamics of the material system.

The mechanical properties of multilayer systems can be controlled by different
mechanisms, depending on the layer thickness. The bulk properties and microstructure
growth process dominate the thick single layers, while the interface mechanisms
dominate when the number of layers increases and the single layer thickness decreases'® .

The stresses in multilayer coatings can result from the mismatch in thermal
expansion of coating and substrate and between layers, and from the existence of
microdefects within coating layers and loading in service. The stresses may cause failure
of the weak layer or peeling off; either of the coating or one or more layers. The peeling
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effect can be caused either by crack propagation along a layer interface, or start through
a scratch, or by buckling over an area of imperfect adhesion. A mathematical model for
stress analysis and failure probability of multilayer PVD coating was developed by
V.U Lyubimov et al'®. The model gives the possibility of determining stresses as a
function of layer composition and thickness, deposition temperature and substrate bias
voltage.

Several reports in the literature "> have mentioned the effect of A on the elastic
and plastic properties of multilayer coatings for values lower than Snm. The most
important effect is the so called supermodulus effect. This means an enhancement in the
elastic modulus for A=2nm in multilayer thin films such as Cu-Pb, Cu-Ni, Ag-Pb "*"'*2,
Such elastic modulus enhancement was stated to be above 100% over the rule of
mixtures. When these reports were published some researchers became very excited and
tried to produce the same coatings and characterise them by different techniques.
However, they could not get the same values and since then the supermodulus effect has
been questioned and may be a result of measurement errors.

Testardi et al '* had observed that the Young’s modulus on Cu/Ni films of
modulated composition of A=0.8+0.8nm was twice as large as that of analogous CuNi
alloy by using beam resonance methods. While Berry and Pritchet produced Cu/Ni films
with a modulation length of 0.9-3.5nm they could not find any modulus enhancement by
using a vibrating cantilever beam technique. T. E. Schlesinger et al '** produced
nanoindentation measurements on Cu/Ni thin film and stated that no supermodulus were
observed but enhancements in the hardness were observed. Baker et al ' employed both
indentation and microbeam deflection methods to measure Young’s modulus in Au/Ni
films for A ranging from 0.8 to 4.5nm and could not detect any supermodulus effect
although a considerable modulus enhancement had been found in these films when the
bulge test technique had been used by Yang et al. Moreover, an apparent 500%
enhancement in elastic modulus for 1.47nm Cu/Pb foil in a bulge test was reduced to
12% using an initial height (h,) correction to produce a linear elastic response to 0.10%
offset strain ',

The elastic modulus values for single homogeneous coatings determined by
different techniques are in good conformity but it is clear from the foregoing that widely
divergent values have been found for composition modulated films. Moreover, from the
analysis of the bulge test, using an initial height correction shows that modulus
enhancement could exist in metallic multilayers but not to the degree reported without
such correction. As a result of such a controversy about the extent of the modulus
variations, it is nowadays agreed to be much lower than was originally reported. As a
result, considerable effort has been made to improve elastic modulus measurement
techniques in thin films such as: ultrasonic wavespeed techniques 2*'*>1%7,

Several theories have been proposed to explain the supermodulus effect based
on the effects of coherency strain or based on a high density of interfaces or based on
electronic effects caused by the superlattice periodicity. As the latter have not been
observed, it is doubtful that the electronic behaviour affects the elastic properties.
Moreover, computer simulations suggest that modulus variations occur in films where
the misfit strain is accommodated by interfacial dislocations rather than by coherency
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strains, so the coherency strain may have some effect in the elastic modulus of certain
systems. The computer simulation has also confirmed that elastic property variations in
multilayer thin films could result from the high density of interfaces. This can be
explained by the intrinsic interface stress associated with any interfaces that can produce
_elastic strains of the order of 1% in multilayer films. These strains were predicted to be
inversely proportional to the bilayer repeat length. Such elastic strains are large enough
to produce elastic order effects that could be responsible for modulus variation
depending on the sign of the interface stress "%,

Kohler '* in 1970 proposed that when two materials with significantly different
shear modulus are used as ultrathin layer materials in a laminated composite, the strength
of this composite material could be over the rule of mixtures, due to the forces of
opposite sign inhibiting dislocation formation and mobility. This theory was able to be
confirmed only after the development of low load indentation methods. For example, the
microhardness of TiN/VN(100) superlattice thin films as a function of superlattice period
(L) shows significant enhancements above the microhardness of both layer materials with
the hardness reaching a maximum value, at a superlattice period of about 5nm
(=5500HV). Fe(001)/Pt(001) multilayer films show hardness above that expected from a
rule of mixtures by a factor of approximately 2.5 in the composition wavelength range of
2-10nm. These results for microhardness can be explained by Kohler theory and the high
density of interface characteristics of these materials *>*>'**!”>_ Recent models based on
XRD techniques provide strength/hardness predictions of superlattice structure. These
models predicted that the hardness is dependent on the interface width ***.

Cu/Ni multilayered films have shown an uncommonly large damping capacity up
to an order of magnitude larger than that of bulk metals using resonant frequency
techniques on small samples. This effect may result from energy dissociation mechanisms
associated with grain boundaries and interfaces. This study suggests that more research
should be done in this area, i.e. damping properties of multilayer films *2. To sum up the
multilayer coating design is able to provide several properties for the same component,
such as: running-in, wear resistance, damping and adhesion to the substrate for piston
rings of internal combustion engines *°. Other sliding wear applications could also
benefit from these combined properties achieved by using multilayer coatings.
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1.5.3. MECHANICAL PROPERTIES OF THIN FILMS BY NON-TRADITIONAL
METHODS

LAYOUT

Y
Overview of Non-TUraditional Methods
Elastic Properties

U

Hardness
U

Deflection of Cantilevered Beams

U

Plastic Properties and Fracture

Creep and Time-Dependent Deformation

Adhesion

Traditional techniques such as microhardness are not able to evaluate
mechanical properties in the submicron range with layers of less than S5um. Several
attempts have been made in the last decade to overcome this situation by developing
so-called non-traditional techniques.

Li and Wu ' have developed microindentation equipment that allows the
displacement of the indenter into the material to be imposed and measurement of the
load. Such equipment is suitable for measuring stress relaxation by indentation.

Yu et al **7 have studied the mechanical properties by impression tests. This
technique is based on the projected contact area, which does not change as the indenter
is pushed into the material. The indenter is flat ended with the shape of a right circular
cylinder.

Nishiboni and Kinosita *® have developed a Vickers type ultra-microhardness
tester for thin films. The penetration depth under a given load can be determined to
+10nm (100A). '

In the last few years, such depth-sensing instruments have become available for
continuously measuring force and displacement during indentation. Such instruments are
called nanoindentors and they allow mechanical properties of thin films to be determined.
It has become the most popular technique used in this area >,

The basis for the nanoindentation technique consists of driving a hard indenter
into the specimen. As the load is increased, the material deforms first elastically and then
plastically. The elastic deformation is recovered during the unloading process. When the
test begins, the contact area is very small and there is no distinction between elastic and
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plastic displacement. However, as the indenter is driven into and withdrawn from the
specimen, the contact area is changing continuously. During the indentation process a
load-displacement curve provides information about several properties of the film
including: hardness, elastic, plastic and creep properties ',

The nanoindenter equipment usually applies the load either by an
electromagnetic coil or by a piezoelectric device. In the former case the load is
determined from the current that flows in the coil, while in the latter case a load cell is
required and a capacitive sensor measures the displacement. The force and displacement
resolutions are in the range of 10nN and O.lnm respectively, for some
instruments'**1*%1%.

Nanoindentation experiments are performed with either a Berkovitch three-
sided pyramidal indenter or a four-sided Vickers indenter or spherical indenters. The
most commonly used and suitable indenter shape for small contact areas are the
Berkovitch indenters, which have three non-parallel planes intercepting at a single point.
They have the same depth-to-area relation as the standard Vickers square pyramid
indenters. This means that the cross-section area varies as the square of the depth of the
indenter. The Vickers indenter is more resistant to damage under load. The spherical
indenters allow a more uniform stress distribution and the elastic/plastic transition is
better defined but is more difficult to manufacture reliably 2>'2%1%19920

The nanoindenter tests allow mechanical properties to be measured and
quantified in different ways, such as: by standard indentation, by deflection of
cantilevered microbeams or membranes, by scratch tests or by pin-on-disk wear tests.
Surface topography can also be measured in the same instrument.

Topographical information has become more important in recent years for the
characterization of surface deformation in and around the indentation area. Various
methods have been proposed including: SEM, TEM, STM/SFM with scanning probe.
The latter technique is able to measure qualitatively interfacial effects such as: material
pile-up around indentation with three dimensional images, to allow correlation between
hardness and imprint size '*.

A further development of the nanoindentation method permits an analysis at
extremely low loads and shallow depths. This technique adds to a DC load AC
modulation of about 10°N at a frequency of 60-70Hz. The signal from the capacitance
transducer results from displacements as small as 0.1nm which are measured with a lock-
in amplifier. This technique also minimises the thermal drift effect during
indentation'”””". The ultra-low load indentation minimises the contribution of the
substrate material to be incorporated in the film properties measurements **.

The main advantages of nanoindentation which make this technique so popular
and widespread are illustrated in figure 1.64 2>18319%198127.202203 The same figure also
points out some drawbacks of the nanoindentation technique '**'*’. These are general
observations and work on the way to overcome the many disadvantages.
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Figure 1.64. Nanoindentation technique advantages and disadvantages.

The nanoindentation technique has proved effective in the mechanical properties
study of several materials such as: optical coatings, hard coatings and materials with
surfaces modified by ion implantation and laser treatment.

L ELASTIC PROPERTIES

The elastic and plastic deformation that occurs during indentation is shown in
the load versus displacement curve in figure 1.65. The slope of the loading curve
increases with depth of the indentation because the contact area increases during
indentation so it is not possible to determine the elastic modulus from this curve.
However, this is possible from the unloading curve if the contact area and the elastic
properties ofthe indenter are known 125127

Tabor 125197 showed that the shape of the unloading curve and the recovery
deformation can be related to the elastic modulus and the size ofthe contact area. As the

indenter is not perfectly rigid, an effective modulus (Er) can be calculated from the slope
(S) ofthe unloading curve and defined by 123971%

I- £2) (I-uj
e I G (1.19)
E E

ST

S = ’fg = -’g(3y[AEr (1.20)
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Where E and v are the elastic modulus and Poisson ratio of the material
E; and v; are the elastic modulus and Poisson ratio of the indenter
P is the applying load
h is the indentation depth
A is the contact area of the indenter

B is a dimensionless parameter that depends on the geometry of the
indenter
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Figure 1.65. Scheme of a section through an indentation on Ieft hand side and the load versus
indenter displacement on the right hand side '’.

The indenter shape effect is more pronounced for deposited films on

substrate’”. R.B. King **"*'?" showed that the value of B varies slightly for different
indenter shapes such as:

¢ Circular symmetry $=1.000
¢ Triangular symmetry $=1.034
¢ Square symmetry f=1.012

The non-linearity of any unloading curve indicates a decrease in the contact
area. On the other hand, the slope of the unloading curve and the projected contact area
at the maximum load must be known for the calculation of hardness and Young’s
modulus values.

The contact area could be obtained from an area function of the cross-section of
the indentation depth F(h) measured from the tip of the indenter. Such an area function
for an ideal sharp Berkovitch indenter is F(h)=24.5h” but it is difficult to achieve an ideal
tip sharpness.

Several models have been proposed for the determination of the depth of the
indentation for a given area function ***»** Doerner and Nix proposed a simple linear
extrapolation of the linear region of the unloading curve at maximum load. This model
needs to remove elastic deformation from the measured displacement due to machine
compliance due to machine compliance.
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Oliver and Pharr """ suggested that the unloading curve should be
expressed by a power law because the unloading curve is often non-linear in the initial
stage. This model also suggests a fitting tangent to a power law fit to determine the slope
of the unloading curve. The question is: “Which portion of the unloading curve should be
fitted since at low loads there are uncertainties associated with loss of contact and at high
loads there may be time dependent effects such as creep”. The power law of the
unloading curve is given by:

P=afh-h,) (1.21)

Where h is the elastic displacement of the indenter
o, hy and n are constants to be determined by least square fitting
procedure
n usually ranges from 1.2 to 1.6

Oliver and Pharr also suggested that the contact area at peak load should be
calculated by the contact depth h. given by:

Pmax.
ho=h,, - g[ ) ] (1.22)

The value of € depends on indentation geometry such as:

+ £=1.00 for flat punch
¢ £=0.75 for a paraboloid of revolution
¢ £=0.72 for a conical indenter

A scheme of the cross-section through an indentation is given in figure 1.65. At
peak load, the load and displacement are Ppsx and hps. The final depth of residual
hardness impression (h) is observed when the indenter is withdrawn. Experimental work
suggested that € is independent of the specimen material and the unloading curve is close
to the parabolic geometry so £=0.75. Consequently, the contact area can be calculated
from the area function as A=F(h.).

Another parameter that should be taken into account is the compliance of the
system, mainly for large indentations. Any elastic deformation of the instrument at a
particular load must be subtracted from the apparent diamond displacement at that load.
There are several factors which influence the instrument compliance including the
specimen and diamond mounting adhesives. The equipment frame and the indentation
can be designed as two springs in series C=C¢t+C,, where C is the total compliance, Cs is
the frame compliance and C; is the specimen compliance. The total compliance is the
inverse of contact stiffness. The specimen compliance and the total compliance are given

by 156‘
_ V1
C. = (—ZE,VJA_CJ (1.23)
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_ Jr

Where E, is calculated from equation 1.19, considering the elastic modulus of
the diamond indenter 1141GPa and the Poisson’s ratio 0.07. The plot of C versus

(%/Z_J is linear for E; constant and intersects the compliance axis at the frame

compliance Cs. The most suitable value for Cy is achieved when C; is very small, i.e. for
large stiff indentations *°. The contact area at different contact depths can be calculated
by:

V4

d=—0F
4E}(C-C,)

(1.25)

The area function for the Berkovitch indenter as a deviation from the ideal
geometry can be given as A(h,)=24.5h> +C i} +C,h"* + C,h'* + .. +C,h"™® . Two

procedures have been developed for the determination of the area function. These
procedures include a series of indentations in a calibrated material over a range of
indentation sizes. The first method uses a soft calibrant metal. Both the indentation sizes
measured by TEM replication and the indentation load-displacement data establish the
area function. The second method indents a material with well-known isotropic elastic
properties such as quartz and the area function is inferred from the load-displacement
data by assuming the elastic constants are independent of the depth. This method does
not require any other equipment ‘>,

The total compliance is determined from the unloading slope. Two methods are
referred to in the literature. In one method a:linear extrapolation of the upper portion of
the unloading curve was proposed by Doerner and Nix. In the other method the tangent
at maximum load to a power law fit of the unloading curve was proposed by Oliver and
Pharr. Using Al as a calibrant material has given rise to considerable scatter in results, so
it is advisable to use fused silica or tungsten *°.

To summarise, the key parameters for the determination of hardness and elastic
modulus are: the peak load (Pnai), the displacement at peak load (hms), the load frame
compliance, the area function of the diamond, the unloading contact stiffness *'*%.

The uncertainties in the calibration of load (8;) and displacement (3)
measurement of the area function (84c) of the indenter and determination of the frame
compliance (8cg) produces uncertainties in the hardness and modulus measurement. The
effect of uncertainties in individual parameters can be calculated analytically.
Consequently, the total uncertainty of the measurement (8:01a1) can then be estimated by:

S = 0% + 5% + 8% + 67, (1.26)

Assuming the uncertainty in frame compliance is independent of other
measurement uncertainties, because it is doubtful if it is due to uncertainties in the
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measured load and displacement, then measurement uncertainly tended to increase when

the load decreases, mainly for hard and stiff materials **.

For indentation depths of about 10-25% of the film thickness the substrate may

affect the hardness and modulus measurement of the film. In this case the following

equation takes into account the substrate effect '*°.

)i ][]
s = (g, V) — L : T
EEP

5

Where S is the stiffness of the unloading curve

A is the contact area

E;is the elastic modulus of the film

tris the film thickness

E; and v; are the elastic constants of the substrate

E;and v; are the elastic constants of the indenter

v¢is the Poisson’s ratio of the film

B is constant, dependent of the geometry of indenter

o is constant, dependent on the geometry of the indenter and the size

parameter [%j

1I. HARDNESS

The nanoindentation microhardness is a measure of resistance to local
125

deformation ' or the mean pressure that the material will support under load **® and can
be given by the ratio:
H = Lo (128)
A(h,)

Where Py is the peak load applied to a given indenter

A(h.) is the project area of contact at peak load based on the Oliver and
Pharr model

The conventional hardness is based on the area left by the indentation and may
be less than the area at peak load produced by the nanoindenter. This is because some
materials may not fully deform plastically under the contact area load, thus elastic
recovery may occur on unloading ‘>,

To overcome the substrate effect in very thin films extremely shallow
indentation techniques have been developed as mentioned before. The effect of the
substrate on the measurement of hardness has been treated by finite element simulation
with limited success '**. Also, it is possible that pressure under the indenter can induce
phase transformations during the test. Such transformations would affect the load-
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displacement curves and so the hardness and modulus measurement '». The indentation
response of the coated system may be affected by the mechanical properties of the
substrate, different residual stress states and the microstructure of the coating and the

nature of the coating/substrate interface **’.

1l. DEFLECTION OF CANTILEVERED BEAMS

A nanoindenter tester can be used to apply the load to a free-standing
cantilevered microbeam to measure the associated deflection as shown in figure 1.66.
The beams are prepared either by lithographic patterning and anisotropic etching or by
chemical micromachining techniques. The elastic modulus, yield strength and residual
stress of the films are determined from the load-deflection curve '212%-160.198.208.209.210

e Magnet
Coll
; + Suspending

—AMANA—

i 1 Spring
Capacltance: t
[ e b

Gauge : :

ndentation Indenter Shaft
marker
A Edge of Beam ® Diamond Tip

Loading Point

Figure 1.66. Loading device on microcantilever beam >'°.

When the beam is bent in a cantilever device, one side of a longitudinal neutral
plane is strained in tension while the other side of the plane is strained in compression.
As tl}_e main deformation occurs at the fixed side of the beam, then the pressure under the
indenter should not be important '*’. The beam deflection under a load P applied to the
free end of the beam of length L, width b, thickness hg, Poisson’s ratio v and b>>L is
given by:

4(1 - uz)PL3
bER?

(1.29)

The Young’s modulus is deduced from the slope of & versus P. The yield
strength and the strain hardening properties of the beam can be found by calculating the
stresses in the beam during non-elastic bending from the same curve 27'#1%

Some uncertainties associated with geometry and deformation in the model
should be pointed out in order to make additional corrections including ''*1%;

¢ Beam geometry data, mainly thickness of the film are very important
¢ Angle between beam and supporting walls
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Undercutting or insufficient etching at the beam support
Compliance of the system, mainly the spring constant
Non-linearity of the load-deflection curve at large deflection
Sideways bucking of the beam due to the use of a sharp indenter
Shear stress at high thickness/length ratio

Penetration of the pointed indenter into the beam material
Slippage between the indenter and the beam

L R R R R K JBE 2

This technique is useful for the determination of elastic and plastic properties of
thin films and the results obtained show a good agreement in the literature. The main
disadvantages are the difficulty in preparing samples, precision of geometric
measurement and the use of free-standing specimens 198

1V. PLASTIC PROPERTIES AND FRACTURE

Tabor '*° related the ultimate tensile strength (o) to a Vickers hardness for
materials with work hardening exponent (n) given by:

Syr _ 1-n " 12.5n (1.30)
HV 2.9 1-n
Bell et al '» produced stress-strain curves for lum thick gold and Al-Cu

deposited onto Si by indentation measurements with a spherical diamond indenter. The

stress was proposed to be related exponentially to the strain, 6 « €", and n is related to
the Meyer index by m=n+2.

The fracture toughness is a measure of the resistance of a material to withstand
crack propagation. In most brittle materials such as ceramics these are visible radial
cracks from the indentation. The length of these cracks can be connected with the
fracture toughness. Lawn et al '», using the expanding cavity concept of Yoffe,
determined the fracture toughness by indentation given by:

E 1/2 P
K”:a(ﬁj X(cm) (1.31)

Where E is the young’s modulus,
H is the hardness,
P is the load on the indenter
c is the crack length
o is a constant dependent on the geometry of the indenter

Pharr et al '» by replacing the Berkovitch indenter with a cubic-corner indenter
made the threshold load for the crack formation, found by Lawn, lower and were then
able to produce meaningful results for the fracture toughness for ceramics by this
nanoindentation method.
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V. CREEP AND TIME-DEPENDENT DEFORMATION

The nanoindentation methods allow the displacement of the indenter under a
given load to be monitored as a function of time and thus evaluation of indentation creep
is possible *"'. However, the creep effect evaluated by nanoindentation is more complex
compared to classic methods *>*%*1?,

As the rate of indenter movement can be measured, so it is also possible to
correlate the effect of strain rate on deformation. The stress and strain associated with
indentation are non-uniform, as the strain-rate varies with radial distance from the
contact point, hence only nominal values can be calculated for the stress and strain rate
effects, but such strain rate effects and normal loading conditions have minimal
effect'’””'®. The change in load at a fixed depth of penetration allows the stress
relaxation to be evaluated '*°. The time-dependent properties can also be evaluated using

contact loading rate tests, load rate change tests and load relaxation tests ***.

V1. ADHESION

The net hardness of a composite coating/substrate system is a complex function
of thickness of the coating, hardness of the coating and of the substrate. The adhesion
between coating and substrate is also important. The nanoindentation method may be
able to help in the determination, either qualitative or quantitative, of these parameters*.

The hardness measurement can be used to provide a qualitative analysis of film
adhesion. For example, if the adhesion of a soft film to a hard substrate is poor, the
resulting hardness decreases because the constraint is lower **%.

A more quantitative measure of thin film adhesion to substrate can be achieved
by a scratch test where the load-displacement curve allows the critical load for film
detachment to be determined. Scratch testing consists of moving a spherical stylus across
the film surface under constant or increasing load until interfacial failure occurs. This
gives a critical value when the film is unable to follow the elastic-plastic deformation of
the substrate. Loads for adhesion show abrupt changes at failure. Scratch testing results
depend strongly on the elastic and plastic properties of the film and substrate and the
interface properties ***%°.

If a polished cross-section is indented by a Vickers indender at the interface of
the composite, the adhesion behaviour can be determined qualitatively from
measurements of the film and substrate hardness, their elastic modulus and from the
interfacial crack length . B.Fabes and W. Oliver developed a qualitative model for the
composite hardness of a soft film on a hard substrate, the aim of which is understanding
the factors such as: coating hardness, substrate hardness and interfacial bonding on the
mechanical properties of the composite. The indentation process through the substrate
was divided into three stages: plastic zone confined to coating, interaction of the plastic
zone with the substrate and penetration of the indenter into the substrate. From an
understanding of the interfacial bonding information about film adhesion can be
deduced®™.

137



EXPERIMENTAL PROCEDURE

OUTLINED

J

2. Experimental Procedure

2.1. Multi-Target Sputtering System
2.2. Experimental Set Up
2.3. Characterization of the Coatings




Experimental Procedure: Multi-Target Sputtering System

2. EXPERIMENTAL PROCEDURE

2.1. MULTI-TARGET SPUTTERING SYSTEM

LAYOUT
U

Overview of Multi-Target Sputtering System

Vacuum Chamber

U

Vacuum System

A description of the multi-target sputtering system used in this project will be
given. This sputtering system consists of a pumping station, a vacuum chamber with a
rotating work table, three planar magnetron targets, an RF generator with bi-RF-switch
and two manually operated matching networks as in sketch in the figure 2.1.

Vacuum Chamber

1-Rotating table

1-Vacuum chamber

%—%ze substrate holders 2-Chevron baffle
-Three target ports 3-Diffusion pump
4-Bafﬂq plate 4-Rotary pump
5-Pumping system

6-Ar MFC

7-Two matching networks

8-RF generator

Figure 2.1. Sketch of Vacuum Chamber and Sputtering Apparatus '%.

The vacuum chamber is stainless steel, double walled with water-cooling
facilities. It has eighteen apertures: three small viewing ports, a pressure gauge port,
three target ports, the substrate holder port, two gas inlet ports, the pumping port, five
entry facilities, the air admittance port and a motor drive port.

A three faced rotating substrate holder work table is used on which the
substrates are clamped (100mmx130mm). The specimens are held using small stainless
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steel screws and washers in an arrangement shown in figure 2.2 which also shows the
target being bonded to a backing plate.

The system has been equipped with three conventional rectangular magnetron
cathodes (100mmx200mm) placed around the chamber wall in a triangular arrangement.
However, only two cathodes were used in this research. The third position was used
either for loading the chamber or for protecting the substrates during sputter cleaning of
the target. In the chamber the targets are separated by baffle plates in order to avoid
cross contamination during deposition. A water cooling system is used to avoid cracking
ofthe target due to temperature differences, as previously described in chapter 1.4.2.

140
IS

100

Figure 2.2. Substrate holder with samples on the left and sputtering target on the right.

The distance between each target surface and the work table is approximately
70mm. Each cathode is connected, through a commercial matching network unit, to an
individual 1IKWRF generator working at a frequency of 13.56MHz. A voltage meter is
also connected to the output of the matching network to monitor each cathode's
potential. During the deposition, target, substrate, chamber and plasma conditions can be
changed and the matching network can be used to make the necessary adjustments.

The vacuum pressure inside the chamber is measured by traditional vacuum
devices. A Pirani gauge manufactured by Edwards Ltd. Ref.M6A can measure the soft
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vacuum down to 0.1Pa (10°Torr). Technical information of the Pirani gauge is in
references %1454 The Penning gauge is manufactured by Edwards Ltd.
RefD145-33-000 and it is used to measure the high vacuum down to 1.3x10°Pa
(10Torr). Technical information can be found in reference "*'**. A Baratron gauge with
a low-impedance capacitance manometer type absolute vacuum gauge is used to monitor
the total pressure during the deposition. It gives a highly accurate value of the pressure
at different stages of the sputtering process '*.

The flow of the working gas is controlled and regulated by Tylan Mass Flow
Controllers (MFC). To remove possible oxygen and mist contamination, the gas is
gettered by passing through titanium chips in an electrically heated oven at 700°C before
being introduced into the MFC. A getter is a highly reactive substance which reacts with
the molecules to remove and trap them in a solid phase. If the oven is overheating, the
titanium chips could melt and cause pressure fluctuations and promote coating oxidation.
If the oven is underheating, the contaminant gas can be injected into the chamber.

The deposition pressure depends on the degree of pumping, the throttling
conditions and the amount of gas bled into the system. The total pressure is set by using
a variable degree throttling operation after fixing the flow of argon. This procedure
avoids the influence of the efficiency of the pumping station on deposition and it is the
best way to guarantee a constant total pressure. The efficiency of the pumping station
may decrease due to natural wear and tear. Moreover, the effect of oil changing,
temperature of the cooling water, or a change in the pumping station will not be noticed
as the constant gas flow will be guaranteed with this operating technique. The gases used
are fed by means of stainless steel piping.

The pumping station consists of an Edwards Ref. ISC4-50R rotary pump and an
Edwards Ref. E603 diffusion pump. These pumps are isolated from the vacuum chamber
by an Edwards Ref. QSB6 butterfly valve which can be water cooled to prevent oil
vapour entering into the chamber. A schematic cross-section of a rotary pump and
difusion pump is illustrated in figure 2.3.

The Rotary pump is a mechanical pump that runs immersed in oil and it
produces pressures down 1 to 0.1Pa (10 to 10mbar). During operation the gases enter
from the work chamber into the volume created by the eccentric mounting of the rotor in
the stator. The blade mounted in the rotor moves the gas volume so then it can be
trapped and compressed just above one atmosphere and forces the exhaust valve open
for discharging the gas. The pressure in the network linked to the rotary pump is
measured by a Pirani gauge **7™*.

The diffusion pump is one of the most widely used pumps for obtaining high
vacuum owing to its high pumping speed for all gases and low cost per unit pumping
speed and it can also produce pressures about 10°Pa (10"'°mbar). The diffusion pump
cannot exhaust gas directly to the atmosphere and so requires a backing pump, often a
rotary pump, to be operated continuously in series with it.

These pumps start to operate with the inlet closed by a valve, then a rotary
pump is switched on and left running for exhausting inside the diffusion pump at least to
10Pa (0.1mbar) pressure. The water supply is turned on. The oil placed in the pump base
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(where there is a heater) begins to boil and evaporate within 20 minutes. The oil vapour
flows up through the jet chimneys and emerges from the jet nozzles at supersonic
velocity. Then the oil molecules condense on the pump wall which is water cooled and
flow back down to the boiler as an oil film, where the oil is reboiled and evaporated. Gas
molecules present in the vessel above diffuse into the jet and are forced by jet action into
a region of high pressure in a lower area of the pump. They will subsequently be
removed from the diffusion pump by the rotary pump ™",

the tasic featurss ¢f a typical iofai-}wvuncum Pump
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Figure 2.3. Representation of the rotary pump on left and diffusion pump on right ”°.
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The overall view of multi-target sputtering system is in the photograph 2.1.

DANGER
HIGH
VOLTAGE

Photograph 2.1. Multi-target sputtering system.
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2.2. EXPERIMENTAL SET UP

LAYOUT
u
Stages of'the Deposition Procedure
u
Main Features ofthe Working Gas, Specimen Substrate
and Sputtering Target

The sputter deposition procedure used in this research follows the normal
routine in this kind of deposition technique with the stages shown in figure 2.4. For all
the experiments the deposition procedure must always be the same. All the additional
variables that may be introduced by operating in different ways must be immediately
eliminated to keep the process under control.

§PQI|fi
* Coating
characterization
1/©O®(ojmr<e * Set up conditions for

the multilayer coatings
Deposition studies

Deposition ofthe coating

Sputter clean before deposition
and check the system parameters
Working gas set up

Pre-deposition pumping of the vacuum chamber

Loading the vacuum chamber
Clean the vacuum chamber and inspect the system
Preparation ofthe substrate specimen

Figure 2.4. Sputter deposition procedure.

I- Preparation of the substrate specimen! The preparation of the substrate occurred
sequentially in three steps:

1. Specimen polishing to 1pm diamond.

2.Ultrasonic clean in two baths: First commercial purity IPA followed by the Analar
IPA (Isopropyl alcohol) baths. Each bath duration of 15 minutes.

3.Vapour degreasing clean with Analar IPA in a Soxhlet extractor heated by an
evaporator Mantle.

After cleaning, all the specimens were kept in a vacuum desiccator until they
were loaded into the vacuum chamber.

II-Clean the vacuum chamber and inspect the system: Clean chamber contaminations
from previous runs and check the system, namely: targets, rotating table position, seals,
water cooling pumping system.
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III-Loading the vacuum chamber: Clamp the substrate holder onto the work table after
attachment of the specimens to it. The substrate holder was made of aluminium.

IV-Pre-deposition pumping of the vacuum chamber: The vacuum chamber was pumped
down continuously to reduce the outgassing flux from the chamber walls and specimens
because the final pressure affects the growth and properties of the coating. The vacuum
was pumped down to a final pressure of 1.3x10™*Pa (10°° Torr).

V-Working gas set up: The working gas was injected into the chamber for the desired
flow. The pumping system was throttled with the butterfly valve, so that the required
total pressure within the chamber could be sustained with the pumps operating. At this
stage, the getter temperature should be at 700°C to eliminate argon contamination.

VI-Sputter clean before deposition and check the system parameters:. Firstly establish the
plasma at low power below the threshold value (=40WRF) for cleaning the target. No
deposition will be noticed and the contaminants are removed by the pumping station.
Secondly, sputter clean the substrate by applying DC bias voltage. Before starting the
deposition it is advisable to make sure that no cycling of the pressure occurs in the
chamber at the required value, the water cooling target system is at the required
temperature and there is no sign of leakage, the plasma is stable and the voltage
produced is kept constant.

VII-Deposition of the coatings: Start deposition by increasing the RF power to a
required value and deposit for a given pre-set time. Multilayer coatings can be produced
by alternately positioning the substrate in front of each target. Using the RF-bi-switch the
plasma is not broken and the pressure is kept constant in the vacuum chamber. During
deposition verify regularly the operating parameters, keep a constant control of the
matching network with the RF generator and take the required parameter readings.
When the deposition is ended, cool down the system for about 45 minutes in argon flow
and inspect the system.

VilI-Deposition _studies: The pre-selection of deposition conditions is partially
determined empirically and is largely dependent of the sputtering apparatus. Preliminary
single-layer coatings were produced to study the deposition conditions such as:
deposition rate, sputtering power, sputtering pressure, target voltage, substrate position
inside the vacuum chamber and their interrelationship.

IX-Set up of the Conditions for the Multilayer Coatings. The coating/substrate
composite design is performed as metal/ceramic multilayer coatings using sequential
sputtering. The two varying parameters for the multilayer coatings are the composition
wavelength (A) and the relative volume fraction of the ceramic (V) as illustrated in
figure 2.5. They are given by the equations:

A=t +t,
t

—_ [4

Vo= (t,+1,)

Where t. is the thickness of the ceramic layer
tn 1s the thickness of the metal layer
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Volume
Fraction of Composition
Ceramic Wavelength

Substrate

Figure 2.5. Varying parameters for multilayer coatings.

The composition wavelength defines the periodicity of the repeated multilayer
structure and the thickness of the ceramic layer must be less than the critical defect size
for fracture. The coatings were performed for three values of composition wavelength of
50nm, 100nm and 200nm and five values of the volume of ceramic of 0%, 25%, 50%,
75% and 100%.

The thickness of individual layers varied between 12.5nm and 150nm, for the total
thickness of the coatings (tf) of Spm. The thickness variations of the ceramic and metal
layers for each composition wavelength are described in the table 2.1.

X (nm) Ve (%) tc (nm) tmmm) If (pm)  N°ofLayers

- 100 5000 - 5 1 i
75 37.5 12.5
50 50 25.0 25.0 5 200
25 12.5 37.5
75 75 25
100 50 50 50 5 100
25 25 75
75 150 50
200 50 100 100 5 50
25 50 150
- 0 - 5000 5 1

Table 2.1. Thickness variations of the ceramic and metal layers for each
composition wavelength.

X-Filrn characterization. The coatings characterization in this research consists
essentially of structural characterization and mechanical properties evaluation using
different techniques, as mentioned later in this chapter.

Some the main features of working gas, specimen substrates and sputtering
targets used in this project will now be given:
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WORKING GAS

High purity argon was used during deposition for all deposited coatings as a
working gas. The purity of the argon was 99.998%.

SPECIMEN SUBSTRATES

The specimens were made of copper, aluminium and steel. The main properties
of the substrate materials are summarised in table 2.2. The position of each substrate
during deposition was chosen to give uniform and reproducible deposition conditions for
each specimen of each substrate material. According to the arrangement in figure 2.2 the
substrate positions are:

# Positions 1, 6, 7 and 12 were filled with copper substrates
¢ Positions 2, 5, 8, and 11 were filled with aluminium substrates

¢ Positions 3, 4, 9 and 10 were filled with steel substrates

Substrate Material Al Cu Steel (A1S11095)
Length (mm) 50 50 50
Width (mm) 10 10 10
Thickness (mm) 0.25 0.20 0.20
Purity (%) 995 99.9
= Q; . % Ag— ETY _
Chenica i o et faw e
R Mg<500; Zn<700  [Pb<50 0.4-0.6Mn; S<0.025
(*a) Ti<500 0=500 0.1-03Cr;, P<0.030
Material Condition Temper half hard Temper half hard
Tensile Modulus (GPa) 70.6 129.8 206.9 (30x10°psi)
Thermal Conductivity (Wm'K™") 237 401
{Melting Point (°C) 660.4 1083
Poisson's Ratio 0.345 0.293
Hardness (HV) 400-600
Tensile Strength (N .mm?>) 1900
Thermal Expansion 236 17 12.1
Coefficient 10°K’! '

Table 2.2. Main properties of the substrate material 2'>%',

SPUTTERING TARGET

In each experiment one metal and a ceramic target were mounted in opposite
positions to produce multilayer coatings. Al, NiCr, Ti and Mo metal targets were used in
this project. The ceramic target was titanium diboride. The main properties of each
target are given in table 2.3.
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NiCr
Target Material TiB Al Ti
arget Materia 2 i (Nimonic 75) Mo
* Al<20; Ca<20
**18-21Cr Fe=50; K<2
Chemical Analysis *C0<1500 0.2-0.6Ti Mg<20; Pb<30
*ppm Fe<1500 0.08-0.15C Si<50,  Ti<30
*%(%) Ni<1500 Si<1.0; Cu<0.5 [W=10; C=40
Fe<5.0; Mn<1.0 [H=5; N<10
0<30
Purity (%) 99.5
Dimensions 203x102x6
Material Conditions Annealed Annealed
Atomic radium (nm) 0.143 | 0.147 0.14
Crystal Structure HCP FCC HCP BCC
Density @ 20°C (g.cm™) 27 45 8.37 10.22
Melting Point (°C) 660.4 1660 1340-1380 2617
- —— S
Electrical Resistivity @ 20°C 267 " 109 57
(pQm)
Linear Expansion Coefficient
B 235 8.9 5.1
0-100C (10°K™)
Thermal Conductivity @
- 237 21.9 11.7 138
0-100°C (W.m K™)
Hardness (HV) 200
Poisson's Ratio 0.345 0.361 0.393
Bulk Modulus (GPa) 752 | 1084 2612
Tensile Modulus (GPa) 70.6 120.2 324.8
Tensile Strength (MPa) 485-550
Yield Strength (MPa) 415450

Table 2.3. Main properties of target material *'%.

Bonding the sputtering targets onto the backing plate is an important aspect to
point out because unsuccessful bonding could involve costs and be time consuming. The
debonding of targets from the backing plate when sputtering from ceramic targets like
borides, nitrides or carbides is caused by the brittleness of these materials. The bonding
material, therefore, has to overcome the mismatch between the different thermal
expansion coefficients of the backing plate and the target. In addition, it has to be stable
at elevated temperatures and at low pressures.

In sputtering, there are three different methods to fix a target to a backing plate
made either of copper or austenitic stainless steel or molybdenum. These are:

¢ Clamping; this may be used for metals but not for intermetallics or even ceramic.

¢ Gluing using epoxy resin adhesives, sometimes with metallic additions to ensure a
suitable electrical conductivity.

¢ Brazing using liquid metals, or diffusion bonding processes.

Gluing as well as brazing are suitable to sputter ceramic materials at least at
moderate sputtering power. The literature '® refers to a bonding technique with indium to
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bond boride or nitride targets to backing plates made of copper or austenitic stainless
steel for target diameter about 75, 150 and 200mm. Before bonding, the target as well as
the backing plate were coated with nickel or nickel alloy, e.g. Inconel, to a thickness of
about 5um and silver with a thickness of about 2um. Nickel is used to hinder diffusion of
indium into the target, silver is used to ensure sufficient wetability for indium. Both
coatings were deposited by sputtering. Indium is used as foil with a thickness of 0.5mm.
Bonding is done using a simple heating plate. Care must be taken, to avoid cracking of
the target during bonding, i.e., allow the system (heating plate, coated target, indium,
coated backing plate, weight) about 15 minutes to reach the bonding temperature of
about 250 to 355°C. Another 15 minutes at bonding temperature has been reported for
diffusion processes and at least lhour for cooling down, depending on target size. This
bonding technique has been used for DC sputtering targets at power densities in the
range between 2.5 to SW/cm® target area (400 to 600W). The bonding quality was
reported to be good enough to obtain a suitable lifetime of the target/backing plate
system,

An important factor for all bonding methods is the stability of the backing plate.
There should be no bending of the plate caused by the pressure of the coolant in the
sputtering system. Bonding of ceramics like Ti-Borides is critical because of the
differences in thermal expansion of ceramics versus copper.

Bonding with epoxy cermet is very easy because there is no necessity to heat
the target and backing plate. To increase the thermal conductivity the epoxy cermet
could be filled with silver powder. Nevertheless, the thermal conductivity is still lower
than with metallic bonding. Metallic bonding needs metallization of the target so the
target and backing plate have to be heated up to the melting point of the soldering
material. Mostly InSn alloys are used and the melting point is around 150°C. Metallic
bonding allows sputtering at high power, but if the temperature of the target gets too
high the metallic bond will fail.

After considerable research to find a suitable bonding technique, the titanium
diboride target was brazed to the copper backing plate, which was shown to be a
successful technique at moderate sputtering power. The cooling efficiency was calculated
according to the procedure indicated in chapter 1.4.2 for a water flow of 2 V/min and
water temperature rise of about 3°C. The nomograph, figure 1.32, gives a power of about
425Watts which is in good agreement with the obtained value of the following equation:

Q=M xSx(6,-6,)x42=333x1x42=416 Watts

where M is the mass in gm/s
AB =3°C
S is the specific heat of the water
The sputtering system used has been working with a ceramic target at power
higher than 400WRF without causing damage. The calculated power should be considered

with a safety coefficient. However, the cooling system needs to be improved to allow
more confidence at the top end of the moderate sputtering power range.
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2.3. CHARACTERIZATION OF THE COATINGS

LAYOUT
U
Coating Thickness Measurements

U

Structural Characterization:
¢ XRD, SEM, TEM, Auger, XPS

Mechanical Property Measurements:

¢ Residual Stresses
¢ Modulus of Elasticity
¢ Models of Deformation of Coated Beam
¢ Analysis of the Margin of Error .
¢ Elastic Modulus by Three-Point Bend test
¢ Elastic Modulus by Nanoindentation
4 Hardness by Nanoindentation
¢ Nanoindentation Tester

The characterisation of the coatings used in this research was made essentially
by structural and mechanical property evaluation, as shown below:

L. COATING THICKNESS MEASUREMENTS

It is important to know the thickness of the coatings or layers in multilayer
coating design. Some methods suitable to give this information include:

¢ Surface profiles using a stylus (Talysurf). This method consists of producing a
step in the coating during deposition by masking part of the specimen. The step
measurement was performed by Talysurf equipment. Several ways can be used
to mask the specimen such as **:

1. A clamp washer is used to shield the substrate, which leaves a step in the
coated specimen. The accuracy of the step can be poor using this method,
due to field effects.

2. An aluminium tape is used to shield the substrate, which produces a sharper
step. However, the tape glue could melt and could contaminate the coating
unless used at low deposition temperature.

3. A water-soluble pen is drawn on a selected area on the substrate. After the
deposition the specimen is bathed in water, which leads to peeling of the
coating over the ink marked region, leaving a clear step.

¢ SEM and TEM techniques. The latter mainly for layers within the coating.
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¢ Ball crater technique. This method uses three body abrasive wear, namely: a steel
ball, slurry and the sample surface. A steel ball is rolled on the test sample and a
slurry falls continuously onto the ball at the contact region. The slurry increases
the wear rate in a controlled manner and gives reproducible results. The normal
force between the sphere and the specimen derives from the weight of the sphere.
The rotational motion of the sphere is achieved by contact with a variable speed
rotating shaft. The rotation of the sphere against the specimen in the presence of
the abrasive particles generates a ball wear crater. By comparing the geometry of
the crater for different periods of wear time, the thickness of the crater and the
wear rate of the coating and the substrate can be determined. A schematic
representation of this technique is shown in figure 2.6.

SUBSTRATE MOUNTING PLATE ———-—-—-—1

SUBSTRATE R

ABRASIVE SOLUTION —

COATING
SUBSTRATE

THICKNESS = xy
BALL DIAMETER

ing of ball cruter upy. Plan ond eross section view of ball crater.

Figure 2.6. Representation of Ball Crater Technique 2'°.

II. STRUCTURAL CHARACTERIZATION

The structural characterization techniques used with single and multilayer
coating designs include: XRD, Auger, XPS, SEM, TEM.

1. X-RAY DIFFRACTION TECHNIQUE

The X-Ray diffraction analysis was performed using a Philips PW1840
diffractometer. The XRD spectrum was performed with CoKa (1.788965A) radiation
and the cathode voltage was 20KV and the tube current 10mA. The range of 20 scan
was between 20° and 100° at speeds of 0.05°/min. with an incremental step of 0.01° held
for 12 seconds. These test conditions were set up in order to give the best resolution and
this was kept constant for all experiments. The coated specimens were sitting on the
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specimen holder at the centre of the diffractometer chamber and rotated in
synchronisation with the detector. Consequently the diffracting planes are parallel to the
plane of the deposit. The X-ray spectrum is recorded by computer. The X-ray plot
results are analysed by comparison between the spectrum obtained and the ASTM data
cards available. The XRD analyses generate information about chemical composition of
the coating as well as the structure in terms of degree of crystallinity.

2. SEM AND TEM TECHNIQUES

The SEM equipment used was a Cambridge 250SEM, with backscatter detector
and Link EDS facility. The Backscatter detector and EDS was used to give the following
information:

4+ Morphology observed by fractography of the coating

¢ Thickness of the coating and layers of multilayer coatings
¢ Microstructure of the coating

¢ Chemical composition of the coating

Some analysis was performed using TEM equipment and Link EDS system to
give information about chemical composition, analysis of the interfaces and
microstructure. The main drawback of this technique is the difficulty in the preparation
of the samples. The samples were prepared by microtome, which involves cutting thin
(<2000A) slices through the coating using a diamond knife. These thin slices are then
mounted on Cu grids for analysis.

3. AUGER AND XPS

The Auger and XPS technique were used to give information about chemical
composition at the surface of the coating and through a few layers by depth profiling. An
ESCALAB 200D was used in this study. The operating conditions were 5KV, 10nA at
100 times magnification in spot mode. Etching conditions were standardised on a
stainless steel stub to be 20pA/cm® current density. The results are analysed by
comparison between the spectrum from the samples and the standards that were
considered within a degree of reliability.

1I. MECHANICAL PROPERTY MEASUREMENTS

The mechanical properties that were measured in the deposited coatings
include: microhardness, residual stresses and elastic modulus. The techniques that were
used to measure these properties are described below:

1. RESIDUAL STRESSES:

A qualitative demonstration of internal stresses of the coatings was made by
comparing the substrate curvature by photography.

The experimental technique for measuring the residual stresses in the coating on
the substrate was based on the curvature of deflection of the substrate by optical
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microscopy at 5 times magnification, using a Joyce-Loebel Image Analyser. Stoney’s
equation (equation 1.5) was used for the calculations and is given by:

tZ
o, =E x| = |xAK
6t ,
Where E; is the biaxial elastic modulus of the substrate g - - E
-0
ts and ty are the thickness of the film and substrate respectively

AK is the the substrate curvature change

2. IN-PLANE ELASTIC MODULUS

Two approaches were developed for the calculation of the elastic modulus of
the coating by using a three point bending test. The first model was developed by
J.R.Nicholls and myself and the second one by P.Hancock. Both of them are described as
follow:

I* model: Deformation of coated beam

Consider the pure bending of a rectangular cross-section beam. Assume the
material is isotropic and follows Hooke’s law and that the stress distribution is not
disrupted by irregularities in the shape of the beam or by discontinuities in loading.
Otherwise this theory cannot be used, since the stress concentration produced by these
irregularities could overcome the stresses produced from the bending theory.

=
—>/ Compressive
¢ M L, Stresses
Tmm.
B Téngil&’,_'*x' """"" 1
Stresses
(—
6__ .

Normal Shear
Y ¥ Shear Stresses Stresses Stresses

Figure 2.7. Representation of the normal and shear stresses in a bending beam.

When the beam is bent, the outer fibres go from tension on one side to
compression on the other side. Then there must be a section on which there is zero strain
called neutral axis, as illustrated in figure 2.7. The maximum tensile and compressive
stresses in the beam occur at points located at the edges of the beam. As the beam is
loaded by external forces, then internal stresses and strains are created within the beam.
The normal stress o is uniaxial to the cross-section and can be obtained from the normal
strains &, The normal stresses and the bending moment are given by *°:

o,=F¢ =—@i _ 2.1)

* R

x
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E EI
M = Jo_yda :EJdea == 2.2)

Where R is the radius of curvature and I is the moment of inertia of the cross-
section area relative to the z axis. The normal stresses in the beam vary linearly with the
distance y from the neutral axis and bending moment, but inversely proportional to the

moment of inertia and are given by **":

M
o, =—2

N §

Assuming that the shear stresses T act parallel to the shear force V, that is
parallel to the vertical sides of the cross-section, the distribution of shear stresses is
uniform across the width of the beam. The shear stress in a rectangular beam varies
quadratically with the distance y from the neutral axis and is given by **?*":

-t
“arla 7

That shear stress is zero when y ==+t / 2 but the maximum value occurs at the
neutral axis where y = 0. Because the shear stress T varies parabolically from top to
bottom of the beam, it follows that the shear strain y = 1 / G varies in the same manner.
As a result, cross-sections of the beam that were originally plane surfaces become

warped. The lines will not remain straight but will become curves with the maximum
shear strain occurring at the neutral surface.

For slender beams it is usually assumed that any deflection due to shearing is
negligible and thus is all due to bending, owing to the shear stress being very much less
than the normal stresses. Although near the supports where M is small, it is the dominant
factor but its influence on the total deflection is negligible.

P2 P/2

Figure 2.8. A central loaded beam with its dimensions.

For an uncoated beam of rectangular cross-section with width (b) constant and

thickness t, the neutral axis is at the middle of the section, as illustrated in figure 2.8. The

moment of inertia of the beam by using a simple elastic bend theory is given by ***

3

I = bt;
12

The deflection for x = L/2 by applying force P is given by:

(2.3)
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PP Pr

S = - 24
* 48E I AEMbL @4

Considering the weight of a beam (P,) it is necessary to add 5/8P; to the load at
the centre. Then the total deflection is given by:

5,=(P+% Pl)(%) 2.5)

Hence the slope (ys) of the graph & versus P without the weight of beam
correction is given by:

I SR
" T 4EbE P
Then the elastic modulus of the uncoated beam or substrate is given by:
3
Jo— . (2.6)
4y bt

Considering the correction for weight of the beam, then the slope is given by:
r '

o
_ __ 9 @2.7)
4EDbt? P+ % P,

Y,

We then assume that a coated beam is a sandwich beam which consists of a
composite beam made with two thin layers with a high modulus on either side of a thick
core. We also assume the cross-sections of the beam remain plane during bending. In this
case the normal strain (g,) varies linearly with the distance y from the neutral axis of the
sections €;= K y. Both materials of the beam are assumed to obey Hooke’s law.

=
™~
Y

t,i: [1 o] «
Cross-section Strain Stress
of the beam distribution  distribution

Figure 2.9. Cross-section of the beam with strain and stress distribution.

Consider a cross-section of width b and depth d with a bottom skin of thickness
t; and a top skin of thickness t,, as illustrated in figure 2.9. The modulus is E; for the skin
and E; for the core. The stress distribution is now discontinuous and the equilibrium
equations and the bending moment are given by:
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d-12

Icfdy+ J.O' dy + Iofab) 0

d-t2
b d-t2
a I(y Yo

Where R is the radius of curvature and yy is the distance from the neutral axis to
the surface, the expressions for yo, %, and o/, are given by:

1| B (B, -E Ne-n) -1}

Y72 Ed—(E,~B.)d- (4 +1,))

ol = (————Ef (yR_ %) J ;o= (Ly};y*")j

According to beam bending theory the bending moment is given by:

_1E _ bd’E S

"R 12R R
Where S is an equivalent stiffness and given by:

. \il—(Ef_ExJ{(l_t_Z)zw(t_l)z}Ji
3
4_4[5';&){(1_2) _(ﬁjz}_:; E, d d (2.8)
o | BB (55
E, d d
Assuming the beam is coated only on one side as is the situation in this project,

so the thickness t; = ts, t; = 0 and d = t¢ + t;. We also assume the neutral axis will not
move because the film is very thin (<5um). Then the stiffness is given by:

. ]{(J[()}} @9)
{1 (EE,EJ(I_(;:-I,)]}

Hence the slope for the composite for the graph & versus P is given by:

ds I D
Ve=ap T a8EI 48

BE
= o)y +—L I(y Yo)ydly

d-t2

oo (bd3Ef
12

N ——~

s 2 -

3
t,+1)

(2.10)

Considering thatA:(tf -t.J]; B= i and 4 - (Ef _E’J , then the
E
s

stiffness is given by:
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s=2 4 (B—l)3+1+3B2+L
T (- p+ pB)

Ignoring the term ( 3B*? ) the error for E¢= E; is only 0.18% and for
1-—u+ uB

E~10E; is 1.2%, so the term to a first approximation may be ignored and then S is
replaced by (%87/) . Consequently, the modulus of the film that should be used in

further calculations is given by:

3
L ke
4by

A e 2 2
4z’ + 6121, +31 12|

(2.11)

To correct for the weight of beam requires equation 2.7 to be used.

2" Model: Deformation of coated beam

If the coating has a different modulus, then the neutral axis will move away
from the centroid. The new position can be calculated by using the transformed section
method whereby the transformed beam is modified to have the same neutral axis as the
composite beam, as shown in cross section in figure 2.10. Where E; is the modulus of the
substrate and E is the modulus of the coating.

t/2 X
] | nad [P
Yo z
. N
i y
te E
bx(E/E,)

Figure 2.10. Transformed beam with dimensions.

The resulting force equation becomes,

E,[yd4,+E,[ay dd, =0 (2.12)
s f
Where o=E¢/E; and,

E,[ya4, = Es[(ts ) (t, ~h)p- g(hb)il

2
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2
E,[ay,dd, =E, a1, —h+L b
s
Substitution in equation 2.12 gives:

2 2
g Ha
2t, +at,)

If y=h-(t/2). Then,

(2.13)

Yo =
t
1+a—f)

(-7
1+ —
_ (a’fj 2 (2.14)
>

To calculate the moment of inertia of the total composite beam, the parallel axis
theorem is used whereby the moment of inertia I with respect to any axis is equal to I
related to the centroid plus the product of area and the square of the distance between
the centroid and the new axis. Hence,

bt3 bat? t, ¢ g
I, = —1bt y? ; I, = ! v bat (L_}__i-
R TIRA r T 12 27277
(23 + ar? 11 ’
1, :IS+If=—(——TZ———f)+batf(7f+?‘—yoj +bt,y? (2.15)

The central beam deflection for a simply supported beam for y,=tg2, is given by:

3 3 y

s Pl :( PI J 12 : 2.16)
48LE \48EpD) = , t, 1

1, +at; +12t y, +12a8 ?+E’—yo

The slope of the plot & versus P for the composite (y.) and uncoated beam (vs)
and the ratio y; /y. are given by:

‘( L ] ! 2.17)
7 =\4Ep P 2 :
2+ ar? +121,6% + 12atf(i+—s—yoj
2 2
]3
=B 2.18
Vs 4E bt} (2.18)
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) 5Y t.\(t, ¢ 2
7—5:1+a(tl) HZ(z—J +12a(t—§)(7f+5‘—yoj (2.19)
Y ; ,

5

Expanding equation 2.19 and putting the terms in descending importance gives:
2 2 2 3 2

7oy +3a(l] _(120:21‘,6) +12(£) _[120::,6] _(12a:f5J +4a(t_,) +(12al;,5 J (2.20)

76 t: t: t.v t.v z t 1

Inserting realistic values for o and t over the range of interest shows that this
equation is accurate to within 4% when only the first two terms are used. Hence,

t E 1
Ys w14 3a(ti] =1+ 3(?’}(%} (2.21)
}/C s 5 s

The change in slope which is equivalent to the compliance for a coated beam
compared to an uncoated beam (Ay) is given by:

E,
Ay(%) =3 — | — |x100 (2.22)
E, N1,
Then the elastic modulus of the film is given by:
E, = (E—’)(Z— - 1) (2.23)
| 3t AV .

Analysis of the Margin of Error

The margin of error of mechanical properties is related to the geometrical
conditions, substrate properties, error of the measurement and homogeneity and stability
of the parameter '**. The analysis of the relative errors was performed for parameters
that involve the equations 2.6, 2.11 and 2.23.

L3
$ 4y bt

E, = Bty x(n —IJ,
31‘, V.

3
L _Ep
4by

e v et 431,47

Where y~y: and y.~=y, are the slope of the uncoated and coated beam
respectively

b is the width of the beam
L is the length between the supports
tris the film thickness
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tsis the uncoated beam thickness

8 is the deflection

P is the applied load

Esis the elastic modulus ofthe uncoated beam

The figures 2.11, 2.12 and 2.13 show the dependence ofthe error ofthe elastic
modulus determined by the equations 2.6, 2.11 and 2.23 respectively on the various
parameters. The most restrictive demand concerning the elastic modulus on the uncoated
beam is the thickness. For an coated beam the less stringent command for both models is
the thickness ofthe film measurement. However, the effect of the equipment compliance
is more significant for the 2md model than other parameters. The 1¢ model depends

strongly on the compliance of the system, substrate dimensions and substrate elastic
modulus.

6.0 8.0 10.0 12.0 14.0
Relative error of Es (%)

Figure 2.11. Relative error of Esversus Relative error of the parameters, from equation 2.6.

p _ 14
?%*
12
i§ 10
w
D 8
-.& to
U 6 Ef from
G .
4 equation

2.11

.0 10.0 15.0 20.0 25.0 30.0
Relative error of Ef (%)

Figure 2.12. Relative error of Efversus relative error ofthe parameters from equation 2.11.
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— Es;ts

F—yI52

Ef from
equation

2.23

0.0 5.0 10.0i 15.0 20.0 25.0 30.0
Relative error of Ef (%)

Figure 2.13 Relative error of Efversus relative error of the parameters from equation 2.23.

The in-plane elastic modulus of the coatings was measured by traditional
methods such as: three-point bending tests. The elastic modulus of the coatings was also
measured by nanoindentation technique. The description of both of these techniques
(traditional and non-traditional methods) is given in this section.

Elastic Modulus by Three-Point Bending Test

A small three point bending apparatus was designed and built to fit in the optical
microscope working table. The deflection of the specimen was measured by a
micrometer on the optical microscope with an accuracy of 2llm. Owing to the
compliance effect of the bending apparatus in the elastic modulus measurement, four
different methods for applying the load were designed, including: mechanical loading
using weights, using a hydraulic system, electromagnetic system and mechanical loading
using water as a weight. The sequence of these designs follows an attempt to improve
the accuracy of the measurements. The last three point bend test designs used the
nanoindentation instrument. A description of all these designs is given below:

¢ The mechanical loading using a weights method consisted of applying the load by
changing the number of fixed weight washers for a required weight, as shown in
figure 2.14. The main disadvantage of this method is the way the load is applied,
which depends upon the skill of the operator and the system vibration. Both of
these affect the compliance ofthe system.
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Weights Gap for the sample

B AV

Microscopy table

Figure 2.14. The three point bend test by mechanical loading using
weights.

¢ The electromagnetic method consists of applying the load by a solenoid device.
Varying the current through the solenoid, using a Variac, changes the applied
force. The room between the microscope working table and its base was too small
to install a sufficiently large solenoid device for a required load. As a result a lower
capacity solenoid was used, but as the current increased in the solenoid it caused
the solenoid to become very hot and then the values were very unstable.

¢ The hydraulic method consists of applying the load by a piston that was
controlled by the pressure inside a cylindrical chamber, as shown in figure 2.15.
The difficulty of the method was in keeping the alignment of the piston at a
constant speed. The speed of'the piston was found to be strongly dependent of the
friction between the piston and seal, air in the oils and oil viscosity. Different oils
with different viscosities and different types of seal were used but the unstable
results could not be overcome.

Piston

chamber

Figure 2.15. The three-point bend test by hydraulic method.
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¢ The mechanical weight method using water consists of applying the load by
dropping water from a pipette into a reservoir, as shown in figure 2.16. The
method gave more accurate values than the mechanical weight using washers but
required much more time to control the speed ofthe water and avoid vibrations.

Sample

[icroscopy table

Water
reservoir

Figure 2.16. The three point bend test by mechanical weight method using water.

¢ The measurement of elastic modulus by three-point bending test using a
nanoindentation tester was performed by a small jig fixed to the support specimen
holder. The load was applied in the horizontal direction, as shown in figure 2.17
instead of'the vertical as in the classical methods.

P2

P/2

Figure 2.17. A central loaded beam for three-
point bend test by nanoindentation tester.

3. ELASTIC MODULUS BY NANOINDENTATION

The elastic modulus was measured by a nanoindentation test either by
indentation or by three-point bending test, as mentioned earlier. The measurement of
elastic modulus by indentation was performed according to Oliver and Pharr’s model
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described in chapter 1.5.3. The description of the indentation tester is given later in this
section.

4. HARDNESS

The hardness of single and multilayer coatings was performed by a
nanoindentation test according to Oliver and Pharr’s model described in section 1.5.3.
For each sample seven indentations were performed, as recommended in many hardness
measurement standards. The contact depth was chosen in order to be less than 10% of
the film thickness.

5. NANOINDENTATION TESTER

The nanointentation experiments were performed using Nanotest 550
equipment in Micro Materials Ltd. laboratory *'°. The operating basis consists of
measurement of the stylus movement in contact with a specimen surface. The penetration
depth resolution of the indenter is better than 1nm and the spatial resolution can be
performed to position accuracy of less than 50nm. The overview of the equipment is
shown in figure 2.18.

The equipment can operate essentially in two ways:

1-Indentation measurement: An increasing load is applied and the indenter is
impressed into the specimen surface. After reaching a pre-determined value, the
load is reduced and the penetration depth decreases due to elastic recovery of the
deformed material. The depth versus load is monitored continuously, which allows
both Young’s modulus and hardness data to be deduced from these curves, as
mentioned in chapter 1.5.3.

2-Scanning measurement: a static or increasing load is applied and the specimen is
moved perpendicular to the stylus axis and the probe displacement into or out of
the surface is monitored. Properties such as: topography, profilometry, scratch
resistance or frictional forces can be measured by this process. The parameters that
can be recorded are load, depth, transverse displacement, frictional force, acoustic
emission and time.
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Figure 2.18. Nanotest 550 equipment.

The equipment is placed in a cabinet to reduce draughts, to control the
atmosphere temperature and to reduce acoustic vibrations because they affect the
measurement precision. Control of the temperature can reduce the electronic drift and
mechanical changes. The temperature was set up about 2°C above the maximum room
temperature. It is advisable to leave the instrument at least half an hour to thermally
stabilise after the cabinet has been opened and before doing any measurement. Two small
heaters are sited at the front of the cabinet, while the probe controller temperature is
placed on the metal-work at the height of the pendulum in order to give an average
temperature of the cabinet. The cabinet sits either on a concrete and pneumatic passive
damping table or on an active air table for isolating possible vibrations.

The nanotest pendulum can be performed at low load up to 500mN and at high
load up to 20N. An axled pendulum on frictionless bearings is designed to be a light-stiff-
cylindrical shaft made of ceramic, as shown in figure 2.19. The load is applied from a
voltage across the coil mounted at the top of'the pendulum. The coil is attracted towards

a permanent magnet producing motion ofthe indenter either toward or into the specimen
surface.

When the pendulum coil is energised, the rotation of the pendulum is limited by
a mechanical limit stop located above the hinge. The limit stop not only defines the
maximum outward movement of the indenter but also the operating orientation of the
pendulum. The latter can also be positioned manually by a micrometer adjustment. The
hinge is a friction-free design and consists of four steel foils clamped in an X pattern.
These foils are very stiff in the direction of the indenter movement but very fragile in
other directions; the pendulum should be handled with care.

The displacement ofthe indenter is measured by a capacitor located below the
hinge and consists of two circular parallel plates. One plate is attached to the indenter
holder which makes the capacitance change as the indenter moves and it is measured by a
capacitance bridge unit. The latter is located near the capacitor for minimising stray
capacitance effects which might affect the readings. The two plates could be set for a
maximum measurement depth of 1-1.5pm but the system is at full sensitivity at about 0.3
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to 0.5mm separation of the capacitance plates (depth resolution and capacitance plate
separation are related).

The pendulum without voltage across the coil tends to fall clockwise. The
equilibrium position could be achieved by adjusting with balance weights. This set of
weights is below the plates and also counters the mass of the coil. The electronic control
unit receives an AC signal from the capacitance bridge which is then amplified, rectified,
digitised and transferred to the computer. The control unit contains a ramp generator
which supplies the coil current. The voltage across the coil is measured, amplified,
digitised and transferred to the computer.

- LOAD CALIBRATION
POINT

Figure 2.19. The nanotest pendulum '°,

The high load pendulum is a lot heavier and more robust. The stiffness comes
from three ceramic rods placed between the hinge and the coil assembly. The magnet is
much bigger over the low load pendulum with the coil winding placed directly in the air
gap. The hinge is a friction free design that allows the diamond to be placed underneath
its vertical axis. The plate spacing under normal conditions is about 1.2-1.5mm to allow
a measurement depth of =7-8um at full system sensitivity.

There are several calibrations to be carried out at different stages, which are
essential to perform, including the following measurements: load, depth, frame
compliance, indenter tip area function, pendulum test and zero load calibration. The main
features of these calibrations are mentioned below 2>

Pendulum Test: The purpose of this test is to set a vertical operating orientation for the
pendulum and hence an indentation axis normal to the specimen surface, parallel and
correctly spaced capacitor plates, correct mechanical balance of the pendulum and a
correct electrical balance of the capacitance bridge. The pendulum test also sets the
signal to go between two reference levels from O volts to 7.030.1 volts and the depth
amplifier sensitivity to a maximum. Moreover, it applies a voltage across the coil to bring

the pendulum against the limit stop. A typical pendulum test curve is shown in figure
2.20.
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AND A FINITE LOAD Witt OCCUR UPON SPECIMEN —
DIAMOND CONTACT

Figure 2.20. Representation of initial load calibration and pendulum test 2'°.

Zero load calibration: The zero load calibration supplies a minimum coil voltage to bring
the pendulum into contact with the limit stop. A limit stop with contamination can lead
to notable errors in the initial load measurement. The general rule for this test is to carry
out a minimum number of calibrations, often three, before measurement and other
calibrations. The calibration is performed using a plot of rectified output versus force, as
shown in figure 2.20. :

Load calibration: The load calibration is a straight forward procedure and it consists of
hanging a series of masses often between 0-10gf from a set point at the bottom of the
pendulum while the coil applies a countering force equating to a known voltage for each
mass. The principle is that the clockwise moment due to the applied mass W must be
balanced by anticlockwise moment due to the coil current. The mechanical balance point
is defined as the equilibrium pendulum position corresponding to limit stop contact, as
shown in figure 2.21. It is a very stable calibration and hence only needs to be repeated
once every two months.
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LOAD CALIBRATION

W.x

f= X

Y

Figure 2.21. Representation of load calibration 2'°.

Depth _calibration: This calibration determines the relationship of measuring plate
sensitivity to a known distance moved by the x motor while it is in contact with the
pendulum. This sensitivity and hence the depth range can be altered by changing the
value of amplifier gain with maximum sensitivity at 100 and minimum at 15, typical
standard deviation of about 1 to 5x10™ is observed, over 5-10 depth calibrations, at full
sensitivity. The depth calibration is very sensitive to operating conditions and should be
performed frequently.

Diamond area function calibration: The Berkovitch indenter shape changes with time as
the tip becomes rounded. The unsharpness of the diamond affects the results of the
measurements, mainly at shallow depths up to 300nm. The indenter area calibration can
offset this effect. The diamond area calibration procedure involves performing a series of

-indentation experiments on a quartz sample where the diamond contact area as a function
of contact depth is determined from the elastic recovery of the indentations. The largest
indentation in the series of experiments should not be more than lum and the
measurements should be performed with the depth amplifier at full gain. A wide range of
indentations from 0.5mN to 80mN is performed to ensure that both the tip defect and the
ideal region are included. In practice a scheduled indentation is performed for 5 runs at
each of 0.5, 1, 3, 5, 10, 20, 40 and 80mN. Using the correct value for the instrument
compliance, the contact areas are calculated from the equation 1.24, using the literature
value for E (1141GPa) and v (0.07) for the diamond indenter.

The values of Cy, C can be obtained from the equations 1.19 and 1.23. A fitting
procedure is applied to the area and contact depth data to find the following area
function A=ah.*+bh.. Where a and b are constants and h, is the contact depth. The data is
analysed by the Oliver and Pharr method.
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Compliance calibration: The instrument compliance is required to determine the elastic
properties of materials, as mentioned in chapter 1.5.3. The compliance calibration
procedure requires several indentation experiments to be performed on a quartz sample.
The complete procedure is based on the Oliver and Pharr model and is as follows:

1-Raw data: Using fused quartz and Berkovitch indenter, 10 depth versus load
curves are produced with a maximum load of 80mN. Using an ideal diamond area
function given by A=24.5h.> and with h. obtained from Oliver and Pharr analysis of
the raw data, an initial estimate of the frame compliance is obtained from equation
1.24, where C, is measured by obtaining the tangent at maximum load to a power
law fit of the unloading curve, as proposed by Oliver and Pharr.

2-Correct raw data for frame compliance: the first estimate of Cy is used to correct

the raw data and produce a new value of h. again using the method of Oliver and
Pharr.

3-The procedure is repeated for convergence. The method assumes that the modulus
is constant and independent of depth. A typical value for compliance, at low
pendulum load is about 1nm/mN.

A typical indentation measurement involves the following stages:

1-Positioning the specimen: the specimen should be within 0.5mm of the indenter by
direct control from the computer keyboard. '

2-Indentation system parameters set up: definition of all measurement parameters. A
set of measurement parameters is defined either for one indentation or a series of
indentations at the same location or at different locations. The maximum load can
be maintained for a dwell period. The screen in figure 2.22 shows the parameters
relative to the full range available.

] Parameter Sclection |

| 10D 1nFORNATION | SYSTER INFORMATION |

flax. Load : 8 e 2 Distance Betueen Indents : 18 um

Min, Load Y Distance Betueen Indents : 5 un

Initial Load : .91 oN Retraction Distance : 18 un

Loading Rate : .18 nl/s ~ Ho. of Heasurements : 18
Ducll Tine (5 s Filter L §
Loading Range : low fnplifier Gain 1168 #
Max, Depth : 1826 nm DOS Path : C:\

Hin. Depth : 1826 nn Filename : UEAR2Z

l Range O mm=mwweemeyeme’ TOINUAIEY 0 B pN ]

IU::: <UP> <DOWNY> CLEFT> and <RIGHTY to cdit. <ESCAPES uhen done !

Figure 2.22. Screen of the indentation system parameters set up >'°.

¢ Maximum and minimum load: It is possible to set an experiment to have all
measurements ending at the same load or to set the first measurement to the
maximum load and then set minimum load as the lowest maximum in a
series.
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¢ Initial load: This is a load applied to bring the pendulum into contact with the
limit stop. It is often set to 0.05mN unless the environment is too noisy.

¢ Filter: Four depth amplifier filters are available. It is set to 1 for all
measurements unless the environment is to be noisy.

¢ Amplifier gain: The amplifier gain sets the maximum depth measurement
sensitivity at 100 (matching to maximum resolution) and minimum at 15
(=6.66 times less resolution, which matches greater available measurement
depth). Low values of gain would be used for depth measurement of the
order of 10pm, while high values would be used for depth measurement of
the order of 1um.

¢ Maximum and minimum depth: They can be set either to run a series of
measurements to a pre-determined depth or a range between maximum and
minimum depth as for the load.

¢ Dwell time: The dwell time allows the time at maximum load to be set for a
given period, usually for 15 sec, but this depends on the indenter material.

¢ Retraction distance: This is the distance that makes the sample move away
from the surface when the measurement is complete. Hence, stopping the
diamond from remaining in contact, while the sample is moved to the next
indent location. Such a distance is often 10pum for a smooth sample with a
short distance between indentations.

3-Perform_an Indentation. The measurement starts by a slow movement of the
specimen towards the indenter. This is detected by a change in capacitance as the
pendulum is slightly moved away from the limit stop.

4-Collect the Data. Collecting load versus depth data for each indentation, the
following information must be included: maximum penetration depth, plastic depth,
local hardness, reduced modulus, plastic work, elastic work.

3-Analysis and saving of data

6-Move to the next programmed analysis position

This technique includes: Corrections, specimen preparation and diamond
handling. Those aspects are referred to below 2°%2'>2%*:

Corrections

The main concern in the use of the indentation instrument is stability of the
environment with respect to thermal drift and mechanical vibrations. Both affect the
displacement determination and applying the load can cause heating which changes
displacement values. It is quite difficult to keep a stable environment during an
indentation experiment so that some estimated corrections must be made of the thermal
drift. A simple linear correction has been made and incorporated in the instrument
software. This correction consists of monitoring drift by imposing a hold period load at
about 10% of the maximum load, periodically.
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Specimen Preparation

A smooth surface specimen gives a more consistent result. It is worth spending
some time on specimen preparation but care must be taken not to change the
microstructure of the material. The specimen is fixed to an aluminium stub by a suitable
adhesive such as: superglue, silver paint or Indian wax. The adhesives should allow the
sample to be removed once the testing is complete. Moreover, the adhesive should be
stiff enough to not contribute to the system compliance.

Diamond Handling

The most common indentation diamond is the Berkovitch. Its dimensions are
shown in figure 2.23. It was used in the nanoindentation measurement in this project.
The diamond indenter is attached to a stainless steel stub and clamped in front of the
moving capacitor plates. The diamond should wear and its shape may change, mainly due
to debris sticking to it. This means that the diamond should be checked and cleaned
regularly.

Berkovitch Trigonal Pyramid Indenter

Angles: Areas: " Lengths:

v=65.02 Surface area=0.478b? F=0.866b
o=76.02 Projected 5=0.135b =50pm
B-141.93 area=0.433b?

Figure 2.23. Representation of the Berkovitch indenter 2>%%,
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Results and Discussion: Single-Layer Coatings

3. RESULTS AND DISCUSSION

3.1. DEPOSITION STUDIES OF PRELIMINARY SINGLE-LAYER COATINGS

LAYOUT
U
Effect of the Sputtering Pressure and Power on the
Deposition Rate
U
Effect of the Sputtering Pressure and Power on the Bias
Voltage of the Plasma

Effect of the Temperature on the Deposition Conditions

Effect of the Substrate Position inside the Vacuum
Chamber on the Deposition Rate

Effect of the Deposition Conditions on the Coating
Microstructure

U

Summing up

3.1.1. EFFECT OF THE SPUTTERING PRESSURE AND POWER ON THE
DEPOSITION RATE

The dependence of the sputtering pressure on the deposition rate for Al films is
shown in figure 3.1 at 300 and 400WRF sputtering power. These curves are typical of
the sputtering process, as mentioned in section 1.4.2, whereby, the deposition rate
increases with a sputtering pressure up to a maximum value and then has an abrupt
decrease. The peak curve is a balanced value between high ionisation and lost ion energy
due to the mean free path reduction.

Increasing the sputtering power shows an increase in deposition rate for the
studied range of pressure, figure 3.2, as expected. This is due to the increased efficiency
of the ion bombardment of the target, due to the increased velocity of the bombarding
ions.

For Ti, NiCr, Mo and TiB, films, the dependence of the deposition rate on
sputtering pressure is not so nicely shown as for the Al films, as represented in figure 3.3.
At a given chamber pressure the deposition rate shows an increase together with the
sputtering yield for the following elements: Al (S=1.0), Mo (S=0.7), Ti (S=0.5). The
deposition rate seems to be insensitive to sputtering pressure for TiB, and Ti films.

Figure 3.4 shows the deposition rate at 0.6Pa (4.5x10”Torr) sputtering pressure
versus sputtering yield for Ti and Al at 300WRF, Mo at 250WRF and NiCr at 200WRF.
The deposition rate increases with the sputtering yield for Ti, Mo and Al. Considering
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the sputtering yield for NiCr of 1.2 atoms/ion, the deposition rate does not appear to
follow the pattern of other elements. However the NiCr was deposited at 200WRF
power. Assuming that above the sputtering threshold (40V) the deposition rate increases
with RF power (confirmed for aluminium in figure 3.2), then the deposition rate at
300WRF power for NiCr can be estimated at 2.2pm/h. This latter point agrees with the
sputtering yield criterion that has been observed to apply for Ti, Mo and Al deposition
due to the backward scattering.

The thickness of the coatings was measured using the SEM technique from
fractography samples. It was found difficult to measure the film thickness by this
technique for ductile materials such as Al and NiCr because the fracture edges were not
sharp. It is worth pointing out that the deposition rate values quoted are representative
values. Absolute thickness on a given sample depends upon various factors such as:
sample position inside the vacuum chamber, measurement technique, erosion target area,
thickness uniformity within the sample, etc.

4.0
*¢— 400 WREF; Al films
« — 300 WRF;A1 films
0.0 -—--
1.00E-01 1.00E+00 1.00E+01

Sputtering Pressure (Pa)

Figure 3.1. Deposition rate versus Sputtering pressure for Al film onto copper substrate.

-0.2 Pa; Al films

1 30 -0.6 Pa; Al films
2.5 —1.0 Pa; Al films
1 2.0 - 1.3 Pa; Al films
o 2.7 Pa; Al films
8 IS
1 10
0.
Q 05
0.0
250 300 350 400 450

Sputtering Power (WRF)

Figure 3.2. Deposition rate versus sputtering power for Al film onto copper substrate.
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4.0
250WRF;Mo
200WRF; NiCr

3.0

-X— 300WRF; Ti

300WRF;TiB2

2.0

i
1.00&01 1L.OE=QD 1.00B01

Sputtering FTessure (Pa)

Figure 3.3. Deposition rate versus sputtering pressure for Mo. Ti. NiCr and TiB2 films onto
copper substrate.

3.0 1
25 A NiCr-300WRF
A1-300WRF
2.0
Mo-250WRF
Ti-300WRF
0.5
0.0
0.0 0.3 0.5 0.8

Sputtering Yield (Atoms/ions)

Figure 3.4. Deposition rate at 0.6Pa (4.5x10'3Torr) sputtering pressure versus sputtering
yield for Ti, Al, Mo and NiCr films.

3.1.2. EFFECT OF THE SPUTTERING PRESSURE AND POWER ON THE BIAS
VOLTAGE OF THE PLASMA

A voltage probe gives the target potential during deposition. The coatings were
produced by RF sputtering, with a blocking capacitor, thus the voltage is the mean D.C.
voltage generated on the target. This is a balance between the ion flux and electron flux
impacting the target. The bias voltage increases until charge transfer from electron and
ion bombardment is equal. Increasing the sputtering pressure should increase the ion
flux. Increasing the RF power will increase the peak-to-peak RF voltage. Hence,
increasing either the sputtering pressure or sputtering power increases the voltage
measured on this probe, as shown in figures 3.5, 3.6 and 3.8. However, the latter is more
effective. Figure 3.7 shows that the measured deposition rate and bias voltage are
directly related, when depositing aluminium. Similar behaviour would be expected for the
other metals/alloys (Mo, Ti, NiCr), although this is less well shown (figure 3.9) other
than for Mo at sputtering pressures below [Pa.
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Al films at low sputtering pressure, figure 3.7, show a value about -30V probe
voltage when no deposition was observed, which is in good agreement with the
sputtering threshold for Al indicated in figure 1.25 in section 1.4.1. The same
observation can be made for Mo films in the figure 3.9 for low sputtering pressures. At
high sputtering pressures for Al films, this value increases to about -75V. This may be
due to the incorporation of impurities in the sputtering environment such as oxygen,
implying that Al-0 clusters may be sputtered at high pressures.

200 ¢
-¢— 400WRF; Al films
" 150 300 WRF; Al films
o 100

1.00E+00 2.00E+00

Sputtering Pressure (Pa)

Figure 3.5. Voltage probe versus sputtering pressure for Al film onto copper substrate.

200 .-
-¢— 0.2 Pa; Alfflms
A 150 -S— 0.6 P a; Al films
I(D — 1.3 Pa; Alfilms
m*— 2 .7Pa; Alfflms
250 300 350 400 450 500

Sputtering Power (WRF)

Figure 3.6. Voltage probe versus sputtering power for Al film onto copper substrate.
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Figure 3.7. Voltage probe versus deposition rate for Al film onto copper substrate.
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Figure 3.8. Voltage probe versus sputtering pressure for Mo, NiCr, Ti and TiB2 films onto copper.
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Figure 3.9. Voltage probe versus deposition rate for Mo. NiCr, Ti and TiB2films onto copper.

3.1.3. EFFECT OF THE TEMPERATURE ON THE DEPOSITION CONDITIONS

The substrate temperature during deposition, in all experiments, was dependent
on the sputtering conditions for each material, because the substrate was neither water
cooled nor heated.

As mentioned in chapter 1.4.2., it is quite difficult to measure the substrate
temperature. Therefore, there may be some errors in the measured substrate temperature
compared to the actual substrate temperature. A thermocouple was placed between the
substrate holder and under the substrate to avoid coating the thermocouple 12 The
readings were taken before starting deposition (Ti) and immediately ending deposition
(Tf) to avoid interference from the RF electric field (this means the reflected power).
However, figure 3.10 shows that the RF effect was not completely eliminated because it
was expected that the Al films for 300WRF and 400WRF should have higher
temperatures, as the deposition time in each run was similar.

Figure 3.11 shows the average temperature for the range of pressure studied for
all single films. As a conclusion, the temperature was lower than 200°C for all coatings.
The initial temperature was measured after sputter cleaning the target and substrate. This
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is the reason for such temperatures being higher than the room temperature. Sputter
cleaning was at 40WRF for one hour.

200.0
-- 400WRF (71)
. — 400WRF (Tf)
150.0
" -A- -« 300WRF (71)
-+—300WRF (Tf)
100.0
R > A -
50.0 *
0.0
0.00E+00 1.00E+00 2.00E+00 3.00E+00

Sputtering Pressure (Pa)

Figure 3.10. Substrate Temperature versus sputtering pressure for Al film onto copper
substrate.

Ti Films NiCr Films Mo Films TiB2 Films Al Rims
(300WRF)  (200WRF)  (250WRF)  (300WRF)  (400WRF)

Figure 3.11. Average substrate temperature for Ti. NiCr, Mo, TiB2and Al films.

3.1.4. EFFECT OF THE SUBSTRATE POSITION INSIDE THE VACUUM
CHAMBER ON THE DEPOSITION RATE

The figures 3.12 to 3.15 show the effect of'the deposition rate as a function of
different sample positions inside the vacuum chamber. The relationship between target
size, substrate holder and sample position arrangement inside the chamber is shown in
figure 2.2 ofthe section 2.1. The Al and TiB2 films for this study were deposited onto a
glass substrate and the thickness measurements were made using the Talysurf.

Two main factors affect the deposition rate in these experiments; the flux of
argon (and its entry position) and the erosion area of the target. As the Al has a higher
sputtering yield than TiB2 so the argon flux position prevails over the erosion area and
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high deposition rate values are observed next to the argon source. The Al seems to be
more influenced by the pressure gradient from the argon inlet to the pumping station than
TiB,. The position of the argon inlet and outlet is shown in figure 2.1 of the section 2.1.
All the experiments were carried out with the two inlet argon valves opened. For TiB,

films the erosion area dominates the deposition rate, and hence film thickness uniformity.

Modelling was performed to confirm the variation of TiB, film thickness as a
function of the erosion area of the target, by considering the erosion area of the target as
two vapour sources, as illustrated in figure 3.16. The deposition rate can be described by
cosine evaporation law:

RZ
d = d,(cos)" cos¢(R—‘;)

Where R, is the distance between target and substrate
d, is the deposition rate in front of the source

¢=0 because the distance between target and substrate is constant and
therefore the source and substrate planes are parallel.

The geometry of this configuration is illustrated in figure 3.16. The deposition
rate at the point D (=B), is a combination of the sputtering rates from source 1 and
source 2 and is given by: -

n R}
d, =d, +d, [cos(HD) ]cos 6, [—R;;j (3.1)
D
Where R,= 70mm
Rp = 86.02mm
0p=35.54°

dp = 1.72pum (measured value)

The deposition rate at the point C is twice the deposition either from the source
1 or source 2 given by:

Where R,= 70mm
Rc=74.33mm
0c=19.65°
dc = 1.80um (measured value)

Solving the two equations should give the values of n and d, so

(1 o+ [cos(HD Y Dx( g‘i W

\“‘p /
= 3.2
d . 3-2)

D

e

- 2 (3.3)

ot (]

Sfe &
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Considering the two equations (3.2 and 3.3) as a function of fi(n,d0=f2(n,d0)
then.

(1+ [cos(Onf1)"+,|: 2} )

b7 (3.4)
aT rRC

Vicy

By giving values to n to equalise these two terms of the equation 3.4 it was
possible to find a value of n=4.65 and then dG=1.425, for this sputtering geometry. To
confirm this model the deposition rate at the point A was calculated giving a value of
1.33 pm which is in good agreement with the measured value of 1.35pm.

—e¢-———-A(1,5cm from thetop)
—*--——--B (4cm from the top)
* C (7 cm from the top)
<2 4.0 -- -4- D (9.5 cm from the top)
- -E (12,5cm from the top)

The arrows indicate the
sample position on the

< 1.0 substrate holder

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Width of the Substrate Holder (cm)

Figure 3.12. Substrate position inside the chamber versus film thickness for Al films onto glass
substrate.
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Figure 3.13. Film thickness versus substrate position inside the chamber and target
erosion area for Al films onto glass substrate.
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Figure 3.14. Substrate position inside the chamber versus film thickness for TiB2 films onto glass
substrate.
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Figure 3.15. Film thickness versus substrate position inside the chamber and target
erosion area for TiB2films onto glass substrate.
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Figure 3.16. Cross-section ofthe target in front of the substrate.
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3.1.5. EFFECT OF THE DEPOSITION CONDITIONS ON THE COATING
MICROSTRUCTURE

The microstructural analysis of the single coatings was performed by SEM
examination and XRD spectra. Samples of impact-fracture cross-section were prepared
for SEM surface topography. The XRD was performed with CoKa radiation
(1.788965A) and the cathode voltage was 20KV and the tube current 10mA. The range
0f20 scan was between 20° and 100° at a speed of 0.05°/min with an incremental step of
0.01° held for 12 seconds.

The topography of the Al coatings is shown in photograph 3.1 for 300 and
400WRF sputtering power at 0.6Pa (4.5x10°Torr) sputtering pressure. According to
Thornton’s model, for the Al coating microstructure for T/T m in the range of 0.26 to
0.3, for the sputter conditions used, the microstructure should be placed between the
transition zone and zone 2. However, the photographs do not show this expected
microstructure, particularly the coating produced at 300WRF power. This is thought to
be due to plastic deformation ofthe coating during the impact fracture process.

Photograph 3.1. Al film microstructure onto copper for 0.6Pa (4.5x10"3Torr) at 300WRF on the
left and at 400WRF on the right.

According to Thornton’s moaei, the NiCr, Ti, Mo and TiB2 film
microstructures should be placed in zone 1. The surface topography for these coatings is
shown in photographs 3.2 to 3.4. As the TiB2films do not show XRD peaks (only a very
small peak for the coating deposited at 0.20Pa (1.5xICT’Torr)) the TiB2 films may be
amorphous, which agrees with some research 4513 mentioned in chapter 1.2.1 in this
range of sputtering conditions.
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Table 3.1 gives an indication that the films at 0.60Pa (4.5x10>Torr) sputtering
pressure have a high degree of crystallinity in each series. As the film thickness in each
series is not uniform, some care should be taken with this conclusion. Some difficulties
were found in identifying NiCr film structures because the copper and nickel-chrome
peaks overlap in the same position. The Ti film at 1.3Pa (1.0x10Torr) shows a small
peak that seems to be titanium oxide. This may be due to the possibility of oxygen
incorporation in the film, when the argon pressure is increased.

Film Material Sputtering Conditions Film XRD Peaks (counts)
Thickness
Al P‘f;:)‘re Power (WRF)| (um) | 11)Al |(200)Al] 220)Al] (311)Al
System cubic 0.2 25 171 184 - -
(FCC) 0.6 7.1 245 141 135 -
a=4.0494A 1.0 300 7.9 360 114 81 110
Slip plane (111) 1.3 35 334 146 - -
2.7 3.5 262 - 129 -
02 54 365 105 - 123
0.6 5.1 282 130 - -
1.0 400 6.2 388 157 - 107
13 6.7 283 111 127 137
2.7 4.6 393 157 143 -
NiCr (111)Ni | (220)Ni
System cubic (FCC) 0.2 36 918 140
0.6 5.0 2462 -
1.0 200 3.0 663 -
1.3 2.8 659 -
2.7 2.0 878 -
Ti (010)Ti | (002) Ti | (O11)Ti | (200)TiO,
System hexagonal 0.6 27 365 295 190 -
a=2.9509A : c=4.6788A 1.0 300 22 167 225 119 -
Slip plane (001) 1.3 2.5 - 279 112 109
Mo (110)Mo | (200)Mo
System cubic (BCC) 0.2 4.7 2075 -
a=3.1472A 0.6 3.8 954 95
Slip plane (112) 1.0 250 4.8 218 -
1.3 36 314 -
2.7 3.6 109 -
TiB, (001)TiB,
System hexagonal 0.2 300 1.6 192
a=3.028A 0.6 300 1.5 -
c=3.228A 1.0 300 1.7 -
Slip plane (001) 2.7 300 14 -

Table 3.1. X-ray diffraction peaks and preferential growth plane for Al, Ti, NiCr, Mo and TiB, films in
function of the sputtering conditions.
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Photograph 3.2. Mo film microstructure onto copper for 0.6Pa at 2SO0WRF.

Photograph 3.3. Ti film microstracture onto copper for 0.6Pa at 300WRF on the left. NiCr film onto
copper for 0.6Pa at 200WRF on the right.
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Photograph 3.4. TiB2 film microstructure onto copper for 0.6Pa sputtering pressure at 300WRF sputtering
power.

The chemical analysis of'the TiB2 films was performed by XPS for Ti 2p, B Is

and O Is spectra, as shown in figures 3.17 to 3.19. The sputter conditions of the
analysed samples are:

¢ TBS: TiB2onto Cu for 300WRF power and 0.2Pa (1.5x10°Torr) Ar pressure
¢ TB3: TiB2onto Cu for 300WRF power and 1.OPa (7.5x10'3Torr) Ar pressure
¢ TBo6a: TiB2onto Al for 300WRF power and 1.3Pa (1.0x10Z2Torr) Ar pressure

The Ti 2p spectrum shows that the samples TB5 and TB3 have similar bonding
behaviour, while the TB6a bonding was slightly different. Moreover, all samples follow
the TiB2 standard spectrum. Similar behaviour was observed for the B is spectrum. The
O Is spectrum shows that the samples TB5 and TB3 have similar bonding behaviour but
the TB6a peak is shifted slightly to the left. This latter sample may have a higher fraction
of oxygen atoms, consistent with it being deposited at high pressure. The stoichiometry
of TiB2 onto copper for 300WRF sputtering power and 1.OPa (7.5x10° Torr) sputtering
pressure was found to be TiBsi.6 i.e. below stoichiometry.

The TiB2 deposited on an Al substrate, sputtered at 1.OPa (7.5x10°Torr) argon
pressure with 300WRF sputtering power, was analysed by the TEM technique. The
TEM sample was prepared by the microtome technique. The photograph 3.5 shows a
small piece ofthe coating bonded to the Al substrate grains. The chemical analysis trace
at the interface found an AIB compound, while in the coating a TiBx compound
dominated, as illustrated in figure 3.20.
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Figure 3.17. XPS spectrum for Ti 2p ofthe TiB2coatings.
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Figure 3.18. XPS spectrum for B Is ofthe TiB2 coatings.
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Photograph 3.5. TiB2 film microstructure onto Al for 1.OPa sputtering pressure at 300WRF
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Figure 3.19. XPS spectrum for O Is ofthe TiB2coatings.
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Figure 3.20. EDAX analysis for TiB, film onto Al for 1.0Pa sputtering pressure at 300WRF sputtering
power.

3.16. SUMMING UP

The preliminary deposition studies of single coatings such as: Al, NiCr, Ti, Mo,
TiB, were performed giving the following information:

4 Al, NiCr and Mo films show typical sputtering deposition curves of deposition rate
versus the sputtering pressure, while the deposition rate for TiB, and Ti seems not
to be affected by the sputtering pressure. The Ti films may reflect some sputtering
parameter effects because this would not be expected for metal systems such as
titanium.

¢ For a given sputtering pressure of 0.6Pa the deposition rate increases with the
sputtering yield for Ti, Mo, and Al films

¢ Considering the sputtering conditions studied, increasing either the sputtering
pressure or RF power increases the DC offset voltage measured on Al, Mo, NiCr,
Ti and TiB, target voltage. o

¢ The substrate temperature was found to be lower than 200°C for all single-layer
coatings in the range of sputtering conditions studied.

¢ The two main parameters that affect the thickness of the Al and TiB, coating
uniformity are the argon flux position and the target erosion area. The former was
found to prevail over the erosion area for Al coatings. Hence, high deposition rate
values are found next to the argon source. The target erosion area was found to
dominate the deposition rate of the TiB, coatings, positioning the high values at
the centre of the target. The film thickness uniformity would be expected to affect

the mechanical properties of the film, as referred to in the literature ( section
1.4.3). '

4 The specimen position arrangement inside the vacuum chamber (figure 2.2) was
chosen according to the study of the substrate position effect within the vacuum
chamber on the deposition rate. The TiB, film thickness uniformity was modelled
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by considering the target erosion area as two vapour sources that confirm the
measured thickness of the coatings.

¢ The stoichiometry of the TiB, films at 1.0Pa sputtering pressure for 300WRF
sputtering power was found to be TiB.;s. The AIB compound formed at the
interface between coating and Al substrate, while within the coating the TiBy
compound prevails. The TiB, coatings between 1.4 to 1.6um thickness were found
to be amorphous.

These deposition studies of the preliminary single coatings indicate that the
optimum sputtering conditions to produce the multilayer coatings should be as follows:

¢ Aluminium deposition: 0.6Pa (4.5x10>Torr) argon pressure at 400WRF power

¢ Titanium deposition: 0.6Pa (4.5x10>Torr) argon pressure at 300WRF power

¢ Nimonic 75 alloy (NiCr) deposition: 0.6Pa (4.5x10>Torr) Ar pressure at
200WRF power

¢ Molybdenum deposition: 0.6Pa (4.5x10>Torr) argon pressure at 250WRF power

¢ TiB, deposition: 0.6Pa (4.5x10”Torr) argon pressure at 300WRF power

All the substrate was sputtered clean with a negative D.C. bias of 40V for one
hour to improve adhesion to the substrate. Hence, all the films produced under these
sputter conditions were adherent to the steel, copper and aluminium substrates

The two main limitations of the deposition studied are:
¢ The deposition temperature was limited by the ceramic target temperature

¢ The film thickness uniformity depends on the argon source position and the target
erosion area and also on the target material.

The former influences the degree of crystallinity achieved in the TiB, layers,
while the later may affect the reproducibility of the multilayer coatings from one
substrate position to another.
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3.2. BI-ILAYERS COATINGS DEPOSITION

LAYOUT
U

Sputtering Deposition Conditions

Characterization of the Coating Microstructure
U _
Mechanical Properties Measurements: Hardness and
Elastic Modulus by Nanoindentation

3.2.1. SPUTTERING DEPOSITION CONDITIONS

Following the study on single-layer coatings, the deposition conditions for the
two-layer coatings, were selected for different metal layers such as Al, NiCr, Ti, Mo, as
the underlay with TiB, on top. These are given in table 3.2. The total thickness of the
coatings was designed to be Sum for 50% of the volume fraction of ceramic.

Coating Subsirate Sputtering Sputtering power of Sputtering power of
System pressure (Pa) metal layer (WRF) ceramic layer (WRE)
AVTiB, Steel, Al, Cu 0.6 400 300
Al/TiB, Steel, Al, Cu 1.0 400 300
NiCr/TiB, Steel, Al, Cu 0.6 200 300
Ti/TiB, Steel, Al, Cu 0.6 300 300
Ti/TiB, Steel, Al, Cu 0.6 250 300
Mo/TiB, | Steel, AL, Cu 0.6 : 250 300

Table 3.2. Sputtering conditions of the bi-layer coatings.

3.2.2. CHARACTERIZATION OF THE COATING MICROSTRUCTURE

The microstructure characterization was performed by impact-fracture cross-
section samples, as shown in photographs 3.6 to 3.11. The TiB; layer on top of the two-
layer coatings shows either a crystalline or amorphous structure which is also observed
to vary with the metal layer topography. The Al layer structure is deformed by the
fracturing method. The NiCr layer structure was consistent with the transition zone of
Thornton’s model. The Mo intermediate layer onto aluminium and steel substrate seems
to be placed in zone 1. These films deform during fracturing and may alter the apparent
thickness ratio, as can be seen in figures 3.10 and 3.11. The actually thickness ratio is
given in table 3.3.
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Photograph 3.6. AI/TiB2two-layer microstructure at 1.OPa (7.5x10~3Torr) pressure on copper substrate
on the left and on steel substrate on the right.

Photograph 3.7. Al/TiB2two-layer microstructure on Al substrate at
1.OPa (7.5x10'3Torr) sputtering pressure.
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Photograph 3.8. Al/TiB2two-layer microstructure at 0.6Pa (4.5x10'3Torr) pressure on copper substrate
on the left and on Al substrate on the right.

Photograph 3.9. NiCr/TiB2 two-layer microstructure on copper substrate on the left and on steel
substrate on the right.
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Photograph 3.10. NiCr/TiB2 two-layer microstructure
on Al substrate.

Photograph 3.11. Mo/TiB2two-layer microstructure on Al substrate on the left and on steel on the right.

The degree of crystallinity of the bi-layer coatings was evaluated by XRD
spectra, as shown in table 3.3. The XRD spectrum was performed with the same
operating conditions as the single-layer coatings described in section 3.1.

The TiB2 layer onto Al shows a very fine columnar structure with preferential
reflections of (001) and (002) which correspond to the close packed planes of TiB2 (001)
in all of'the bi-layer coating systems. The apparent degree of crystallinity depends on the
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thickness of the TiB, layer, as shown in table 3.3. The Al layer seems to have a very
ductile structure, as apparent from the fracture technique, and this has hidden the real
coating structure. At 0.6Pa (4.5x10°Torr) the Al layer shows very small and broad
peaks. The XRD spectrum values for the bi-layer coatings in table 3.3 are in the
appendix.

The TiB, structure on NiCr is similar to that of the Al/TiB, system. The
NiCr/TiB, coatings do not show any detectable NiCr peaks through the TiB, layer,
unless they overlap with Al, Cu, Fe peaks (from the substrate) for the interplanar spacing
between 2.02 to 2.04A. The TiB, structure onto Mo shows a very fine column structure
on steel substrate, and a coarse column structure on the Al substrate. The XRD spectrum
shows the preferential reflections (001) and (002) for the TiB, layer and crystalline peaks
for the Mo layer.

MZZ:al izzjzzj Sputtering Conditions que(r::lz)tckness X-Ray Diffiraction Peaks (counts)
Pressure | Power (WRF . 001 002) 1(111)] (110)} (211
(Pa) MetalfTiBz | Mea | TiB, (TiBz) (TiBz) ( Al ) (Mo) (Mo)
Steel (4) 0.6 - - 812 _ N
AlUTiB, |(Alq 0.6 3.1 3.5 2408 | 1101 -
Cu - 0.6 400/300 1.5 20 117 - -
Steel 1.0 2.5 25 1084 460 | 420
Al (1) 1.0 1.7 20 | 19 - -
Cu 1.0 2.0 23 1666 838 -
Steel 0.6 1.3 2.0 2161 1323
NiCr/TiB, |Al 0.6 200/300 1.5 1.7 529 360
Cu 0.6 13 1.7 2060 1083
Mo/TiB, |Steel 0.6 250/300 2.0 13 1796 (2)] 1000 2343 269
Cu 0.6 250/300 - - 292 (2)] -215 348 |358 (3)
(1) The Al peaks can be the same for the film and substrate
(2) These peaks are shifted from 3.21A to 3.4A
(3) This peak can overlap with Cu peak
(4) The Al peak can overlap with Fe peak

Table 3.3. X-ray diffraction peaks and preferential growth plane for A/TiB,, NiCrt/TiB, and Mo/TiB,
. two-layer coatings.

Chemical analysis was performed by Auger depth profile, as shown in figures
3.21 to 3.23 for the AVTiB, system at 1.0Pa (7.5x10>Torr) sputtering pressure. The
figures 3.21 and 3.22 were obtained by ion etching through the coating and then doing a
linear scan across the interface to analyse the elements. Ti and B were found in the TiB,
layer and Al in the Al layer. The Oxygen peak was practically non-existent. The slope at
the interfaces could be due to either the interdiffusion between the two phases,
suggesting an AIB, phase or a result of the ion etching. To investigate the diffusion effect
it is necessary to compare the slope of the etch ion crater with the spectrum. The Auger
depth profile gives a good topography of the analysed area with distinction of the two
layers.
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To reduce the duration of the analysis the same samples were dimpled, rather
than ion etched. The figure 3.23 shows the Auger results of the linear scan across the
interface of the wall of the crater. This method reduces the duration of the analysis but
introduces, oxygen contamination. This oxygen could come from either Al oxidation
under atmospheric conditions or oxidation during the dimpling process.

Cranfield University Auger - Profile V.G .Scientific
jMS97AL3.DAT

350 Profile Start End  Sens.

k Ident. (€) (ev)

300
B KET 1649 1892 0.13

& 20 C K™ 2583 2772 0.60]

v 200 Ti LM2~ 403.9 430.2 0.40]
0 KET" 5026 5209 0.96,

S 150 Fe LME 689.1 7136 0.38;
Al KET~ 1386.9 14024 024°

e 100
[
50
Microns
PIT A - linescan across inter'faces

So points! over approx £50 microns

Figure 3.21. Auger depth profile for AI/TiB2 coatings by ion etching for 50 points over 250 |j.m.

Cranfieid University Auger - Linescan V.G .Scientific
MS97AL2.LIN Line 1 /1 6 Elements

1 C KLL
2 Ti LMV
3 B KLEE
4 Al KLL
5 0 KLE
6 Fe L\M

Vayh
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Microns
Pit a - linescan at’'rv? interfaces

2st points over approx £50 micron?

survey

Figure 3.22. Auger depth profile for Al/TiB2 coatings by ion etching for 256 points over 250 fim.

193



Results and Discussion: Bi-Layer Coatings

V.G. Scientific Ltd Auger - Linescan V.G.Scientific
MDSAAL3.LIN Lir 7 Elements
2 BKL ..
3 0 KLE
4 Fe LMV
V.G. Scientific Ltd. Auger - Linescan V.G .Scientific
MDSAAL3.LIN Lim 7 Elements
1 Ti LWMm
Fe LMV
Microns

Figure 3.23. Auger depth profile for Al/TiB2 coatings by dimpling process.
3.2.3. MECHANICAL PROPERTIES MEASUREMENTS

The hardness and elastic modulus measurements of the two-layer coatings were
performed by nanoindentation, using a nanoindenter 550. Analysis was based on the
Oliver and Pharr model with a Berkovitch indenter. The samples were mounted on
aluminium stubs by means of a cyanoacrylate adhesive. All sample surfaces were cleaned
by rinsing with ethanol and blowing off with an air duster. The parameters set up for the
experiments and the sputtering conditions of the bi-layer coatings on steel and aluminium
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substrate are shown in table 3.4 and 3.5 respectively. A dwell time at maximum load of
10 seconds was applied to all experiments, allowing for possible time dependent plastic
deformation. The amplifier gain of 100 was applied to all experiments. Figure 3.24 shows
an example of parameters set up and analysis information about the experiment.

Coating System
(Steel substrate)

AVl/TiB2
AVTiB2
Al/TiB2
AVTiB2
NiCr/TiB,
NiCr/TiB,
Mo/TiB2
Mo/TiB2
Ti/TiB2-1st read.
Ti/TiB2-2ndread.
Ti/TiB2-1a read.
TiTiB2-2Ddread.
Ti/TiB,
Ti/TiB2-1stread.
Ti/TiB2-2ndread.

ID INFORVAIION

System Status for Expertwent c:\mariaMRTBSS4

Ixperiment started at 3:89 on 18 Nouewber 3?

Max. Load
Min. Load
Initial Load
Loading Rate
Buell line

IEPTH INURVRIIONS

lim S INFORVATION

Method selected
Diamond Label

Figure 3.24. An example of parameters set up for nanoindentation.

Sputtering Power
(WRF)
(metal / ceramic)

400/300
400/300
400/300
400/300
200/300
200/300
250/300
250/300
300/300
300/300
300/300
300/300
250/300
250/300
250/300

Sputtering Pressure
(Pa)

—_ =
(=]

S
oS N = N e N = N N e = = N == - NN

HSIEH INFORVATION

Z Distance Betueen Indents
V Distance Betueen Indents
Retraction Distance

No. of Measurements

Filter

Amplifier Gain

Compliance 1.03 iw/RNgsjPfi
Zero error 11.24ZZ70N 9H J |
Load :% 14.42386 ¢/- .60876 uN/bit;
Depth : .0576 ¢/- .800133 nm/bit

: tlliuer and Pharr
: demotot2 WM/StBL
Ideal DAF : 24.5 aboue 1025 m

Max. Load (mN)

Initial Load (mN)

0.05
0.05
0.1
0.1
0.1
0.1
0.05
0.05
0.1
0.05
0.1
0.05
0.1
0.1
0.05

Rate (mN/s)

0.45
1.65
0.13
0.46
0.13
0.46
0.45
1.65
0.46
0.45
1.03
1.65
0.46
1.03
1.65

-]
5
3 g % }'I Calibration
Q é_ E ‘;] Load
34 S S g (pN/bit)
S N
200 1.03  1.09 2.1+0.002
400 1.03 291 14.4+0.009
200 1.08 - 2.1+0.002
400 1.08 - 2.1x0.002
200 1.08 - 2.1+0.002
400 1.08 - 2.1£0.002
200 1.03 . 2.1+0.002
400 1.03 - 14.4+0.009
200 1.08 - 2.1£0.002
200 1.03  1.57 2.1+0.002
400 1.08 - 2.1+0.002
400 1.03 11.24 14.4+0.009
200 1.08 - 2.1+0.002
400 1.08 - 2.1+£0.002

400 1.03  3.78 14.4+0.009

Calibration depth

(nmbit)

0.058+0.0001

0.058+0.0001

0.05240.0002
0.052x0.0002
0.052+0.0002
0.052+0.0002
0.058+0.0001

0.058+0.0001
0.052+0.0002
0.058+0.0001

0.052+0.0002
0.058+0.0001
0.052+0.0002
0.052x0.0002
0.058+0.0001

Diift Correction

<

Table 3.4. Parameters set up ofthe nanoindentation experiments for bi-layer coatings on steel.
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jod

b ~ b ~—
g % Z z % = g 3 % B
C~5l18 €121 3| 2l22| & | catibration | .. 2
Coating System | o &5 B e i 'g g g 3 &8 5 Load Calibration depth| &
(Alsubstrate) | “E SEJI2EIBI ] 2| & ggl| B X (amm/bit) S

~ g |l =] 8 188 H (1N/bit)

g2l |E|E|2|z(SY] ¢ 2
& Ela |2 & = N s
AVTiB, 400/300 | 1.0 64} 0.05] 0.45] 200] 1.03] 2.82 2.1+0.002 0.058+0.0001} y
AUTiB, 400/300 | 1.0 | 100f 0.05] 1.65] 400{ 1.03| - 14.4+0.009] 0.058+0.0001} y
AlTiB, 400/300 | 0.6 66 0.1] 0.13] 200] 1.08 - 2.1+0.002] 0.052+0.0002} n
AVTiB, 4007300 } 0.6 66| 0.1} 046} 400 1.08 - 2.1+£0.002] 0.052+0.0002] n
NiCr/TiB, 200/300 | 0.6 66 0.1] 0.13] 200} 1.08 - 2.1+0.002 0.052+£0.0002] n
NiCs/TiB, 200/300 1 0.6 661 0.1} 046] 400f 1.08 - 2.1+:0.0021 0.052+0.0002}f n
Mo/TiB, 250300 0.6 66] 0.05] 0.4s5] 200] 1.03 - 2.1+£0.002f 0.058+0.0001 y
Mo/TiB, 250300 0.6 | 100] 0.05] 1.65| 400 1.03] 629 14.4+0.009{ 0.058+0.0001] y
Ti/l‘iB;-ls‘read. 300/300 } 0.6 66] 0.11 046] 200 1.08 - 2.1+0.002] 0.052+0.0002] n
Ti/TiBz-Z““read. 300/300§ 0.6 66| 0.051 045} 200] 1.03] 3.43 2.1+0.0021 0.058+0.0001} vy
Ti/TiB;-1¥read. | 300/300 ] 0.6 661 0.1] 046] 400} 1.08 - 2.1+£0.002f 0.052+0.0002}f n
Ti/TiBz-2“dread. 300300 ] 0.6 | 100f 0.05] 165 400l 1.03] 863 14.4+0.009]  0.058+0.0001} y
TVTiBy-1% read. | 250/300 | 06 66l 0.11 0.46] 200 1.08f - 2.140.002]  0.05230.0002] n
Ti/TiBz-Z“" read. | 250/300 | 0.6 66] 0.05] 0.45] 200] 1.03} 1.09 2.1+0.002] 0.058+0.0001] y
Ti/TiB,-1%read. | 250/300 | 0.6 66] 0.1] 1.03] 400] 1.08] - 2.140.002] 0.052+0.0002f n
y

Ti/TiBz-anreacl 250/300 § 0.6 | 100f 0.05] 1.65| 400f 1.03] 3.84 14.4£0.009] 0.058+0.0001

Table 3.5. Parameters set up of the nanoindentation experiments for bi-layer coatings on aluminium.

The raw data of the force-displacement curves recorded at each indentation
depth were processed based on the Oliver and Pharr method. A correction was made for
the previously calibrated machine compliance (C;), diamond area function (A.) and
contact depth (h.), with 80% unloading data used for the power law curve fitting and €
being taken as 0.75. The calculation of hardness (H) and elastic modulus (E) values of
the tested samples used equations 1.18, 1.23 and 1.19 in the section 1.5.3. These are
reproduced below:

P

H j— max.
A

[

EY (1) (1

X..__

(L]: (1-0?) +r(1—uf)

E E E,

r 5 H

E

Where E; and v; are the Young’s modulus and Poisson’s ratio for the diamond
indenter, which were taken as 1141GPa and 0.07 respectively. E; and v, are the Young’s
modulus and Poisson’s ratio for the tested samples. E; was unknown and to be measured,
v, was assumed to be 0.11 '>' for TiB, and the bi-layer coatings. The latter is due to the
fact that the indentation only penetrates the outer layer (TiB;) and so avoids the
substrate effect. E, is the reduced modulus from the raw data.
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On each sample seven indentations were made at two different depths (200nm,
400nm). The elastic modulus and hardness results quoted are the average of five
measurements, as shown in tables 3.6 and 3.7 for the steel and aluminium substrate
respectively. The highest and lowest values were rejected as extremes. For example, the
curves in figure 3.25A are due to variations in surface roughness, measured on the
Mo/TiB2 bi-layer. Also, the typical, unusual curves due to vibration or cracks were
rejected, for example the curves of the figures 3.25B and 3.26.

"o TKt e ReNQ M rogr!

Hanolcst 668 Replot Program a .

34

number

j*Press anyTt"fTmTTesuTts& ? 17! ts <o> for next scan <f>

Figure 3.25. Nanoindentation curves due to surface roughness (A) and vibration or cracks (B).

~~tenoles"8” egl " tJPr rajfT| Hanolest 669 Replot Program

"load

TScan number 5[j :an number 11

<> for next scan <f> to finish!

:ss <> for next scan <f> to finish!

Figure 3.26. Nanoindentation curves due to vibration.
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. Spulttering == <
Coati N 2
Syste’:ng Sample Power %O % QE S § i~ é Hardness % Elastic %
WRF) |8 3|e 3o §|a Q |Modulus| Q
(Steel Reference T Elsis &S| (GPa) 3 =
Substrate) (meta{ / & é’f 2 § “ “ (GPa) “
ceramic) S A
AV/TiB, ALTBI1S2 400/300 1.0 0.11 121 7 27.04} 5.86 306.0] 44.2
AUTiB, ALTBI184 400/300 1.0 0.11 255 8 21.70] 1.30 23791 12.0
AUTiB, ALTB2S2 400/300 0.6 0.11 98 5 45891 4.71 367.9] 584
AVTiB, ALTB2S4 400/300 0.6 0.11 212} 13 39.66{ 4.19 341.5) 17.7
NiCr/TiB, NCTBS2 200/300 0.6 0.11 106 6 46.33] 7.52 4932] 117.8
NiCr/TiB, NCTBSs4 200/300 0.6 0.11 186] 34 31.14} 13.21 305.8) 74.7
Mo/TiB, MoTBS2 250/300 0.6 0.11 112 3 34.12] 1.58 362.9] 16.3
Mo/TiB, MoTBS4 250/300 0.6 0.11 222 6 3479 2.79 342.6] 19.7
Ti/TiB,-1% read. TITB5S2 300/300 0.6 0.11 110 5 37.39] 3.19 370.4] 21.8
TV/TiB,2* read. TRTB5S2 300/300 0.6 0.11 118 6 28.65] 2.75 326.7f 34.4
Ti/TiB;-1% read. TITB5S4 300/300 0.6 0.11 219 7 37.19} 4.05 339.8] 26.1
Ti/TiB,-2™ read. TRTB5S4 300/300 0.6 0.11 2311 11 28271 3.26 261.9] 11.6
Ti/TiB, TITB6S2 250/300 0.6 0.11 105 9 51.45} 10.24 564.9§ 119.8
Ti/TiB,-1% read. TITB6S4 250/300 0.6 0.11 2111 19 42291 8.15 447.0] 124.1
Ti/TiB;2™read. | TRTB6S4 250/300 | 0.6 | 0.11 228] 14 31.04] 7.62 3017} 66.3

Table 3.6. Hardness and elastic modulus results for bi-layer coatings on steel substrate at two different

depths (200nm, 400nm).
Sputtering = =
Coafing Sample Power %O Q:: *g ;D\j §‘ — % Hardness é Elastic %
System (Al Reference (WRE) % § 23 = §- E (GPa) E Modulus E
Substrate) (metal / & § & § 3 %) “ | (GPa) | «a
ceramic) A R,
AUTiB, ALTB1A2 400/300 1.0 0.11 111 6 2827} 1.89 241.1] 51
AVTiB, ALTB1A4 400/300 1.0 0.11 241 8 19.22] 1.60 1584 1.8
Al/TiB, ALTB2A2 400/300 0.6 0.11 96} 10 33.78] 5.62 210.6] 10.7
AVTiB, ALTB2A4 400/300 0.6 0.11 207 14 25.06] 3.07 143.3] 3.1
NiCr/TiB, NCTBA2 200/300 0.6 0.11 111 9 25871 3.98 207.0§ 22.9%
NiCt/TiB, NCTBA4 200/300 0.6 0.11 228] 11 20.29] 2.20 140.8] 4.1
Mo/TiB, MoTBA2 250/300 0.6 0.11 113 5 29.17} 2.07 283.9} 12.2
Mo/TiB, MoTBA4 250/300 0.6 0.11 2221 6 29.22] 1.68 239.6] 8.6
Ti/TiB,-1% read. TITB5A2 300/300 0.6 0.11 1121 2 31.86( 2.24 291.8} 28.0}
T/TiB;-2%read. | TRTB5A2 300/300 0.6 0.11 113 6 27.26] 2.92 252.41 19.7
Ti/TiB,-1% read. TITB5A4 300/300 0.6 0.11 2321 7 23.58] 2.07 190.4] 12.7
Ti/TiB;-2%read. | TRTB5A4 300/300 0.6 0.11 247 7 18.05] 1.44 155.8] 3.6
Ti/TiB,-1% read. TITB6A2 250/300 0.6 0.11 113 7 29.36] 4.96 264.5] 13.9
Ti/TiBy2" read. | TRTB6A2 250/300 0.6 0.11 114 7 28.66] 4.42 255.6] 33.0
Ti/TiB,-1% read. TITB6A4 250/300 0.6 0.11 248 3 19.61] 0.69 177.5] 2.8
Ti/TiB-2"read. | TRTB6A4 250/300 0.6 0.11 2491 13 18.30] 2.57 163.4] 4.8

Table 3.7. Hardness and elastic modulus results for bi-layer coatings on Al substrate at two different
depths (200nm, 400nm).
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1. ANALYSIS OF THE HARDNESS RESULTS

Figures 3.27 to 3.29 show the hardness values for different bi-layer coating
systems on steel substrates, while figures 3.30 to 3.32 show the hardness values for
different bi-layer coating systems on aluminium substrates. The number below the
coating system on the x-axis corresponds to the plastic depth. The number 1 or 2 next to
the plastic depth corresponds to the first or second set of measurements. The label in
each coating system gives information about either sputtering power or pressure or
compliance of the nanoindentation measurements.

Figure 3.27 shows the hardness of the bi-layer coatings on steel substrates at

0.6Pa sputtering pressure for two indentation depths (200nm, 400nm). The effects of
~ both the intermediate layer and the substrate give different values for the same coatings,
at two different depths. The apparent hardness shows a tendency to drop with the plastic
depth. Hence, the greater depth may have the interlayer or substrate effects incorporated
in the results. However, it is more likely to be an intermediate layer effect because the
thickness of each layer is about 2um, as shown in table 3.3. The measurement at low
plastic depth gives the more realistic value for the TiB, top layer.

Figure 3.28 shows the hardness results for AI/TiB, coatings on steel at different
sputtering pressures (0.6Pa, 1.0Pa) and Ti/TiB, coatings on steel for two sets of
measurements on the same sample. The Al/TiB, coating at 0.6Pa sputtering pressure
shows much greater hardness than AVTiB, coatings at 1.0Pa sputtering pressure.
Moreover, the Ti/TiB, coatings show a great difference in hardness between the two sets
of measurements, which is not expected. A statistical Anova analysis was, therefore,
performed for Ti/TiB, coatings on steel substrate for two different sputtering powers of
Ti layer (250WRF, 300WRF) and two sets of measurements in the same sample, as
shown in table 3.8.

The Anova analysis, table 3.8, shows that the major source of error is between
repeat measurements on the same sample (29.1%). The error of the reproducibility
between samples (11.2%) reflects variations in sputtering conditions and overall
measurement accuracy (3.3%) is less significant. The error between repeat measurements
on the same sample reflects various measurement uncertainties (for example surface
roughness, intrinsic point to point variation in the growth of the film) which were
introduced during the experiments, as shown in table 3.4, such as: using two different
indenters; replacing the spring of the equipment; thermal drift correction not performed
for all experiments; load and depth calibration not kept constant for all experiments; the
initial load calibration not done for many of the experiments. Hence, the high hardness
values for the AI/TiB, coatings on steel compared to Mo/TiB; on steel (figure 3.27) may
be due to these uncertainties in measurements.

Figure 3.30 shows the hardness values for different bi-layer coating systems on
Al substrate at 0.6Pa sputtering pressure for two indentation depths. The apparent
hardness value shows a tendency to drop with the plastic depth, as observed for the bi-
layer coatings on steel substrate (figure 3.27). The variation in the hardness value is less
significant for the NiCr/TiB, coatings on Al substrate compared to those on steel
substrate.
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Figure 3.31 is equivalent to figure 3.28 but for coatings on Al substrates. The
variation in the hardness values for two sets of measurements on Ti/TiB, coatings is also
observed for coatings on Al substrate. Similarly, the AU/TiB, coatings for different
sputtering pressures show different hardness values but not so significant, as is shown by
the Al/TiB, coatings on steel.

A statistical Anova analysis was also performed for Ti/TiB, coatings on Al
substrates for two different sputtering conditions and two sets of measurements,
considering two penetration depths, as shown in tables 3.9 and 3.10.

Tables 3.9 and 3.10 show that the major source of error is between repeat
measurements on the same sample with 9.1% for 200nm depth and 17.2% for 400nm
depth. This error reflects the measurement uncertainties mentioned before in this section.
The error in reproducibility between samples is 1.9% for 200nm and 9.4% for 400nm
depth. This error reflects the effect of sputtering conditions and also the intermediate
layer for the two penetration depths. The overall measurement accuracy is 6.7% for
200nm depth and 10.6% for 400nm depth, which is significant compared to the variation
within the samples.

To overcome some of the measurement uncertainties, before each schedule the
nanoindentation machine was calibrated against quartz to give a value of 70GPa for the
elastic modulus compared with a real value of 72GPa of elastic modulus. The figure 3.29
shows the hardness values for Al/TiB,, Ti/TiB, and Mo/TiB, coatings on steel after this
calibration of the nanoindenter. The hardness values of these coating systems for 200nm
penetration depth were close to the TiB, monolayer coating with a value of 33.90GPa on
the steel substrate (see table 3.33). On the other hand, the hardness values increase on
going from Al/TiB, (27.04+5.86GPa) to Ti/TiB, (28.65+2.75GPa) and then Mo/TiB,
coatings (34.12+1.58GPa). This must be due to an underlay (metal coating) effect as the
hardness of this metal layer increases from Al to Ti to Mo.

The hardness values for AV/TiB,, Ti/TiB, and Mo/TiB; coatings on Al substrate
are shown in figure 3.32. The hardness values of these coatings at 200nm depth are
slightly higher compared to the TiB, monolayer coatings with a value of 26.96GPa on Al
substrate (see table 3.34). The hardness values for Al/TiB, coatings (28.27+1.89GPa),
Ti/TiB, coatings (27.26+2.92GPa) and Mo/TiB, coatings (29.1742.07GPa) are very
close to each other.
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Results and Discussion: Bi-Layer Coatings

o H(GRa) on steel

400/300 200/300 250/300 300/300 250/300
Cc=1.08 Cc=1.08 Cc=1.03 Cc=1.08 C=1.08
Al/71B2 A1/T1B2 NiCr/TiB2 NiCr/TiB2 Mo/TiB2 Mo/TIB2 Ti/TiB2 Ti/TiB2 Ti/TiB2 Ti/TiB2
(98nm)  (212nm) (106nm) (186nm) (112nm) (222nm) (110nm) (219nm) (105nm) (211nm)

Figure 3.27. Hardness values for the Al/TiB2, NiCr/TiB2, Mo/TiB2 and Ti/TiB2 two-layer coatings on
steel substrate, at 0.6Pa sputtering pressure, for two indentation depths (200nm,400nm).

55.00
50.00
45.00
w 4000
| 35.00
x  30.00
25.00
20.00
15.00

o H(GRa) on steel |

400/300; C=1.03

1.LOPa
27.04
21.7C
A/T1B2 A/T1B2
(121nm) (255nm)

400/300; CM .08

0.6Pa 300/300; C=1.08
45.89 nere 300/300; C=1.03
39.66 3739 37.19 0-6Pa
28.65 28.27
AlITiB2 AI/TSB2 Ti/TiB2 Ti/TiB2 TR Ti/TiB2
(98nm) (212nm)  (110nm)1 (219nm)1 (118nm)2  (231nm)2

Figure 3.28. Hardness values for Al/TiB2bi-layer coatings on steel at different sputtering pressure and
Ti/TiB2bi-layer coatings on steel for two sets of measurements in the same sample.

55.00
50.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

o H(GPa) on steel |

400/300; C=1.03 300/300; 01.03 250/300; 01.03
1.LOPa 0.6Pa 0.6Pa
34.12 34.79
27.04 28.6b 28.27
.21.70
A/TB2 AT1B2 Ti/TiB2 Ti/TiB2 MOT1B2 MOT1B2
(121nm) (255nm) (118nm)2 (231 nm)2 (112nm) (222nm)

Figure 3.29. Hardness values for Al/TiB2 Ti/TiB2and Mo/TiB2bi-layer coatings on steel substrate after
nanoindenter calibration with quartz sample.
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Hardness (GPa) on Steel Substratefor 400nm Indentation Depth

Sample Reference 1 read STIDEV 2udread STDEV Mean Hf or two
readings
TiTB5S2 37.19 4.05 28.27 3.26 32.73
TiTB6S2 42.29 8.15 31.04 7.32 36.67
Mean per series 39.74 29.66 34.70
Anova: Two-Factor Without Replication
SUMMARY Count  Sum Average Variance

Row 1 2 65.46 32.73 39.78
Row 2 2 73.33 36.67 63.28
Column 1 2 79.48 39.74 13.01
Column 2 2 59.31 29.66 3.84

Source of Variation SS MS F STDEV P-value F crit
Rows 15.48 1 15.48 11.41 3.93 0.18 16145
Columns 101.71 1 101.71 74.94 10.09 0.07 161.45
Error 1.36 1 1.36 1.16
Total 11855 3
Conclusion
Overall Relative Error 3.3%
Relative Error Between Samples Measurement 11.2%
Measurement Relative Error for Repeat Readings 29.1%

Table 3.8. Anova analysis of hardness results, for Ti/TiB2 bi-layer coatings on steel substrate for
two different sputtering conditions and two measurement readings in the same sample.

o H(GRa) on A T|
50.00

45.00
40.00 4
O 35.00 -
X
30.00 4
25.00 -
20.00 -

15.00 -
Al/TiB2 Al/TiB2 NiCr/TiB2 NiCr/TiB2 Mo/TiB2 Mo/TiB2 Ti/TiB2 Ti/TiB2 Ti/TiB2 Ti/TiB2
(96nm) (207nm)  (lllnm ) (228nm)  (113nm) (222nm)  (112nm) (232nm)  (113nm) (248nm)

400/300 200/300 250/300 300/300 250/300
C=1.08 C=1.08 C=1.03 01.08 C=1.08

Figure 3.30. Hardness values for the Al/TiB2, NiCr/TiB2 Mo/TiB2and Ti/TiB2two-layer coatings on Al
substrate, at 0.6Pa sputtering pressure, for two indentation depths (200nm,400nm).
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o H(GRa) on Al |
50.00 A
45.00 - 400/300; C=1.03 400/300; 01.08
40.00 1.OPa 0.6Pa
7
a 35.00 33.78
@ 28.27
x 30.00 25.06
25.00 -
19.22
20.00 -
15.00 -
A1/71B2 A1/71B2 Al/71B2 All71B2
(111nm) (241 nm) (96nm) (207nm)

300/300; C=1.08 -J300/300; C=1.03

0.6Pa 0.6Pa
-31.86
.27.26.
23.58
18.05
TiTiB2 Ti/TiB2 TilTiB2 Ti/TiB2
(112nm)1  (232nm)1  (113nm)2  (247nm)2

Figure 3.31. Hardness values for Al/TiB2 bi-layer coatings on Ad substrate at different sputtering
pressure and Ti/TiB2bi-layer coatings on Al substrate for two sets of measurements in the same sample.
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4000 - 400/300; C=1.03 300/300; C=1.03
1.LOPa 0.6Pa
4. 3500 4
®
X 30.00 - 28.27 .27.26
25.00 -
19.22
20.00 -
15.00 -
AITB2 AT1B2 Ti/TiB2
(111nm) (241 nm) (113nm)2

250/300; C=1.03

0.6Pa
29.17 29.22
18.05
H U
Ti/TiB2 Mo/TiB2 MOT1B2
(247nm)2 (113nm) (222nm)

Figure 3.32. Hardness values for Al/TiB2 Ti/TiB2 and Mo/TiB2 bi-layer coatings on Al substrate after

nanoindenter calibration with quartz sample.
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Hardness (GPa) on Al Substrate for 200nm Indentation Depth
Sample Reference 1% read STIDEV 2™ reqd  STDEV nﬂﬁj:ggs
TiTB5A2 31.86 2.24 27.26 392 29.56
TiTB6A2 2936 496 28.66 442 29.01
Mean per series 30.61 27.96 29.29
Anova: Two-Factor Without Replication
SUMMARY Count Sum Average Variance

Row 1 2 59.12 29.56 10.58
Row 2 2 58.02 29.01 0.25
Column 1 2 61.22 30.61 3.13
Column 2 2 55.92 27.96 0.98

Source of Variation SS df MS F STDEV P-value Ferit
Rows 030 1 0.30 0.08 0.55 0.82 161.45
Columns 702 1 7.02 1.85 2.65 0.40 161.45
Error 3.80 1 3.80 195
Total 1113 3
Conclusion '
Overall Relative Error 6.7%
Relative Error Between Samples Measurement 1.9%
Measurement Relative Error for Repeat Readings 9.1%

Table 3.9. Anova analysis of hardness results for Ti/TiB, bi-layer coatings on Al substrate for
two different sputtering conditions and two measurement readings in the same sample.

Hardness (GPa) on Al Substrate for 400nm Indentation Depth
Sample Reference 1* read STDEV 2™ read  STDEV KZZS{ZS +
TiTB5A4 23.58 2.07 18.05 1.44 20.82
TiTB6A4 19.61 0.69 18.30 2.57 18.96
Mean per series 21.60 18.18 19.89
Anova: Two-Factor Without Replication
SUMMARY Count Sum Average  Variance

Row 1 2 41.63 20.82 15.29
Row 2 2 37.91 18.96 0.86
Column 1 2 43.19 21.60 7.88
Column 2 2 36.35 18.18 0.03

Source of Variation SS df MS F STDEV P-value Ferit
Rows 346 1 346 078 1.86 0.54 161.45
Columns 1170 1 11.70 2.63 3.42 0.35 161.45
Error 4.45 1 4.45 2.11
Total 1961 3
Conclusion
Overall Relative Error 10.6%
Relative Error Between Samples Measurement 9.4%
Measurement Relative Error for Repeat Readings 17.2%

Table 3.10. Anova analysis of hardness results for Ti/TiB, bi-layer coatings on Al for two
different sputtering conditions and two measurement readings in the same sample.
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2. ANALYSIS OF THE ELASTIC MODULUS RESULTS

Figures 3.33 to 3.35 show the elastic modulus values for different bi-layer
coating systems on steel substrates while the figures 3.36 to 3.38 show the elastic
modulus values for the same two-layer coating systems but onto Al substrates. These
figures are presented in the same manner as the hardness value figures to facilitate the
comparison between hardness and elastic modulus of the coatings.

Figure 3.33 shows the elastic modulus of the bi-layer coating systems on the
steel substrate at 0.6Pa sputtering pressure for two indentation depths (200nm, 400nm).
The elastic modulus of NiCr/TiB; coatings and T¥/TiB, coatings at 250WRF sputtering
power for the Ti layer drop significantly with the plastic depth. The other coating
systems do not show such significant variation in the elastic modulus with the plastic
depth as the two systems do. However, the elastic modulus of the bi-layer coating
systems onto the Al substrate shows a more uniform variation with the penetration depth
compared to those on steel substrate, as shown in figure 3.36.

Figure 3.34 shows the elastic modulus results for Al/TiB, coatings on the steel
substrate at two different sputtering pressures and Ti/TiB, coatings onto the steel
substrate for two sets of measurements on the same sample. A variation in the elastic
modulus values is observed either for Al/TiB, coatings or Ti/TiB; coatings. The same

behaviour appears for the same coating systems onto the Al substrate, as shown in figure
3.37.

A statistical Anova analysis was performed for Ti/TiB, coatings onto the steel
substrate for two different sputtering powers of the Ti layer (250WRF, 300WRF), and
two sets of measurements on the same sample, as shown in table 3.11. This analysis
shows that the major source of error is between repeat measurements on the same
sample (33.1%). This error reflects various measurement uncertainties, as mentioned
before. The error in the reproducibility between samples (21.8%) reflects variation in
sputtering conditions. The overall measurement accuracy is 10%.

An Anova analysis was also performed for the same coatings system but onto
the Al substrate for two penetration depths (200nm, 400nm) as shown in tables 3.12 and
3.13. The major source of error is also between repeat measurements on the same sample
with 9.1% for 200nm depth and 14.2% for 400nm depth. This error reflects the
measurement uncertainties mentioned earlier. The error in the reproducibility between
samples is 4.5% for 200nm and 1.5% for 400nm depth. This error reflects the effect of
sputtering conditions and the intermediate layer stiffness effect. The overall measurement
accuracy is 5.7% for 200nm depth and 6.0% for 400nm depth, which is significant
compared to the variation within the samples.

Figure 3.35 shows the elastic modulus value for Al/TiB,, Ti/TiB, and Mo/TiB,
coatings onto the steel substrate after calibration of the nanoindenter with quartz sample,
as mentioned earlier. The elastic modulus of these coatings systems for 200nm depth
increases on going from AUTiB; (306.0+44.2GPa) to Ti/TiB; coatings (326.7134.4GPa)
and then Mo/TiB; coatings (362.9£16.3GPa). The tendency is to approach the modulus
of the TiB, monolayer coatings on the steel substrate which have a value of 379.4GPa
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(see table 3.33). The elastic modulus ofthese coatings shows a tendency to drop with the
plastic depth. The same behaviour appears for the same coating system onto Al substrate
(see figure 3.38). The elastic modulus value increases on going from Al/TiB2
(241.1+5.1GPa) to Ti/TiB2 coatings (252.4+19.7GPa) and then Mo/TiB2 coatings
(283.9+12.2GPa) on the Al substrate. The elastic modulus of Mo/TiB2 coatings on Al
substrate is higher compared to the reference value of273.9GPa for the TiB2 monolayer
coating onto Al substrate (see table 3.34) but they do not follow the rule of mixtures.

o E(GRa) on steel
700.0
600.0
1§ 500.0
0 400.0
M 300.0
200.0
100.0 — — - b — — — — — — —
AlITiB2 A1/71B2 MGr/TiB2 NiCr/TiB2 Mo/TiB2 Mo/TiB2 Ti/TiB2 Ti/TiB2 WT1B2 TV/TIB2
(98nm) (212nm) (106nm) (186nm) (112nm) (222nm) (110nm) (219nm) (105nm) (211nm)

400/300 200/300 250/300 300/300 250/300 !
0=1.08 C=1.08 C=1.03 C=1.08 C=1.08

Figure 3.33. Elastic modulus values for the AI/TiB2, NiCr/TiB2, Mo/TiB2 and Ti/TiB2 two-layer
coatings on steel substrate, at 0.6Pa sputtering pressure, for two indentation depths (200nm.400nm).

o E(GPa) on steel
700.0

600.0
500.0

g 400.0 306.0 339.8 326.7

A 300.0 237.9 261.9
200.0
100.0

400/300; 0=1.03 400/300; C=1.08 300/300; C=1.08 300/300; C=1.03
1.OPa 0.6Pa 0.6Pa 0.6Pa

367.9 3415 370.4

AlTIB2 AITiB2  AI/TiB2 AITIB2  TiTiB2 TiiB2 TVTB2 TIT1B2
(121nm)  (255nm)  (98nm)  (212nm)  (110nm)1  (219nm)1  (118nm)2  (231nm)2

Figure 3.34. Elastic modulus values for Al/TiB2 bi-layer coatings on steel substrate at different
sputtering pressure and Ti/TiB2bi-layer coatings on steel substrate for two sets of measurements in
the same sample.
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Figure 3.35. Elastic modulus values for Al/TiB2, Ti/TiB2 and Mo/TiB2 bi-layer coatings on steel
substrate after nanoindenter calibration with quartz sample.

Elastic Modulus ofthe film on Steel Substrate for 400nm Depth (GPa)

Sample Reference 1* read STDEV
TiTB5S4 339.8 26
TiTB6S4 447.0 124
Mean per series 393.4

Anova: Two-Factor Without Replication

SUMMARY Count
Row 1 2
Row 2 2
Column 1 2
Column 2 2

Source o fVariation SS
Rows 5402.25
Columns 12454.56
Error 1135.69
Total 18992.5
Conclusion

Overall Relative Error

Sum

601.7
748.7
786.8
563.6

af

2nd read

261.9
301.7
281.8

Average
300.9
374.4
393.4
281.8

MS
5402.25
12454.56

1135.69

Relative Error Between Samples Measurement

Measurement Relative Error for Repeat Readings

Table 3.11. Anova analysis of elastic modulus results for Ti/TiB2 bi-layer coatings on steel
substrate for two different sputtering conditions and two measurement readings in the same

sample.

STDEV

11.00
66.30

Variance
3034.20
10556.05
5745.92
792.02

F
4.757

10.967

MeanE f

for two
readings
300.85
374.35
337.60

STDEV
73.50
111.60
33.70

P-value
0.274

0.187

F crit
161.446
161.446

10.0%
21.8%
33.1%

207



Results and Discussion: Bi-Layer Coatings

o E(GRa) on Al

400/300 300/300 12500/300
01.08 01.08 | 01.08

Al/TiB2 Al/TiB2 NiCr/TiB2 NiCr/TiB2 Mo/TiB2 Mo/TiB2 Ti/TiB2 Ti/TiB2 Ti/TiB2  Ti/TiB2
(96nm) (207nm)  (Illlnm) (228nm) (113nm)  (222nm) (112nm)  (232nm) (113nm)  (248nm)

Figure 3.36. Elastic modulus values for the Al/TiB2 NiCr/TiB2, Mo/TiB2 and Ti/TiB2 two-laver
coatings on Al substrate, at 0.6Pa sputtering pressure, for two indentation depths (200nm. 400nm).

400/300 400/300 300/300
01.03 01.08 01.08
1.OPa i 0.6Pa 0.6Pa
AllTiB2 AT1B2 A/T1B2 A1/T1B2 TVTB2 TifTiB2 TifTiB2 TVTIB2
(111nm) (241 nm) (96nm) (207nm)  (112nm)1  (232nm)1 (113nm)2  (247nm)2

Figure 3.37. Elastic modulus values for Al/TiB2bi-layer coatings on Al substrate at different sputtering
pressure and Ti/TiB2 bi-layer coatings on Al substrate for two sets of measurements in the same
sample.

o E(GRa) on Al

400.0 |--mmv =
400/300; 01.03 300/300; 01.03 250/300; 01.03
1.OPa 0.6Pa 0.6Pa
AITIB2 AlTIB2 TiTiB2 TiiB2 Mo/TiB2 Mo/TiB2
(111nm) (241 nm) (113nm)2 (247nm)2 (113nm) (222nm)

Figure 3.38. Elastic modulus values for Al/TiB2 Ti/TiB2 and Mo/TiB2 bi-layer coatings on Al
substrate after nanoindenter calibration with quartz sample.
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Elastic modulus of the film on Al substrate for 200nm Indentatio depth (GPa)

Sample Reference 1% read SIDEV 2™ read STDEV Mea:;aEa{i fg’s. fwo
TiTB5A2 291.8 28.0 252.4 19.7 2721
TiTB6A2 264.5 13.9 255.6 33.0 260.1
Mean per series 278.2 254.0 266.1
Anova: Two-Factor Without Replication

SUMMARY Count Sum  Average Variance
Row 1 2 544.20 272.10 776.18
Row 2 2 520.10 260.05 39.60
Column 1 2 556.30 278.15 372.65
Column 2 2 508.00 254.00 5.12
Source of Variation SS df MS F STDEV ~ P-value  F crit
Rows 145.20 1 145.20 0.62 12.05 0.57 161.45
Columns 583.22 1 583.22 2.51 24.15 0.36 161.45
Error ’ 232.56 1 232.56 15.25
Total 960.99 3
Conclusion
Overall Relative Error 5.7%
Relative Error Between Samples Measurement 4.5%
Measurement Relative Error for Repeat Readings 9.1%

Table 3.12. Anova analysis of elastic modulus results, for Ti/TiB, bi-layers on Al for two different

sputtering conditions and two measurements in the same sample.

Elastic modulus of the film on Al substrate for 400nm Indentation depth (GPa)
Sample Reference 17 read SIDEV 2" pegd SIDEV “emErfor
two readings

TiTB5A4 190.4 127 155.8 36 1731
TiTB6A4 177.5 2.8 163.4 48 170.5
Mean per series 184.0 159.6 171.8
Anova: Two-Factor Without Replication

SUMMARY Count Sum Average Variance
Row 1 2 346.2 173.10  598.58
Row 2 2 3409 170.45 99.41
Column 1 2 367.9 183.95 83.21
Column 2 2 319.2 159.60 28.88
Source of Variation SS df MS F STDEV  P-value F crit
Rows 702 1 7.02 0.07 2.65 0.84 161.45
Columns 59292 1 592.92 5.64 24.35 025 161.45
Error 105.06 1 105.06 10.25
Total 70501 3
Conclusion
Overall Relative Error 6.0%
Relative Error Between Samples Measurement 1.5%
Measurement Relative Error for Repeat Readings 14.2%

Table 3.13. Anova analysis of elastic modulus results, for Ti/TiB, bi-layer coatings on Al substrate

for two different sputtering conditions and two measurement readings in the same sample.

209



Results and Discussion: Bi-Layer Coatings

3.2.3. SUMMING UP

The TiB, structure in these two-layer coating designs is crystalline and the
degree of crystallinity depends both on the film thickness (table 3.3) and the roughness of
the metal layer, as shown in photograph 3.11.

The stoichiometry of the TiB, top layer was not determined but is believed to be
similar to that of the monolayer TiB, coating for the same sputtering conditions.

The apparent hardness of the different coating systems is greater on the steel
substrate than on the Al substrate, except for Al/TiB, coatings onto the Al substrate at
200nm depth at 1.0Pa sputtering pressure (table 3.4 and 3.5).

The apparent hardness of the different coatings systems drops with plastic
depth, except for Mo/TiB; coating onto Al and steel substrates and Ti/TiB, onto steel at
300WREF sputtering power for Ti layer (table 3.4 and 3.5). These coatings systems may
not show the intermediate layer effect incorporated during measurements.

A statistical Anova analysis referred to in table 3.14 shows that the hardness and
elastic modulus values measured before the nanoindenter machine was calibrated with a
quartz sample had significant relative errors for repeat measurements of the same sample.
This error reflects the measurement uncertainties and is not constant for different sets of
measurements. The Ti/TiB, coating onto Al substrate shows overall the lowest relative
error of the measurement and is more significant compared to the relative error within
the samples. The overall relative error of the measurements is less than 11% but this is
not constant for all measurements.

Hence the results quoted before quartz calibration of the machine cannot be
considered as absolute and reflect various measurement uncertainties which were
introduced during these measurements.

The more confident results are shown in figure 3.39 and 3.40 for hardness and
elastic modulus values respectively because, before undertaking this schedule, the
nanoindenter was calibrated with a quartz reference sample. The hardness increases on
going from the system with the Al metal layer to a Ti layer and then a Mo layer on steel
substrates. The hardness of the coating system with the Mo metal layer is very close to
the TiB, monolayer coating for the same sputtering conditions. The hardness value of
AV/TiB; coatings is slightly higher on Al substrates compared to those on steel substrates.
For 200nm indentation depth the elastic modulus values of the two-layer coatings
increased on going from the Al layer to Ti layer and then Mo metal layer either on a steel
substrate or on an Al substrate. The Mo/TiB, coating on Al substrates gives an elastic
modulus that is slightly higher than for a TiB, monolayer coating, while for a steel
substrate it is very close to the elastic modulus of the monolayer coating. These three
coating systems show a high elastic modulus on steel substrates compared to those on Al
substrates. This may be due to the added compliance of the stiffer substrate. The three
two-layer coating systems show values of elastic modulus above the rule of mixtures as
shown in figure 3.41,when considering the coating with 50% of volume fraction of
ceramic.
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The intermediate metal layer results in a TiB2top layer on a steel substrate that
tends to reach the hardness and elastic modulus of a TiB2 monolayer, for the same
sputtering conditions, but without its brittleness. Because of this, the two-layer coatings
did not show microcracks compared with TiB2 monolayer coatings as shown in
photograph 3.13.

s Hardness results on Ti/TiB 2 two-layer coatings

Ti/TiB > coatings Ti/TiB: coatings Ti/TiB2 coatings

onto Alfor onto Alfor onto steelfor

200nm depth 400nm depth 400nm depth
Overall relative error 6.7% 10.6% 3.3%
Relative error between samples measurements 1.9% 9.4% 11.2%
Measurement relative error for repeat readings 9.1% 17.2% 29.1%

Elastic modulus results on Ti/TiB 2 two-layer coatings

Ti/TiB 2 coatings Ti/TiB: coatings Ti/TiB: coatings

onto Alfor onto Alfor onto steelfor
200nm depth 400nm depth 400nm depth
Overall relative error 5.7% 6.0% 10.0% |
Relative error between samples measurements 4.5% 1.5% 21.8%
Measurement relative error for repeat readings 9.1% 14.2% 33.1%

Table 3.14. Relative error of the hardness and elastic modulus results from Anova analysis for
Ti/TiB2bi-layer coatings.

* H (GPa) onto steel at 200nm ->——H (GPa) onto Al at 200nm
-4r - H (GPa) onto steel at 400nm o H (GPa) onto Al at 400nm
40.00 T
34.79
35.00 .
28.65 -
oo 3412 fi 33.90
« 30.00 ' 29.22
29.17 26 96
25.00 2104 27.26
“©o21.7
20.00
105
15.00
TYTIB2 Mo/TiB2 TiB2

Metal/TiB2 two-layer coating

Figure 3.39. Hardness versus metal/TiB2 bi-layer coating system on steel and Al substrate, for
200nm and 400nm indentation depth.
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-4 E(GPa) onto steel at 200nm ——wm——E(GPa) onto Al at 200nm
A» - E(GPa) onto steel at 400nm O *E(GPa) onto Al at 400nm
400.0
A
326.7 362.9 4 379.40
350.0
306.0 342.6
300.0
2 241.1 283.9
§ 250.0 252 4
237.9 ’
W 200.0
150.0
100.0
APT iB2 TPTiB2 Mo/T iB2 TiB2

Metal/TiB2 two-layer coating system

Figure 3.40. Elastic modulus versus metal/TiB2 bi-layer coating system on steel and Al substrate,
for 200nm and 400nm indentation depth.

370 0 Mo/TiB2
330.0 J —

379.4*

290.0 -324.8
250.0
210.0
170.0
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90.0 APT iB2 A E-(Mo/TiB2)
50.0

25 100

1 0,
Steel substrate; ** Al substrate Volume of the Ceramic layer (%)

Figure 3.41. Elastic modulus of the X/TiB2 bi-layer coating system on steel and Al substrate in
function ofthe volume of ceramic layer TiB2.
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3.3. MULTILAYER COATING DEPOSITION

LAYOUT
U

Sputtering Deposition Conditions

In-Plane Elastic Modulus Measurements:

¢ Three-Point Bend Test by Mechanical
Loading Using Weights
¢ Three-Point Bend Test by Mechanical
Loading Using Water as a Weight
¢ Three-Point Bend Test by Nanoindentation
U
Elastic Modulus and hardness measurements by
Nanoindentation
U
Structural Characterization
U
Analysis of the Internal Stresses
U

Summing up

3.3.1. DEPOSITION CONDITIONS

Two preliminary series of multilayer coatings (series A and C) were produced
before producing the set with controlled wavelengths (A) and volume fractions of
ceramic (V) for the multilayer coatings defined in table 2.1 (series E).

The first series in this set, series A, was deposited at 1.0Pa (7.5x10”Torr),
because these coatings were deposited before the optimised sputtering conditions had
been established. ’

Five runs of the third series in this set, series E, were produced to improve the
multilayer coating by varying either the TiB, sputtering power or metal layer type.

The total thickness of the coating design was Spm and the sputtering conditions
of the series are given in table 3.15.
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¥
v O
. S Working | Sputtering Sputtering Power
Series § sg System A (rm)/ Ve (9 Gas Pressure (Pa) | metal/TiB ; (WRF)
] :
4A AUTIB, 200/75 Ar 1.0 400/300
1A AlTiB, 200/50 Ar 1.0 400/300
G I‘?ms) 5A AVTiB, 200/25 Ar 1.0 400/300
2A AVTiB, 100/50 Ar 1.0 400/300
3A AVTiB, 50/50 Ar 1.0 400/300
c TiB, - Ar 0.6 300
(3 runs) 1C AVTiB, 200/75 Ar 0.6 400/300
4C | (AVTiBy)N, 200/75 Ar+30%N, 0.6 400/300
TiB, - Ar 0.6 300
7E AVTIB, 200/75 Ar 0.6 400/300
2E AVTiB, 200/50 Ar 0.6 400/300
3E AVTiB, 200125 Ar 0.6 400/300
9E AVTIiB, 100/75 Ar 0.6 400/300
6E AVTiB, 100/50 Ar 0.6 400/300
E SE AVTiB, 100725 Ar 0.6 400/300
(15tuns)| 11E AlUTiB, 50/75 Ar 0.6 400/300
14E AVTiB, 50/50 Ar 0.6 400/300
12E AVTiB, 50/25 Ar 0.6 400/300
17E AVTIB, 50/75 Ar 0.6 400/400
16E AVTiB, 50/75 Ar 0.6 400/440
8E NiCr/TiB, 50/75 Ar 0.6 200/300
15E NiCt/TiB, 50/75 Ar 0.6 200/400

Table 3.15. Sputtering conditions of multilayer coatings.

3.3.2. IN-PLANE ELASTIC MODULUS MEASUREMENTS

A comparison of three different methods for measuring the in-plane elastic
modulus is given in the following sections for the uncoated beam and coated beam. The
three approaches are compared based on the mathematical analysis of errors referred to
in the section 2.3. The in-plane elastic modulus of the uncoated beam was calculated
using the equation 2.6 (E;), while the in-plane elastic modulus of the coated beam was
calculated using the equation 2.11 ((Eg):) and 2.23 ((Ep);) of the section 2.3. The
maximum relative error was calculated between the maximum and mean values of the
population of two or more values.

I-THREE POINT BEND TEST BY MECHANICAL LOADING USING WEIGHTS

Eight steel uncoated beams and twenty steel coated beams were tested by a
three point bending test with mechanical loading, using washer shaped weights. Three
measurements were performed for each sample. Loads 9.9g, 15.2g, 20.5g, 25.8g, 31.1g,
36.4g, 41.7g, 47.0g and 49.3g were used. Loads below 9g gave unreliable results.

214



Results and Discussion: Multilayer Coatings

1. In-Plane Elastic Modulus Results of the uncoated Beam

The in-plane elastic modulus values of the eight beams are shown in table 3.16.
These values were calculated taking the width (12.6998mm) and thickness (0.1982mm)
of the beams as constant values. These values are a mean of the measuring beams’
dimensions of table 3.19. The elastic modulus was calculated from equation 2.6 (Es). The
average deflection was corrected for a zero point error from the fitted curve. The
average slope was calculated from the ratio of the &/P for each load. The relative error
was calculated between the maximum and mean value of the slope. The method of elastic
modulus calculation was the same for all samples.

In-Plane Elastic Modulus of Steel Beams
Steel E Relative Error
Substrate (GPa) (%8 STDEV
S1 213.6 15 2.2
S2 214.3 1.0 12
S3 214.0 1.0 1.7
sS4 220.2 2.8 3.6
S5 218.6 33 35
S6 232.3 1.9 42
S7 225.0 1.8 38
S8 223.0 1.6 3.8
Mean 220.1 1.9 ~ 30
E; calculation was based on the slope from 3/P for each load

Table 3.16. In-plane elastic modulus of the uncoated beams by
mechanical loading using weights.

The mean value of the elastic modulus of the steel beam is 220GPa, as shown in
table 3.16, which is high compared to the book value of 207GPa (table 2.2). The mean
relative error was found to be 1.9% for the eight series of measurements. This may be
due to the variations in the beam dimensions and measurement uncertainties. According
to the mathematical analysis of the relative error referred to in section 2.3, this value may
give a relative error of the elastic modulus of the film up to 25%. Hence, analysis of the
slope (ys) of the deflection (6) versus load (P) curve was performed to investigate the
measurement accuracy, as shown in table 3.17. This analysis consists of calculating the
slope (Ys) in two different ways:

1.From the ratio of the 6/P for each load, which takes into account any deflection
and load effect measurement (ys);. In this method, the average slope and the
STDEYV were calculated for loads between 9.9g and 49.3g.

2.From a linear curve fit (Least square, denoted L.S.) of the mean deflection for
different loads, considering the slope is constant over the full range of loads (ys)2.
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Steel Slope | Relative Slope from | Correlation STDEV
substrate |- from d/P Error STDEV L.S. Jfactor between
(vs)1 (%%) (7s)2 (Rz) (vs)1 and (y5) 2
S1 7.4316 1.8 0.075 7.4356 0.9998 0.0028
S2 7.4061 0.9 0.043 7.4043 0.9999 0.0013
S3 7.4168 1.7 0.060 74118 0.9999 0.0035
S4 72112 3.0 0.118 7.2132 0.9999 0.0014
S5 7.2643 27 0.117 7.2704 0.9997 0.0043
S6 6.8365 4.6 0.129 6.8333 0.9994 0.0023
S7 7.0577 3.9 0.123 7.0532 0.9994 0.0032
S8 7.1197 4.1 0.126 7.1108 0.9993 0.0063
Mean 7.2180 2.8 0.099 7.2166

Table 3.17. Slope values of the curve deflection versus load.

Table 3.17 shows the values of the slopes (vs): and (ys)z; relative errors and
STDEV of (y,): ; correlation factors of the fitting curves (R?) and the STDEV between
(ysh and (ys)2. According to the mathematical analysis of errors in section 2.3, the
average relative error of the slope (2.8%) corresponds to a relative error of 2.7% for Ej,
without taking into account the dimension measurement of the samples. The variation of
the STDEV between (ys): and (ys), reflects the repeatability of the measured deflection
and load because the slope (ys)> was considered constant over the whole range of loads.

A statistical Anova analysis was performed for the slopes referred to in table
3.17, as shown in table 3.18. This analysis shows that the major source of errors is the
reproducibility between samples (4.09%). This error reflects variations in the sample
dimensions because they were considered as a constant value. The error between the two
slopes of the same sample is 0.04%. This error reflects the repeatability of the measured
compliance of the system. The overall measurement accuracy is 0.05%. The two latter
errors are much less significant than the dimensions of the beam, which agrees with the
mathematical error analysis in the section 2.3.
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Analysis of the Slope from the Curve Deflection versus Load for Uncoated Beams
Sample Reference Slope from  Slope from Mean of (v,) ; and
8P (Ys)1 LS.(7:)2 (7s)2
S1 74316 7.4356 74336
S2 7.4061 7.4043 7.4052
S3 74168  7.4118 74143
S4 7.2112 7.2132 7.2122
S5 7.2643 7.2704 7.2674
S6 6.8365 6.8333 6.8349
S7 7.0577 7.0532 7.0555
S8 7.1197 7.1108 7.1153
Mean per series 7.2180 7.2166 7.2173
Anova: Two-Factor Without Replication
SUMMARY Count Sum Average Variance
Row 1 2 14.8672 7.4336 8.00E-06
Row 2 2 14.8104 7.4052 1.62E-06
Row 3 2 14.8286 74143 1.25E-05
Row 4 2 14.4244 7.2122 2.00E-06
Row 5 2 14.5347 7.2674 1.86E-05
Row 6 2 13.6698 6.8349 5.12E-06
Row 7 2 14.1109 7.0555 1.01E-05
Row 8 2 14.2305 7.1153 3.96E-05
Column 1 8 57.7439 7.2180 4.34E-02
Column 2 8 57.7326 7.2166 4.41E-02
Source of Variation SS df MS F STDEY P-value F crit
Rows 6.13E-01 7 8.75E-02 6836.847 0296 7.04E-13 3.787
Columns 7.98E-06 1 7.98E-06 0.624 0.003 4.56E-01 5.591
Error 8.96E-05 7 1.28E-05 0.004
Total 6.13E-01 15
Conclusion
Overall relative error ) 0.05%
Relative error between samples measurement 4.09%
Relative error for the two slopes (v,); and (y), 0.04%

Table 3.18. Anova analysis of the slope from the curve deflection versus load.

2. In-Plane Elastic Modulus Results of the Coated Beam

Twenty steel coated beams of the series A (see table 3.15 for sputtering
conditions) were tested by three-point bend test using washers as weighs.

The indices of S4, S5, S10 and S11 of the sample reference correspond to
different sample positions within the vacuum chamber. For the positions S4 and S5 both
the width and substrate thickness were measured. These values were assumed to apply
for samples S10 and S11 as they were manufactured from the same steel at the same
time. Hence, a mean value of the measuring beams from table 3.19 was used. This
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assumption may explain in part the big scatter of E; for S10 and S11 positions as shown
in Figure 3.42 and table 3.19. The beam thickness was measured by weighing and can be
calculated using:

M
* plb

Where M is the mass of the beam
p is the density of the beam material
1is the length of the beam
b is the width of the beam

The beam mass was weighed using a digital balance with accuracy of £10ug.
The beam width was measured by profile projector at 20 times magnification with
micrometer heads with a resolution of 0.1um. The length of the beam was measured by
using a Joyce-Loebel Image Analyser. For all coated beams the thickness of the coatings
was not measured so a constant value of 5pim was used. It is not expected that the actual
film thickness will differ from this value by more than 25% based on the previously
calibrated deposition rate. '

The elastic modulus was calculated for the coated beam from equation 2.11
(Ep1. As the elastic moludus of the uncoated beams was not measured by three-point
bend testing, a constant book value of 207GPa (table 2.2) was used to calculate the
elastic modulus of the coatings. The average deflection was corrected for a zero point
error from the fitted curve. The relative error was calculated between the maximum and
mean values of the slope. The slopes of the composite (coating+substrate), (y.); and (Yc)2,
were calculated from the analysis used for the uncoated beams. The method of elastic
modulus calculation was the same for all samples and it was the same as for the uncoated
beams.

The in-plane elastic modulus results of the coatings and the slopes of the
composites are tabulated in table 3.19. The STDEV between the slope from &/P,(Y.)h
and L.S., (y.): for the same sample for the coated beam can be attributed to the
repeatability of the measured compliance of the system. The STDEV of the Er values
using the two different methods of the composite slope ((yc)1 (Yc)2) calculations are low,
confirming the agreement between these two methods and reflecting the applied load and
deflection measurement accuracy. The elastic modulus of the sample 1AS11 was
calculated considering the designed value of dimensions for the sample (b=12.7mm;
t~=0.2mm) and a mean value of a set of samples measurements (b=12.6998;
=0.1982mm), giving a value of -14.7GPa and 56.7GPa respectively. This shows that
the accuracy of the sample dimension measurements is very significant in the E;
calculation.
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In-Plane Elastic Modulus of the Coatings by Three Point Bend Test with Weighs (Series A)
. R h 2g
Sample g Q:, Slope § & A Elastic § ‘,g; Elastic 8o

Reirnce | o | ZE | Sope | B | g | BRI E | 5 modutas | 52| moduis | £

(AVTiB, m) | 23 from &/P = E Ls. |82 |5 & from (y)i; £ 8 from (y.)2; S g

flms onto Fele |2 % | an|E |BE| @ | g5 | @ [BE

steel) z s S 5| @ | Bz (GPa) | E
[

1A84 12.7035 0.1969| 7.1127 0.5 0.034 | 7.1158 | 0.9999 | 0.0022 256.9 - 255.8 0.79
2A84 12.7170 0.1978] 6.3390 0.7 0.033 | 6.3425 | 0.9999 | 0.0025 3286 - 3271 1.06
3A84 12.6899 0.1985] 7.0221 2.0 0.098 | 7.0364 | 0.9993 | 0.0101 2276 - 2218 4.10
4AS84 12.6953 0.1957} 17.0756 16 | 0.062 | 7.0840 | 0.9998 | 0.0059 326.1 - 3228 231
5A84 12.7003 0.1995} 7.0010 0.3 0.028 } 7.0007 { 0.9999 | 0.0002 193.9 - 194.0 0.09
1AS5 (1) 12.6921 0.1995] 6.9452 0.9 0.035 | 6.9451 | 0.9999 | 0.0001 218.0 218.0 0.03
1AS5(2) 12.6921 0.1995} 7.0063 1.3 0.059 7.0019 0.9999 0.0035 1929 6.1 1950 145
2AS5(1) 12.6868 0.1943] 7.6590 0.9 0.052 | 7.6539 | 0.9998 | 0.0036 161.8 163.6 1.28
2A85 (2) 12.6868 0.1943] 7.7442 3.6 0.21 7.7213 | 0.9972 | 0.0162 1321 10.1 140.0 5.57
3AS5(1) 12.6991] 0.2008] 6.8547 1.0 0.05 6.8612 0.9993 0.0046 199.2 196.6 1.81
3AS5(2) 12.6991] 0.2008] 6.8734 ‘ 14 0.06 6.8695 | 0.9997 | 0.0028 191.8 1.9 193.2 1.02
4AS5 (1) 12.7143] 02008} 6.8368 | 1.0 0.06 6.8392 | 0.9997 { 0.0017 204.1 203.2 0.65
4AS5 (2) 12.7143 0.2008] 6.8134 13 0.06 6.8217 | 0.9998 0.0059 2141 24 210.5 257
SAS5 (1) 12.6994 0.1969} 7.3377 1.1 0.04 7.3361 | 0.9999 | 0.0011 169.9 170.6 0.50
5ASS (2) 12.6994 0.1969] 72727 0.3 0.06 7.2750 | 0.9995 0.0016 194.5 6.8 193.7 0.54
1AS10 12.6998 0.1982] 6.6473 13 0.068 | 6.6538 | 0.9995 | 0.0046 399.8 - 396.8 217
2AS10 12.6998 0.1982) 6.4960 1.2 0.050 | 6499 | 0.9993 0.0025 469.6 - 467.9 1.20
3ASIO ' 12.6998 0.1982] 7.3224 13 V 0.074 | 7.3178 | 0.9997 | 0.0033 1231 - 1247 111
4A810 12,6998 0.1982¢ 6.83014 1.0 0.036 | 6.8043 | 0.9999 | 0.0021 3319 - 3304 1.01
5AS10 12.6998 0.1982] 6.9065 1.0 0.045 6.9057 | 0.9998 0.0006 286.83 - 2874 0.38
1AS11 12.6998 0.1982] 7.5048 14 0.086 | 74934 | 0.9995 0.0081 56.7 - 60.8 2.91
2AS811 12.6998 0.1982} 73238 0.9 0.076 | 7.3155 | 0.9995 0.0059 1224 - 125.5 224
3AS11 126998 | 0.1982] 7.1900 13 0.064 | 7.1896 | 0.9998 0.0003 1731 - 1733 0.11
4AS11 12.6998 0.1982] 7.0399 14 0.049 | 7.0345 | 0.9999 | 0.0038 2323 - 234.5 1.57
5AS11 12.6998 0.1982] 7.0490 038 0.062 | 7.0569 | 0.9999 | 0.0056 228.7 - 225.5 224
1AS11 12.7, 02} 7.5048 14 | 0.086 | 74934 | 0.9995.1 0.0081 -14.6 -10.6 286
" Mean 1.3 5.5
(1)- Refer to the first reading; (2)- Refer to the second reading

Table 3.19. In-plane elastic modulus of the coated samples and the associated composite slopes.

According to the mathematical analysis of error in section 2.3, the average

relative error of the slope of 1.3% (table 3.19) corresponds to a relative error of 15.4%
in E¢ from equation 2.11. The scatter of the relative error of the composite slope results
in wide limits for the estimated elastic modulus of the coatings, average values of which
are tabulated in table 3.20 for the sample position S5. To further assess this
reproducibility, repeat tests of a subset of samples were analysed by an Anova statistical
method on repeat readings, as shown in the same table (table 3.20).

This Anova analysis shows that the major source of error is the reproducibility

between samples (18.9%) which will most likely reflect variations in coating thickness
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and the variables used in coating manufacture (A,V.). The errors between repeat
measurements (4.7%) on the same sample and the overall measurement accuracy (8.7%)
are less significant.

Elastic Modulus of Al/TiB ; Coatings on Steel Subatrate (Series A)

(Era (Egla Mean of

Sample Reference [ reqd. 2™ voqd  thetwo

(GPa) (GPa) readings

1AS5 218.0 192.9 205.5

2AS5 161.8 132.1 147.0

3A85 199.2 191.8 195.5

4AS5 204.1 214.1 209.1

5AS85 169.9 194.5 1822

Mean per series 190.6 185.1 187.8

Anova: Two-Factor Without Replication

SUMMARY Count Sum Average Variance

Row 1 2 410.90 20545 315.01
Row 2 2 293.90 146.95  441.05
Row 3 2 391.00 195.50 27.38
Row 4 2 418.20 209.10 50.00
Row 5 2 364.40 182.20  302.58
Column 1 5 953.00 190.60  566.23
Column 2 5 92540 18508  961.02

Source of Variati SS df MS F STDEV  P-value F crit

Rows 5049.2 4 1262.29 4.76 35.53 0.08 6.39
Columns 76.2 1 76.18  0.29 8.73 0.62 7.71
Error 1059.8 4 264.96 16.28

Total 61852 9

Conclusion

Overall relative error 8.7%
Relative error between samples measurement 18.9%
Relative error for the two slopes (v,); and (Y;), 47%

Table 3.20. Anova analysis for Al/TiB, coatings in position S5 for two measurements in the
same sample.

The wide scatter in the elastic modulus of the films is a function of sample
position inside the vacuum chamber (figure 3.42) and gives only apparent conclusions
about the varying parameters of the coating (A,V.). The position S5 shows less scatter
because the elastic modulus values are the average of two readings.

Figure 3.43 shows the elastic modulus of the coatings S5 and S4 as a function
of the composition wavelength and volume of ceramic layer. Both samples S4 and S5
show an increase in elastic modulus with volume of ceramic layer. The highest values of
in-plane elastic modulus were found for 50% at 100nm for sample S4 and 75% at 200nm
for sample S5. Both samples have a high value for 75% at 200nm.
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500 T
1A-1=200nm; Vc¢=50%
2A-1=100nm; Vc=50%
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r
'm 300 5A-1=200nm; Vc=25%
w 200 1-S4; 2-S5
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Sample Fbsition Inside the Vacuum Chamber

Figure 3.42. In-plane elastic modulus in function of the Al/TiB2 coatings position inside the
vacuum chamber.
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Figure 3.43. In-plane elastic modulus of Al/TiB2 coatings in function of the volume of
ceramic layer and composition wavelength.

1I-THREE POINT BEND TEST BY MECHANICAL LOADING USING WATER AS A
WEIGHT

Four steel, four aluminium and four copper uncoated beams and three steel and
two aluminium coated beams were tested with a three point bending test by using water
as the loading method. Seven measurements were performed for each sample. Loads of
11.6g, 15.4g, 19.3g, 23.1g, 27.0g, 30.8g, 34.7g, and 38.5g were used. Loads below llg
gave unreliable results. The two measurements with the highest STDEV of the slope
from the ratio 5/P were rejected so the results are the average of five measurements.

L In-Plane Elastic Modulus Results of the imcoated Beams

The in-plane elastic modulus was calculated, for the uncoated beam, from
equation 2.6. The dimensions of the beams (b, ts) were measured by the same method
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referred to in the mechanical loading using washers. On each sample two sets of
measurements were performed (first reading and second reading). The procedure of
elastic modulus calculation was the same for all samples and it was the same as for the
mechanical loading using washers as weights method. Table 3.21 shows values of the
elastic modulus for the substrates (steel, Cu, Al) together with the values of the relative
error and STDEV, for the two readings.

In-Plane Elastic Modulus of Steel, Al and Cu Beams
Sl e |E|E|ES| S | |B|B|E5 |2 | = |E|B|ES
gl || 28| 2 || e|E| 28] & |G| 2| E | 28
3 AR =171 2g| 2 17|28
z 3 25| 2 5 32| 2 3 3%
7] ~ 5 /71 ~ S 51 [~ S
Steel | 207.0 Al | 700 Cu | 1298
S1(1) | 2069 | 5.4 |5.60 A1) | 728 | 21 | 0.80 ciy| 1295 | 1.7 099
S1(2) | 2029 | 08 |116] 1.0 |A12)| 735} 04 ] 024f 05 |cC12f 1291}091 073 02
s2(1) | 209.7 | 42 | 471 A2(1) | 745 | 09 | 0.55 c2(1)| 1335 1.5 1.02
S2(2) | 2103 | 1.9 |248| 01 |A22)| 725 | 04 |028] 1.4 |c22)| 1313} 05| o046 03
s31) | 2117 | 2.9 |3.87 A3y | 756 | 1.2 | 047 C3(1)| 1380 | 47| 2.89
S3(2) | 2088 | 27} 27| 07 |A32| 739 {08053 11 |c3@| 1277) 11| o074] 39
s41) | 2144 | 79 | 7.86 A4y | 75.7 |1 09 | 0.46 cal)| 1416 | 2.8 | 282
S4(2) | 2125 | 3.6 | 3.48 0.4 A42) | 733 1.1 ] 048 1.6 C4(2)] 131.7 | 04 0321 3.6
Mean | 209.7 | 3.7 | 4.0 0.6 Mean | 740 | 1.0 | 0.5 1.1 Mean | 132.8 | 1.7 | 1.2 2.1
E; calculation was based on v, from 8/P for each load (y5)y; (1)-1% reading; (2)-2* reading

Table 3.21. In-plane elastic modulus for steel, Al and Cu for uncoated beams.

Table 3.21 shows that the average value of the elastic modulus for steel beams
is 209.7GPa, for Al beams 74GPa and for Cu beams 132.8GPa compared with the book
values of 207GPa, 70GPa and 129.8GPa respectively. The mean relative error between
the two sets of measurements is 0.6% for steel beams, 1.1% for Al beams and 2.1% for
Cu beams. This error reflects the repeatability of the measurements.

Figure 3.44 shows the variation of the E; for steel, Al and Cu beams for two
sets of measurements and the book values of these materials. The steel and Al beams
show less variation between any two readings over the copper beam.

Table 3.22 shows values of the slope for the steel, Al and Cu substrate together
with the values of the relative error and STDEV of the slope from &/P and the
correlation factor of the fitting curves. The relative error of the slope is higher for steel
(2.2%) over Cu (1.2%) and the Al (0.9%). The mean STDEYV of the (ys); for the two
readings is 0.03 for steel beams, 0.08 for Al beams and 0.17 for Cu beams. However,
they are higher compared to those between (ys); and (ys),. This reflects the fact that the
repeatability of the measurements is more significant than the repeatability of the load
and deflection measurement in the same test, confirming that the method depends on the
water speed between sets of measurements, as referred to in section 2.3.
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Figure 3.44. In-plane elastic modulus for steel, Al and Cu beams for two sets of measurements.

Substrate
Material

Steel
SI(1streading)
SI1(2ndreading)
S2(Ist reading)
S2(2ndreading)
S3(Istreading)
S3(2ndreading)
S4(1streading)
S4(2ndreading)

Mean

Al

Al( 1streading)
Al(2ndreading)
A2(lstreading)
A2(2ndreading)
A3 (Igreading)
A3 (2ndreading)
A4(T* reading)
A4(2ndreading)

Mean

Cu

C 1(18reading)
Cl(2ndreading)
C2(Istreading)
C2(2ndreading)
C3(Ist reading)
C3(2ndreading)
C4(1streading)
C4(2ndreading)

Mean
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1(1) 1(2)

2(1)

2(2)

3

Reference of the samples

32)

4(1)

4(2)

— Steel

(1)-First read.;

(2)-Second read.

Slope ofthe Cun>e Deflection versus Loadfor Steel Al and Cu Beams

Slope  Relative
from Error
(rJi (%)
3.7784 3.0
3.8511 0.9
3.8743 3.0
3.8616 1.3
3.8388 23
3.8924 1.3
4.0459 3.9
4.0791 1.7
2.2
5.1346 1.2
5.0836 0.6
5.2325 1.0
5.3752 0.8
5.1476 0.7
5.2642 1.2
5.0765 1.0
5.2431 0.6
0.9
5.8345 0.9
5.8514 0.9
5.6319 1.2
5.7281 0.5
5.5638 2.2
6.0100 0.8
5.3692 2.6
5.7692 0.5
12

STDEV

0.102
0.022
0.086
0.045
0.070
0.050
0.143

0.065
0.073

0.056
0.016
0.039
0.021
0.032
0.038
0.031
0.034
0.033

0.044
0.033
0.043
0.020
0.113
0.035
0.106

0.014
0.051

STDEV ofthe
(Ys) 1l for two
readings

0.0514

0.0090

0.0379

0.0235
0.030

0.0361

0.1009

0.0824

0.1178
0.084

0.0120

0.0680

0.3155

0.2828
0.170

Slope
from

(Ys) 2

3.7886
3.8519
3.8834
3.8653
3.8456
3.8977
4.0603
4.0850

5.1304
5.083
5.2331
5.3757
5.1472
5.2668
5.0781
5.2466

5.8334
5.854
5.634
5.729

5.5721

6.0095

5.3607

5.7683

Correlation STDEYV between

factor
(R2)

0.9972
0.9998
0.9974
0.9993
0.9976
0.9993
0.9958
0.9993

0.9994
0.9999
0.9996
0.9999
0.9997
0.9996
0.9998
0.9998

0.9996
0.9998
0.9998
0.9999
0.9990
0.9996
0.9980
1.0000

(Ys) | and

(Ys) 2

0.0072
0.0006
0.0064
0.0026
0.0048
0.0037
0.0102

0.0042
0.005

0.0030
0.0004
0.0004
0.0004
0.0003
0.0018
0.0011
0.0025
0.001

0.0008
0.0018
0.0015
0.0006
0.0059
0.0004
0.0060
0.0006
0.002

Table 3.22. Slope values for the steel. Al and Cu substrate of uncoated beams.
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A statistical Anova analysis was performed for the elastic modulus of steel, Al
and Cu beams for two sets of readings, as shown in table 3.23. This analysis shows that
the significant factor is the E; between different beams (steel, Al, Cu). The variation
between samples is not significant.

In-Plane Elastic Modulus of Steel, Al and Cu Beams
E, for Steel (GPa)  E, forAl(GPa)  E, for Cu (GPa)

1.1 (1™ reading) 206.9 72.8 129.5
1.2 (2" reading) 202.9 73.5 129.1
2.1 (1% reading) 209.7 745 1335
2.2 2™ reading) 2103 72.5 131.3
3.1 (1% reading) 2117 75.6 138.0
3.2 2" reading) 208.8 73.9 127.7
4.1 (1% reading) 214.4 751 141.6
4.2 (2™ reading) 212.5 733 131.7
Anova: Two-Factor With Replication
SUMMARY Steel Al Cu Total

1.1
Count 2 2 2 6
Sum 409.8 146.3 258.6 814.7
Average 204.9 73.2 1293 135.8
Variance 8.0 0.2 0.1 3498.5

2.1
Count 2 2 2 6
Sum 420.0 147.0 2648  831.8
Average 210.0 73.5 132.4 138.6
Variance 0.2 2.0 24 3750.7

3.1
Count 2 2 2 6
Sum 420.5 149.5 265.7 835.7
Average 2103 74.8 1329 1393
Variance 42 1.4 53.0 3708.6

4.1
Count 2 2 2 6
Sum 426.9 149.0 273.3 849.2
Average 2135 74.5 136.7 141.5
Variance 1.8 29 49.0 3886.5
Total
Count 8 8 8
Sum 1677.2 591.8 1062.4
Average 209.7 74.0 132.8
Variance 12.7 14 227
ource of Variation SS darf - MS F STDEV P-value  Fcrit
Sample 100.99 3 33.66 3.22 580  6.11E-02 ~ 3.49
Columns 74064.02 2 37032.01 3546.28 192.44  232E-17  3.89
Interaction 32.01 6 5.34 0.51 231  7.89E-01  3.00
Within 125.31 12 10.44 3.23
Total 7432234 23
Conclusion
Relative error of E; for steel substrate 1.7%
Relative error of E; for Al substrate 1.6%
Relative error of E; for Cu substrate 3.6%
Relative error of the measurements 3.2GPa

Table 3.23. Anova analysis for the in-plane elastic modulus for steel, Al and Cu uncoated beams.
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2. In-Plane Elastic Modulus Results of the Coated Beams

The coated beams used for calculating the in-plane elastic modulus, by
mechanical load using water as a loading method, are the series 1C and 4C on steel and
Al substrate respectively. The sputter conditions are in table 3.15. The index of S3, S4,
A2 and A8 corresponds to different sample positions within the vacuum chamber.

The in-plane elastic modulus was calculated for the coated beam from equation
2.11 (1* mathematical model) and 2.23 (2™ mathematical model). The width and
substrate thickness were measured for all samples by the same method referred to in the
mechanical loading using washers. The film thickness was measured by ball cratering
described in section 2.3. The photograph 3.12 shows the layers within the coating at 400
times magnification by this method for AUTiB, coating on the steel substrate. The
procedure of elastic modulus calculation was the same for all samples and it was the
same as for the mechanical loading using washers as weights method. Table 3.24 shows
values of the elastic modulus for the substrates (steel, Cu, Al) together with the values of
the relative error and STDEV. The relative error for the steel samples is 2.8% while for
Al samples it is 0.8%. They are in the range found in table 3.21 of 3.7% for steel and
1.0% for Al beams and also for the STDEV.

E, for Al and Steel Uncoated Beams

Composite beam material | E; (GPa) | Relative error (%) | STDEV
Steel substrate

AlTiB, (S3) 212.2 26 3.04

AVTIB, (54) 202.8 3.8 3.78

(AVTiB))N, (S3) 212.9 2.0 2.48

[Mean 209.3 2.8 3.10
Al substrate ’

ATiB, (A2) 71.20 0.6 0.26

(AUTiB,)N; (A8) 71.10 0.9 0.50

Mean 71.15 0.8 0.38

E, calculation was based on (ys); from 8/P

Table 3.24. In-plane elastic modulus for uncoated beams.

Table 3.25 shows values of the elastic modulus for the coated beams (steel, Cu,
Al) together with the values of the relative error and STDEV. This table gives the
following information:

¢ From the relative error value of (Eg);s based on (y. )1, and (ys),for example 14.5%
for A/TiB,(S3), when compared with the (Es);, value based on a “E; book value”
~and (Yc), for example 9.6% for AI/TiB,(S3), from the equation 2.11, we see that
the compliance of the steel substrate through the y; is a significant factor. This
effect is not significant for Al substrate.
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The accuracy of vy, which is strongly influenced by the frame compliance of the
system and beam thickness, strongly affects the Ey results. This is shown by
comparing the relative error of (Ex);, with (Eg)is.

The relative errors of Ef calculated from the equation 2.23 when considering
either a “book value of E;”, (Ep);. or the measured substrate value, (Ef)z shows
that the values of E; only affect slightly the Es values (16.3%, 16.7%). This is due

to the mathematical model considering the ratio of the compliance (ys/yc).

The STDEV in the film elastic modulus based on the second mathematical model
(equation 2.23) between ((Eg)2a(Ef)2) is much less than that obtained with the
first mathematical model (equation 2.11) between ((Eg)1.(Eg)w,). This is thought
to be due to the better repeatability obtained by measuring the ratio of the
compliance (y¢/7y. ) rather than using the value of compliance.

The relative error in the elastic modulus based on the equation 2.23 is higher than
that obtained with equation 2.11. This may reflect the fact that the measured
compliance of the system is not constant for different measurements and the
thickness of the beam and coating varies.

E; for Al and Steel Coated Beams

3 g g2 g g § &
) o Py o
Composite | g | B | B |@w| B | B |2 % @l BB |om| BB |25
material (GPa) % £ | (GPa) g & % % (GPa) g £ | (GPa) f‘-ﬁ & % E
& = adg 3 3 85
Steel substrate
AVTiB, (83)(1) 4092 | 83 | 28.1] 356.5 | 16.1 | 50.7| 373 | 3704 185 | 57 | 379.7 } 185 ] 585 | 6.6
AUTIB, (S3)(2) 400.1 | 10.8 | 22.5| 3475 | 12.8 | 31.3| 372 | 360.7| 14.0 | 364 3698 | 148} 373 | 64
Mean oftworead. |404.65] 9.6 | 253 | 3520 |1445|41.0| 372 | 3656 163 | 46.7| 3748 | 167 | 479 | 65
AVTiB,(84) 503.7 | 3.6 | 136] 5574 | 9.1 | 46.1| 380 | 5824 108|579} 597.0 | 10.8] 593 | 103
(AVTiB,)N, (S3) 31551 3.6 | 13.1 | 2111 | 322 | 47.1] 738 | 213.2| 34.1 | 49.1] 2193 | 341 | 51.1 | 43
Al substrate
AVTiB, (A2) 23581 9.1 | 174 2289 | 7.1 | 136 49 {2582 21.5|33.7] 2593 {215 339 | 08
(AUTiB,)N; (A8) | 682.0 | 63 | 346 6780 | 6.5 {33.0] 28 |693.9] 65 [341] 6959] 6.5 | 342 | 14

(Ep)1, calculation was based on (y.); , for Es=207GPa, from equation 2.11
(E91p calculation was based on (y,); and (y5);, from equation 2.11

(Epy, calculation was based on (y.);, for Es=207GPa, from equation 2.23
(Ef)p, calculation was based on (), and (Ys);, from equation 2.23

Table 3.25. In-plane elastic modulus for steel and Al coated beams.

Table 3.26 shows the slope of the deflection versus load curve for Al and steel
substrate with the values of relative error and STDEV. This table gives the following

information;
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¢ The mean relative error of the slope for Al and steel uncoated beams is in the
range found in table 3.22. The relative error of the substrate slope, (ys): is higher
for steel than for Al beams.

¢ The STDEV between v, and y, for uncoated and coated beams reflects the
repeatability of the load and deflection measurements in the same test. The
STDEV between y; and Yy, for uncoated and coated beams are very similar,
confirming that the repeatability of the load and deflection measurements in the
same test is less significant compared to the repeatability of the measurement,
sample dimensions and film thickness, as shown in the STDEYV for each sample.

¢ The variation of the STDEV between y; and v, for coated beams reflects the film
thickness accuracy '

Slope of the curve deflection versus load for Al and steel coated beams

fc\ £~ G\ =
< § § S a2 § g
Composite & Slope | & Z} Slope | < 1%L Slope | & Z Slope | < % z
—~
Beam (o) from E E. from § o ; 'g from § E from § -y ; %
. mm] s 8 <
Material (Ysh E x ()2 o = = (Yeh E w2 G | © o )
& ] Ay 15} B a e
ho S | ° =] = <
4 @) ©n ~ Q w2
Steel substrate
AVTiB, (83) 6.04 | 40200 § 2.2 | 0057 § 40247 | 09991 { 0.003 | 34467 | 2.1 | 0.039 | 3.4531 | 0.9995 § 0.0045
AVTiB, (84) 5.00 | 38673 { 1.9 | 0071 | 3.3744 | 0.9988 0.005 | 3.1784 | 0.6 | 0.014 | 3.1784 | 0.9999 { 0.0000
(AVTiB)N, (S3) | 360 | 37407 | 1.7 | 0.043 | 37452 | 09993 | 0.003 | 35426 | 0.7 | 0.012 | 3.5425 | 0.9999 | 0.0001
Mean 1.9 1 0.06 0.004 1.1 ] 002 0.002
Al substrate
AVTIB, (A2) 3.50 | 54721 | 04 | 0.020 | 54704 | 0.9999 | 0.001 } 4.3130 | 1.2 | 0.044 | 4.8089 | 0.9996 | 0.0029

(AUTiB,)N, (A8) { 320 | 55511 | 12] 0.035 | 5.5565 | 09999 | 0.004 | 4.0441 | 23 | 0.056 | 40385 | 0.9939 | 0.0040

Mean 0.8} 0.03 0.003 1.8 | 0.05 0.003
vy is the slope from the ratic of the 8/P for each load
7, isthe slope from the fitted curve L.S.

Table 3.26. Slope of the deflection versus load curve for Al and steel coated beams.

III-THREE POINT BEND TEST BY NANOINDENTER

Two uncoated beams made of steel and Al were tested in a three point bending
test devised for the nanoindenter. Four measurements were performed for each sample
with the load range from 0 to 20g. The measurements with highest STDEV of the slope
from the ratio &/P were rejected, so the results are the average of three measurements.
The first 8g data point was also ignored to avoid including the effect of sample set up.

The in-plane elastic modulus (Es) was calculated for the uncoated beam from
equation 2.6. The procedure of elastic modulus calculation for the two samples was the
same as that used for the previous methods. The parameter set up and calibration of the
nanotester 550 is shown in table 3.27.
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Parameter Set Up Calibration
Beam Max.  Initial Loading Amplifier Initial
Material Load Load Rate  Filter Gal'jn © Load Load (juN/bit)  Depth (nm/bit)
i
(mN)  (mN)  (mN/s) (juN)
ST (1) 200 0.5 38 1 15 +4.4191  14.7662+0.0205  1.6657+0.0047
ST (2) 200 0.5 352 1 15 +1.6680  13.6352+0.1211  1.5631+0.0026
Al (1) 200 0.5 38 1 15 +4.0414  14.7662+0.0207  1.6657+0.0049
Al (2) 200 0.5 352 1 15 +5.9577  13.6352+0.1211  1.5631£0.0026

(1)- Refer to the first reading; (2)- Refer to the second reading

Table 3.27. Parameter set up for three point bend test by nanoindenter.

The experiments were performed with a cylinder indenter reproduced with
diameter of 2mm. The in-plane elastic modulus for the steel and aluminium beams is in
table 3.28 and 3.29 respectively. These tables ofresults were obtained without applying a
correction for the compliance of the nanoindenter. As the Es values were found to be
much lower than the values indicated in the literature, this is believed to be due to the
compliance of the nanoindenter modifying the results, which was not calibrated for this
case. Using the raw data for the steel and aluminium samples it was possible to calculate
the fitting curve ofthe elastic modulus versus compliance, which obeys a power law with
the correlation factor 0£0.9987 and 0.9984, as shown in figure 3.45 and 3.46.

250

...... Es (GPa)

------------ Expon. (Es (GPa))
225

Raw data of SI
(Steel)
200
175 y = 171.51e
R2=10.9987

150

30

Predicted Compliance (nm/nN)

Figure 3.45. Predicted compliance (C) of the nanoindenter as a function of the
Esfor steel sample.
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— Es (GRa)
80 Expon. (Es (GRa))

Raw data of Al

(aluminium)

50 y = 57 818" 0008

R2=0.9984

40

Predicted Compliance (nm/nN)

Figure 3.46. Predicted compliance (C) of the nanoindenter as a function of the
Esfor aluminium sample.

The predicted compliance was used to correct the Es values to those
recommended in the literature, as shown in table 3.28. The predicted compliance based
on steel raw data is 21.75nm/nN, while the predicted compliance based on Al raw data is
30nm/nN. For no compliance correction, the average relative error ofthe slope is 0.35%,
the STDEV of'the slope is 0.004 and the relative error for two readings is 0.5% for the
steel beams. The values for the Al beams are not as promising as shown in table 3.29,
with no compliance correction, the average relative error of the slope is 0.7%, the
STDEV ofthe slope is 0.01 and the relative error for two readings is 1.8%.

The predicted compliance based on steel raw data gives a more realistic Es value
for the steel beam than that based on the Al raw data. This may be thought to be because
the steel beam results are more reliable.

The load and depth calibration for this method are independent of the
compliance ofthe system. The springs of the equipment were replaced between the two
readings of the beams. This added another uncertainty to the compliance and may
increase the error between the two readings.
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Three Point Bend Test by Nanoindenter for Steel Beam

No Compliance Correction

Slope . . Relative error
Steel fromlzi/P Relative % R? of fitting curve for | Mean E; | Relative E of E. for two
Beam error (% GPa) | error (% y
s (%) = each measurement (GPa) (%) & | readings (%)
S1(1) 1.2530 031 0.003 [0.9998; 0.9999; 1.0000 171.9 0.38 0.39
S1(2) 1.2668 0.39 0.004 {0.9999; 0.9999; 0.9999 170.1 0.51 0.51 0.5
Mean 0.35 0.004 171.0 0.4 0.45
Predicted Compliance based on raw data (C) =21.75nm/nN
Slope . . Relative error
Steel fromI:i/P Relative % RZof fitting curve for | Mean E; | Relative g of E. for two
Beam error (% GPa) |ermor (% y
(Yl (*0) 2] each measurement (GPa) o) w | readings (%)
S1(1) 1.03%6 036 0.003 }0.9998; 0.9999; 0.9999 207.2 0.45 0.57
S1(2) 1.0536 0.46 0.004 10.9999; 0.9998; 0.9999 204.5 0.61 0.74 0.7
Mean 0.41 0.004 205.8 0.53 0.66
Predicted Compliance based on raw data (C) =30nm/nN
Slope . . Relative error
Steel fromI:i/P Relative % R? of fitting curve for | MeanE; | Relative E of E. for two
Beam error (% GPa) |error (% s
s (%) & each measurement (GPa) %) % | readings (%)
S1(1) 0.9588 0.40 0.003 }0.9997; 0.9999; 0.9999 224.7 0.49 0.67
S1(2) 0.9718 0.58 0.005 ]0.9999; 0.9998; 0.9989 221.7 1.39 1.27 0.7
IMean 0.49 0.004 223.2 0.94 0.97

(1)-Refer to first reading; (2)- Refer to second reading
Table. 3.28. In-plane clastic modulus results for stecl beams.

Three Point Bend Test by Nanoindenter for Aluminium Beam

No Compliance Correction

Al ﬁ(s):;r:;m Relative % R%of fitting curve for | Mean | Relative % 12?;?;:;:?
Beam error (%)| = each measurement | E (GPa){ error (%) = -
[(A) «© @« | readings (%)
Al(1) 1.6486 0.7 0.01 10.9997; 0.9998; 0.9996 58.1 1.59 0.33
Al1(2) 1.7100 0.7 0.01 10.9999; 0.9995; 0.9993 56.0 1.61 0.37 1.8
Mean 0.7 0.01 571 16 0.35
Predicted compliance based on raw data (C)=21.75 nm/nN
Al ﬁililgc/P Relative % R2 of ﬁtting curve for | Mean Es Relative % li?;t:‘goere:‘;zr
Beam s error (%) & each measurement (GPa) |ermror (%) & readings (%)
Al(l) 1.4352 0.81 0.0110.9997; 0.9997; 0.9996 66.8 1.83 0.43
Al(2) 1.4968 0.85 0.01]0.9999; 0.9993; 0.999 64.0 1.85 0.49 2.1
Mean 0.8 0.01 65.4 1.8 0.46
Predicted compliance based on raw data (C)=30nm/nN
Al fns)::f:;/P Relative % R?of fitting curve for | Mean E,| Relative % lf);lgtlgre;rvzr
Beam error (%)| & each measurement (GPa) |ermror (%)]| B :
(ysh 2 @ | rcadings (%)
A1) 1.3547 0.85 0.01]0.9996; 0.9996; 0.9995 70.8 1.93 0.48
Al(2) 1.4159 0.89 0.0110.9999; 0.9993; 0.9989 67.7 1.96 0.55 2.2
Mean 0.9 0.01 69.3 1.9 0.52

(1) Refer to first reading; (2)- Refer to second reading
Table. 3.29. In-plane elastic modulus results for aluminium beams.
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3.3.3. ELASTIC MODULUS AND HARDNESS BY NANOINDENTATION

The hardness and elastic modulus of multilayer coatings, series A, C and E,
were performed by nanoindentation, using a nanoindenter 550. The sputter conditions of
these series are in table 3.15. The elastic modulus and hardness calculations and
measurement procedures were the same as described for the bi-layer coatings. However,
the Poisson’s ratio was assumed to be 0.11 "7 for TiB, and was rationed as a function
of the volume of the ceramic layer for the multilayer coatings.

I-SERIES A

Seven coated samples made of steel were tested by nanoindentation. The
experiments were performed for four indentation depth ranges, for each sample. They
were selected corresponding to 1/5, 1/10, 1/20 and 1/50 of the total coating thickness of
Sum. A dwell time at maximum load, holding period, of 10 seconds was applied to all
experiments, allowing for possible time dependent plastic deformation. The amplifier
gain of 100 was applied to all experiments. The parameters set up for each sample are
shown in table 3.30.

On each sample seven indentations were made for the four indentation depth
ranges. The elastic modulus and hardness results quoted are the average of five
measurements, as shown in table 3.31 for the steel substrate. The highest and lowest
values were rejected as extremes.

Varying ~ 3 Il S Sy

RZ;’:;‘D: f‘e parameters of .§ % § ‘%\ E §' 3 § % § 2; Calibration Load | Calibration depth
(steel substrate) the TiB ; §S|ES] 2 g €& E |8 & (1 N/bit) (nm/bit)

N = 3 Q Q

(Anm; Ve%) | = 5 L5 p SRE A
1AS4 24 0.05] 0.15 130 1.25 0.8121+0.00704 0.041+0.00209
1AS4 200/50 24 0.05] 0.53 300 1.25 0.8121+0.00704 0.0411£0.00209
1AS4 190 0.05{ 1.22 600 1.25 8.0006+0.06671 0.041+0.00209
1AS4 194 0.05| 5.53] 1200 1.25 8.0006+0.06671 0.041+0.00209
2AS4 24 0.05] 0.15 130 1.25 0.8121+0.00704 0.041+0.00209
2AS4 100/50 24 0.05] 0.53 300 1.25 0.8121+0.00704 0.041+0.00209
2AS4 190 0.05y 1.22 600 1.25 8.0006+0.06671 0.041£0.00209
2A54 190 0.05] 5.53] 1200 1.25 8.0006+0.06671 0.041+0.00209
3AS4 24 0.05} 0.15 130 1.25 0.8121+0.00704 0.041+0.00209
3A54 50/50 24 0.05] 0.53 300 1.25 0.8121+0.00704 0.041+0.00209
3AS4 190 0.05] 122 600 1.25 8.0006+0.06671 0.041+0.00209
3A54 190 0.05§ 5.53] 1200 1.25 8.0006+0.06671 0.041+0.00209
4AS4 241 0.05} 0.15 130 1.25 0.8121+0.00704 0.041+0.00209
4AS54 200/75 24 0.05] 0.53 300 1.25 0.8121£0.00704 0.041+£0.00209
4AS4 190 0.05] 1.22 600 1.25 8.0006+0.06671 0.041+£0.00209
4AS4 190 0.05] 5.53] 1200 1.25 8.0006+0.06671 0.041+0.00209
5AS4 24 0.05] 0.15 130 1.25 0.8121+£0.00704 0.041+0.00209
5AS4 200/25 24]  0.05] 0.53 300 1.25 0.8121+0.00704 0.041+0.00209
5AS4 190 0.05y 1.22 600 1.25 8.0006+0.06671 0.041+0.00209
5AS4 190 0.05] 5.53]1 1200 1.25 8.0006+0.06671 0.041+0.00209
2AS811 24 0.05] 0.15 130 1.49 0.8121£0.00704 0.041+£0.00013
2AS11 100/50 24 0.05} 0.53 300 1.49 0.8121+0.00704 0.041+£0.00013
2AS11 194 0.05} 1.22 600 1.49 8.0006+0.06671 0.041+0.00013
2A811 194 0.05{ 5.53]1 1200 1.49 8.0006+0.06671 0.041+0.00013
4AS11 24 0.05] 0.15 130 1.49 0.8121+0.00704 0.041+0.00013
4AS11 200/75 24 0.05] 0.53 300 1.49 0.8121+0.00704 0.041+0.00013
4AS11 194 0.05] 1.22 600 1.49 8.0006+0.06671 0.041+£0.00013
4AS811 194 0.051 5.53] 1200 1.49 8.0006+0.06671 0.041+£0.00013

Table 3.30. Parameters set up of the nanoindentation experiments for multilayer coatings, series A.
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Sample Reference mei;zf;j: ;geﬁers o Possoin's Plastic H % E %
(Steel substrate) (4 nm; Ve %) Ratio (vy) |depth (nm)| (GPa) 5 (GPa) &
200/50 118.6 593] 111 1401} 211
1AS4/ 200/50 R 0.21 263.0 5521 o078] 1386] 93
‘ 200/50 s21.0]  430] o49] 1196] 85
200/50 1016.0 3.46) 050 106.4] 105
'100/50 120.0 651 1.17 1637 20.8
2AS84 100/50 0.21 264.0 5.85| 098 158.0] 13.5
100/50 521.0 4.62] 0.20 133.2 8.2
100/50 1022.0 3.54] 021 117.4 43
50/50 113.0 939 080 19891 267
3AS4 - 50/50 0.21 268.0 5.10] 031 137.8] 104
50/50 520.0 443] 026 123.4 7.3
50/50 ) 1007.0 3.87] 022 110.6 33
200/75 106.0 1299] 1.66 216.4] 320
4AS4 200/75 0.16 253.0 8.05] 0.76 182.0] 257
200/75 503.0 5.62] 0.57 140.4] 162
200/75 955.0 534} 012 140.7 7.9
- 200/25 120.0 5.69) 0.44 140.9 9.5
5AS4 200/25 0.25 275.0 357 0.09 110.6f 102
200/25 538.0 325 095 101.9 9.1
200/25 1060.0 2.66| 037 92.8 7.9
- 100/50- 120 5.69] 0.44 143.7 9.7
2A85 100/50 0.21 275 357) 0.09| 1128 104
100/50 552 4.56] 037 126.1 9.2
100/50 1000 3.6] 027 108.9 5.6
200/75 110 1217 3.03] 2659] 685
4AS5 200/75 0.16 302 591} 0.73 160.5 25
200/75 530.6 6.18] 0.41 1657 16.9
200/75 934 5.69{ 0.25 167.7] 10.1

Table 3.31. Hardness and elastic modulus result for multilayer coatings, series A.

1-Analysis of the Hardness Results

- Figure 3.47 shows an increase in hardness for low depth plastic deformation.
This has been reported in the literature, see section 1.5.2. The volume of ceramic has a
strong effect on the hardness, a much greater effect than the composition wavelength.
The highest value was found for the 200nm/75% and the lowest for the 200nm/25%.

Figure 3.48 shows a plot of the hardness against composition wavelength. For
intermediate penetration depths (£300nm), maximum hardness is observed for the 100nm
composition wavelength at 50% volume fraction of ceramic. However, it can be seen
that the hardness increases as the composition wavelength decreases particularly for the
- lowest indent penetration depth (figure 3.47).

Figure 3.49 shows a plot of hardness against plastic depth for two samples
(54,S11) with the same composition wavelength and volume fraction. Both samples have
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the same behaviour, except sample SIl for approximately 300nm indenter depth. This
may be due to this coating having a thick aluminium layer.

15.0
H-200nm/50%
12.5 w*— H-100nm/50%
He— H-50nm/50%
10.0 H-200nm/75%
d 11-200nm 25%
£ 75
K 5.0 Sample S4
Series A
2.5
0.0
0 200 400 600 800 1000 1200

Plastic Depth (nm)

Figure 3.47. Hardness in function ofthe penetration depth for coatings of the series A.

8.0
75% ¢ H-44

6.0

50%
HP/() 5PA)

4.0
25%

2.0

0.0

50 100 150 200 250

Composition Wavelength (nm)

Figure 3.48. Hardness versus composition wavelength and volume fraction for
approximately 300nm plastic depth.

15.0 -r
¢ ——H-100nm/50% (S4)
m—H-200nm/75% (S4)
10.0 - -Ar - H-100nm/50% (S1l)
- - H-200nm/75% (S1I)

12.5

7.5
5.0
2.5
0.0

200 400 600 800 1000 1200
Plastic Depth ( nm)

Figure 3.49. Hardness in function ofthe penetration depth for samples S4 and S11.
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2-Analysis of the Elastic Modulus Results

The elastic modulus against plastic depth curves are shown in graph 3.50. The
elastic modulus behaves very similarly to the hardness. The elastic modulus shows a
similar relationship to the hardness related to the penetration depth.

Figure 3.51 shows a plot ofthe elastic modulus against composition wavelength
and volume of ceramic fraction. The behaviour of the composite modulus is similar to
hardness, a maximum for the 50nm composition wavelength when measured at small
indentation depth (figure 3.50), whilst on increasing the indentation depth, the maximum
elastic modulus is observed for the 100nm layers at 50% volume fraction. Similar to the
hardness, results for the elastic modulus increase with volume fraction of ceramic layer.

Figure 3.52 shows a plot of the elastic modulus against plastic depth for two
samples with the same composition wavelength and volume fraction of ceramic. For
intermediate penetration depths the samples do not show the same behaviour. This may
be due either to a different layer thickness or vibrations during the indentation
experiment.

Nanoindentation measurements were undertaken using different machine
operating conditions, such that the following uncontrolled variables may contribute to
the measurement accuracy: using two different frame compliance values; thermal drift
correction was not performed for all experiments; depth calibration was not kept
constant for all experiments; the initial load calibration was not done for all experiments;
some vibration was evident in some curves.

250 >
-¢— E-200nm/50%
m— E-100nm/50%
200 -A— E-50nm/50%
-e— E-200nm/75%
E-200nm/25%
150
Sample $4
Series A
100

200 400 600 800 1000 1200
Plastic Depth (nm)

Figure 3.50. Elastic modulus in function of the penetration depth for coatings ofthe series A.
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200.0 -r
¢ E4
150.0
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k- [50% |

100.0
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Figure 3.51. Elastic modulus versus composition wavelength and volume fraction
for approximately 300nm plastic depth.

300
¢ E-100nm/50% (St)
550 m—-E-200nm/75% (S4)
- -Ar - E-100nm/50% (S11)

- E-200nm/75% (S11)
200
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100
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Figure 3.52. Elastic modulus versus penetration depth for samples S4 and S1l.

II-SERIES C

Eight steel and seven aluminium coated samples were tested by nanoindentation
(see table 3.15 for sputter conditions). The experiments were performed for two
indentation depth ranges, for each sample. The depth range was selected as 200nm and
600nm for the Al and steel substrate respectively. A dwell time at maximum load of 10
seconds was applied to all experiments, allowing for possible time dependent plastic
deformation. The amplifier gain of 100 was applied to all experiments. The parameters
set up for each sample are shown in table 3.32.

On each sample seven indentations were made for two indentation depths. The
highest and lowest values were rejected as extremes. Hence the elastic modulus and
hardness quoted are the average of five measurements, as shown in tables 3.33 and 3.34
for steel and aluminium substrate respectively.
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Max.

Initial

Loading

Max.

Zero

b

. ., . . . S

Coating System | load | load Rate | Depth C?'rln,:/l’:;vn)ce error Calz;arz]z\t,z/zxt)load Cali b(:j:/‘;’t)dep th § S

mN) | ) | g | my (uN) # §
AVTiB,(S4) 64 0.05 0.45 200 1.03 +2.4199 2.0998+0.00242| 0.0576+0.00014] y
AUTiB,(S4) 150 0.05 3.71 500 1.03 - 14.4231+0.00876] 0.0576+0.00014] vy
AUTiB,(S4) 100 | 0.10 1.20 600 1.52 - 7.8993+0.0399 0.049+0.00039] n
AVTiB,(S3) 150 0.10 1.20 600 1.42 - 7.8995+0.0399 0.0476+£0.0002] n
AUTiB,(S9) 150 0.10 1.20 600 1.52 - 7.8993+0.0399 0.049+0.00039] n
Al/TiB,(S10) 150 0.10 1.20 600 1.52 - 7.8993+0.0399 0.049+0.00039] n
AUTiB,(A2) 22 0.10 0.26 200 1.52 - 0.8072+0.00195 0.049+0.00039] n
AVUTiB,(AS) 22 0.10 0.26 200 1.52 - 0.8072+0.00195 0.049+0.00039] n
AUTiB,(AB) 64 0.05 0.45 200 1.03 +4.1193 2.0998+0.00242] 0.0576+0.00014| y
AUTiB,(Al1) 22 0.10 0.26 200 1.52 - 0.8072+0.00195 0.049+0.00039] n
TiB,(83) 150 0.10 1.20 600 1.42 - 7.8995+0.0399 0.0476+0.0002] n
TiB,(89) 64 0.05 0.45 200 1.03 +1.6448 2.0998+0.00242] 0.0576+0.00014] y
TiB,(89) 150 0.05 3.71 500 1.03 +5.7331] 14.4231+0.00876] 0.0576+0.00014] y
TiB,(A2) 22 0.10 0.26 200 1.52 - 0.8072+0.00195 0.049+0.00039] n
TiB,(A2) 150 0.10 1.20 600 1.42 - 7.8995+0.0399 0.0476+0.0002] n
TiB,(AS8) 64 0.05 0.45 200 1.03 +3.0116 2.0998+0.00242] 0.0576+0.00014| y
TiB,(AB) 150 0.05 3.71 500 1.03 +3.8342] 14.4231+0.00876| 0.0576+0.00014] y
(AUTiB,)N(S3) 150 0.10 1.20 600 1.42 - 7.8995+0.0399 0.0476+0.0002] n
(AVTiB)N(S4) 64 0.05 0.45 200 1.03 +3.7916 2.0998+0.00242] 0.0576+0.00014} y
(AVTiB,)N(S4) 150 0.05 3.71 500 1.03 +7.1752] 14.4231+0.00876] 0.0576+0.00014}] y
(AVTiB;)N(AS) 64 0.05 0.45 200 1.03 +4.3820 2.0998+0.002421 0.0576+0.00014] vy
(AUTiB,)N(A8) 150 0.05 3.71 500 1.03 +0.0000] 14.4231+0.00876] 0.0576+0.00014] vy

(83),(84),(S9)-Reference of the sample position inside the vacuum chamber on steel substrate
(A2),(A5),(A11),(A8)-Reference of the sample position inside the vacuum chamber on Al substrate

Table 3.32. Parameters set up of the nanoindentation experiments for multilayer coatings, series C.

Coating System |Poisson’s ratio| Plastic depth H E.] E %
(Steel substrate) (vs) (1m) (GPa) é (GPa) §
AVTiB,(S4) 0.16 163 893| 1.40 2162 32.1
AVTiB,(54)(2) 0.16 406 8.84| 034 2089 6.3
AVTiB,(S4)(1) 0.16 461 8.72] 0.69 206.7 9.5
AVTiB,(S3) 0.16 462 893 027 211.1 6.4
AVTiB(S9) 0.16 463 8.67| 020 215.1 174
AUTiB,(S10) 0.16 461 8.52| o012 197.8 45
TiBy(S3) 0.11 322 33.92| 445 379.4 341
TiBy(S9) 0.11 118 29.12| 0.96 335.5 8.7
TiB,(S9) 0.11 291 29.11] o0.68 303.2 42
(AVTiB,)N(S3) 0.16 422 1096 0.48 160.0 8.7
(AVTiB,)N(S4) 0.16 155 9.13| 148 153.5 15.7
(AVTiB,)N(S4) 0.16 369 1023] 026 1462 40

(1)-1" reading; (2)-2™ reading

Table 3.33. Hardness and elastic modulus result for multilayer coatings onto steel, series C.
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Coating System Poisson’s | Plastic depth H % E LE]

(Al substrate) | ratio (v,) (nm) (GPa) @ (GPa) g
AUTiB,(A2) 0.16 156 8500 059 | 1712 16.0
AVUTIB(AS) 0.16 151 10.14] 060 | 1832 6.9
AVTiB,(A8) 0.16 164 791| 069 | 1799 54
AUTiB,(A11) 0.16 151 10.18] 074 | 1893 | 263
TiBy(A2) 0.11 114 2696| 321 | 2739 | 259
TiB(A2) 0.11 320 1817) 160 | 105.1 1.9
TiBy(A8) 0.11 127 2233| 400 | 2449 | 154
TiBy(A8) 0.11 274 25.12| 160 | 1789 4.5
(AUTIB,)N(A8) 0.16 151 931] 194 | 1417 | 158
(AUTIB,)N(A8) 0.16 376 848 054 | 1116 3.5

Table 3.34. Hardness and elastic modulus result for multilayer coatings onto Al, series C.

1-Analysis of the Hardness Results

Figures 3.53 to 3.56 show the hardness values of the Al/TiB,, (AV/TiB;)N, and
TiB; coating systems either on steel or aluminium substrates, as a function of the sample
position inside the vacuum chamber. The number below the coatings system on the x-
axis corresponds to the sample position inside the vacuum chamber. The label in each
coating system gives information about either plastic depth or compliance of the
nanoindentation measurements.

Figures 3.53 and 3.54 show that the hardness variation versus sample position
inside the chamber is more stable for steel substrates, compared to an Al substrate.
However, this inference could be in doubt due to the uncertainties of the measurements,
for example sample S4 for the same plastic depth with two different compliances of the
indenter (1.03, 1.45nm/mN). An addition of 30%N, shows an increase in hardness of the
Al/TiB; system as shown in figure 3.55. This may be due to the lattice distortion by the
nitrogen atoms.

The figure 3.56 shows that the hardness values for TiB, coatings is higher for
steel over Al substrates. The hardness values of 33.92GPa for TiB, on a steel and
26.96GPa for TiB, on an Al substrate will be considered as reference values for
multilayer coatings series C and bi-layer coatings. This increase in hardness on steel
when compared with aluminium substrate is considered to be due to the stress field from
indentation interacting with the underlying substrate.

A statistical Anova analysis was performed on two samples of (Al/TiB;)N;
coatings on Al (A8) and steel (S4) substrates respectively, for a total depth of 200nm
and 500nm, as shown in table 3.35. The relative error between samples is 8.5%. This
error reflects the different substrate stiffness and variations in the layer thickness as a
functibn of the sample position inside the vacuum chamber. The error for the two depths
is much less significant (1.5%). The overall relative error in the measurement is 10.4%.
As the nanoindentation conditions were the same for both samples, this error may reflect
the accuracy of the machine calibration.
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An Anova analysis was performed on two samples of TiB2 coatings onto the Al
substrate for investigating the effect of the indentation parameters such as: compliance,
thermal drift correction, zero load calibration, see table 3.36. The relative error between
sample measurements is 5%. The error for two depths is 13%. This error may reflect
some substrate effect incorporated in the measurements. Both errors are much less
significant compared to the accuracy of the measurements (25%). The overall relative
error reflects the effect ofthe indentation parameters in this study.
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Figure 3.53. Hardness for Al/TiB2 coatings onto steel substrate, series C.

C=1.52
156nm

AIT1B2 (A2)

10.96

C=1.42
422nm

(AITIB2)N (S3)

H(GRa) (AI/TiB2) (200nnV75%) (Al substrate)

C=1.03
164nm

AlTIB2 (A5) AIITiB2 (A8) ATIB2(A11)

Figure 3.54. Hardness for Al/TiB2 coatings onto aluminium substrate, series C.
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Figure 3.55. Hardness for (Al/TiB230%N2 coalings onto aluminium (A8) and steel (S3, S4)

substrates.
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Figure 3.56. Hardness for TiB2 coatings onto aluminium (A8. A2) and steel (S3, S9) substrates.

Total depth of Total depth of Mean H o ftwo

le R
Sample Reference 200nm 500nm depths
(AUTiB2)N(S4) 9.13 1023 9.68
(AI/TiB2N(A8) 9.31 8.48 8.90
Mean per series 9.22 9.36 9.29

Anova: Two-Factor Without Replication

SUMMARY Count Sum Average Variance
Row 1 2 19.36 9.68 0.61
Row 2 2 17.79 8.90 0.34
Column 1 2 18.44 9.22 0.02
Column 2 2 18.71 9.36 1.53
Source ofVariation SS df MS F STDEV  P-value Fecrit
Rows 0.62 1 0.62 0.66 0.78 0.57 161.45
Columns 0.02 1 0.02 0.02 0.13 0.91 161.45
Error 0.93 1 0.93 0.97
Total 1.57 3
Conclusion
Overall relative error 10.4%
Relative error between samples measurement 8.5%
Relative error fortwo depths 1.5%

Table 3.35. Anova analysis of the hardness for (Al/TiB2)N2 coatings on Al (A8) and steel (S4)
substrates.
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Sopltras ol Tl et
TiB;(A2) 26.96 18.17 22.57
TiB,(A8) 22.33 25.12 23.73
Mean per series 24.65 21.65 23.15
Anova: Two-Factor Without Replication
SUMMARY Count Sum Average Variance

Row 1 2 45.13 22.57 38.63
Row 2 2 47.45 23.73 3.89
Column 1 2 49.29 24.65 10.72
Column 2 2 43.29 21.65 24.15

Source of Variation SS df MS F STDEV P-value Fcrit
Rows 135 1 1.35 0.04 1.16 0.87 161.45
Columns 9.00 1 9.00 0.27 3.00 0.70 161.45
Error 33.52 1 33.52 5.79
Total 43.87 3
Conclusion
Overall relative error 25.0%
Relative error between samples measurement 5.0%
Relative error for two depths 13.0%

Table 3.36. Anova analysis of the hardness for TiB; coatings on Al (A8,A2) substrates.

1I-Analysis of the Elastic Modulus Results

Figures 3.57 to 3.60 show the elastic modulus of the AV/TiB,, (Al/TiB;)N, and
TiB, coating systems either on steel or aluminium substrates. These figures are presented
in the same manner as the hardness figures, to facilitate the comparison between hardness
and elastic modulus of the coatings.

The elastic modulus seems to be uniform for different sample positions inside
the vacuum chamber, see figures 3.57 and 3.58. An addition of 30%N, gave rise to a
decrease in elastic modulus of the Al/TiB, system as shown in figure 3.59. This effect is
believed to be related to the nitrogen atoms’ ability to deform the lattice. The elastic
modulus values of the composites are less than the values predicted from the rule of
mixtures, as can be seen in figure 3.61. Figure 3.60 shows the elastic modulus values for
TiB, coatings are higher for steel compared to Al substrates. The elastic modulus value
of 379.4GPa for TiB, on a steel and 273.9GPa for TiB, on an Al substrate will be
considered as reference values for multilayer coatings series C and bi-layer coatings.

A statistical Anova analysis was performed on two samples of (Al/TiB;)N,
coatings on Al (A8) and steel (S4) substrates respectively, for a total depth of 200nm
and 500nm, as shown in table 3.37. This analysis shows that the major source of error is
the repeatability between samples (16.8%). This error reflects the different substrate
stiffness and variations in layer thickness. Both effects are more significant to elastic
modulus compared to the hardness, see table 3.35. The relative error of the two depths is
13.5% and the overall relative error is 8.2%.
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An Anova analysis was performed on two samples of TiB2 coatings onto Al
substrate for investigating the effect of the indentation parameters such as: compliance,
thermal drift correction, zero load calibration, see table 3.38. This analysis shows that the
major source of error is the effect of the penetration depth (58.9%) when tested on Al
substrates. This error reflects the substrate effect incorporated in the measurements, as
confirmed in figure 3.60. The overall relative error (25.6%) is due to the effect of the
indentation parameters. The relative error between samples is less significant (11.2%).

Indentation studies were undertaken on two different machines and this resulted
in the following contribution to measurement error: using two different frame
compliances; thermal drift correction was not performed for all experiments; depth
calibration was not kept constant for all experiments; the initial load calibration was not
done for all experiments.

275.0
250.0 AGRa"AimB2n200nmy/75%HStee ubstftejJ
216.2 208.9 215.1
225.0 206.7 2111 197.8
17 2000 -
(0]
w 175.0
150.0
195.0 C=1.03 01.03 01.52 | 01.42J 01.52 01.52j
163nm 406nm 46Inm | 462nm 1 463nm 461nm |
100.0 ——— —
Al/TiB2(S4)  AUTiB2 (S4) AUTiB2 (S4)  AUTiB2 (S3)  AI/TiB2 (S9) AI/TiB2(S10)
Figure 3.57. Elastic modulus for Al/TiB2 coatings onto steel substrate.
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Figure 3.58. Elastic modulus for Al/TiB2 coatings onto aluminium substrate.
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Figure 3.59. Elastic modulus for (Al/TiB2)30%N?2 coatings onto aluminium (A8) and steel (S3.S4)
substrates.
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Figure 3.60. Elastic modulus for TiB2 coatings on Al (A8.A2) and steel (S3.S9).

400.0
4 E (GPa) 1 substrat 3794
a)-steel substrate
350.0 A E (GPa)-Al substrate
300.0
273.9
250.0
200.0 f 207.9: AUT® 2
A 180.9
150.0 (AI/TB2)N2 :  -153.5—0
w1417 f
100.0
50.0
0.0
50 75 100

Volume of Ceramic TiB2 (Vc%)

Figure 3.61. Rule of mixtures for the elastic modulus of'the composites Al/TiB2and (Al/TiB2)/N2.
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Somlgrens "ot Tocdets Moo

(AVTiB;)N(S4) 153.5 146.2 149.9

(AVTiB,)N(A8) 141.7 111.6 126.7

Mean per series 147.6 128.9 138.3

Anova: Two-Factor Without Replication

SUMMARY Count Sum Average Variance

Row 1 2 299.7 149.85 26.64 .

Row 2 2 2533 126.65  453.01

Column 1 2 2952 147.60 69.62

Column 2 2 257.8 12890  598.58

Source of Variation SS df MS F SIDEV ~ P-value  Fcrit
Rows 538.24 1 538.24 4.14 232 0.29 161.45
Columms 349.69 1 349.69 2.69 18.7 035 161.45
Error 129.96 1 129.96 114

Total 1017.89 3
Conclusion
Overall relative error 8.2%
Relative error between samples measurement 16.8%
Relative error for two depths 13.5%

Table 3.37. Anova analysis of the E; for (Al/TiB,)N, coatings on Al (A8) and steel (S4).

Total depth of Total depth of Mean E of two
200nm 500nm depths

TiB,(A2) 273.9 105.1 189.5

TiB,(A8) 244.9 178.9 211.9

Mean per series 259.4 142.0 200.7

Anova: Two-Factor Without Replication

SUMMARY Count Sum Average Variance

Row 1 2 379.0 189.5 14246.7
Row 2 2 423.83 2119 2178.0
Column 1 2 518.8 259.4 420.5
Column 2 2 284.0 142.0 27232

Source of Variation SS df MS F  STDEV  P-value -  Fecrit
Rows 501.76 1 501.76 0.19 224 0.74 161.45
Columns 13782.76 1 13782.76 5.22 1174 0.26 161.45
Error 2641.96 1 . 2641.96 . 514
Total 16926.48 3
Conclusion
Overall relative error 25.6%
Relative error between samples measurement 11.2%
Relative error for two depths 58.9%

Table 3.38. Anova analysis of the hardness for TiB, coatings on Al (A8,A2) substrates.
II-SERIES E

Thirteen steel and eleven aluminium coated samples were tested by
nanoindentation. For each sample, the experiments were performed for measuring the
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elastic modulus and the hardness of the coatings. The indentation depth ranges were
selected to follow the t#/10 rule of thumb, based on a total film thickness (t7) of Sum. A
dwell time at maximum load of 10 seconds was applied to all experiments allowing for
possible time dependent plastic deformation. The amplifier gain of 100 was applied to all
experiments. The parameters set up for each sample are shown in table 3.39 and 3.40 for
steel and aluminium substrates respectively.

S | Coatin, P E g % & 18 E |84l s brati S
%‘ § 3 § I %o % § ; 3 ‘fo =] -8 ‘§ % § = Calibration Calibration §
g2 System ST3|28 38 S | ¥ % 8 |53S] %% ) depth £
5 S SIS 8 S =18 <3 &S| 2 ¢ | load(uN/it) . S

22 &) onSteel | R 2T|XN § s IS S |5&E] S5 (nm/bit)
~ 8§ 18] 818 g 10 N £
& = | 8 |- S S

5

7ES4 | AVTiB, 400/300 200/75 | 150 ] 0.05 | 371 | 500 1.03 - 14.4231+0.00876]  0.0576+0.0001] yes
2ES4 | AUTIB, 400/300 200/50 | 66 | 0.1 1.03 | 650 | 1.08 - 2.1207+0.00165 0.522+0.0002] no
3ES4 | AUTIB, 400/300 200/25 6 | 01 | 1.03 ] 650 1.08 - 2.1207+0.00165 0.522+0.0002| no
9ES4 | AVTiB, 400/300 100/75 66 | 01 1.03 | 650 1.08 - 2.1207+0.00165 0.52240.0002] no
6ES4 | AVTiB, 400/300 100/50 | 66 ) 01 } 1.03 | 650 | 1.08 - 2.1207+£0.00165 0.522+0.0002] no
SES4 | AUTIB, 400/300 10025 | 66 | o1 1.03 | 600 | 1.08 - 2.1207+0.00165 0.522+0.0002{ no
11ES4 | AVTiB, 400/300 50/75 66 | oO.1 103 | 700 1.08 - 2.1207+0.00165 0.522+0.0002| no
14ES4 | AVTIB, 400/300 50/50 6 | 01 103 | 650 1.08 - 2.1207+0.00165 0.522+0.0002{ no
4ES10 TiB, 300 - 200] 05 ) 165 ) 400 1.03 | +6.5905 14.4231£0.00876]  0.576+0.00014] no
4ES10 TiB, 300 - 661 05 | 045 | 200 | 1.03 | +1.0855 2.0998+0.00242f  0.576:0.00014{ no
8ES4 | NiCr/TiB, | 200/300 50/75 200) 01 | 1.68 | 700 1.08 - 14.7105£0.01597 0.522+0.0002] no
15ES4 | NiCr/TiB, | 200/400 50/75 200 | 0.1 1.68 700 1.08 - 14.7105:0.01597 0.522+0.0002} no
17ES4 | AVTiB, 400/400 50/75 200 01 1.68 700 1.08 - 14.7105+0.01597, 0.522+0.0002{ no
16ES4 | AVTiB, 400/440 50/75 200 o1 1.68 700 1.08 - 14.7105+0.01597 0.522+0.0002} mo

Table 3.39. Parameters set up of the nanoindentation experiments for Al/TiB,, NiCr/TiB, and TiB,
coating systems onto steel substrate at 0.6Pa sputtering pressure, of the series E.

X . Sputtering . % % ® S o o 8
= 8 Coating Power & 3 § I I & =1 = § —%\ § = Calibration Calibration §
S| Sstemon | WRD |25 3| 3|8 g}% SRR B load depth S
S & | Auminium | (metal/ | S § IlElz|Es "§ SEl3 ] wmi bty | &

ceramic) ~l s E N s O A
7EAS8 AVTiB, 400/300 20075 | 66 | 01| 103 | 700 | 1.08 - 2.1207£0.00165]  0.522+0.0002] mno
2EA8 AVTiB, 400/300 20050 | 66 | 01| 1.03 | 650 | 1.08 - 2.1207+0.00165]  0.522+0.0002] no
3EAS AVTiB, 400/300 20025 | 66 ] 061 103 | 600 { 108 - 2.1207+0.00165]  0.522+0.0002| no
9EAS3 AVTIB, 400/300 100/75 | 66 } 01| 1.03 | 650 | 1.08 - 2.1207+0.00165]  0.522+0.0002] no
6EAS AVTiB, 400/300 100/50 | 66 | 01 ] 1.03 | 650 | 1.08 - 2.1207+0.00165]  0.522+0.0002| no
5EAS8 AVTiB, 400/300 100725 | 66 | 01 ] 1.03 | 600 | 1.08 - 2.1207:0.00165]  0.522+0.0002| mno
11EA8| AUTiB, 400/300 50/75 66 | 01§ 103 ] 650 | 1.08 - 2.1207+0.00165]  0.522+0.0002{ no
4EA8 TiB, 300 6 { 01| 103 | 600 1.08 - 2.1207£0.00165}  0.522+0.0002} no
8EA8 | NiCr/TiB, 200/300 50/75 66 | 01§ 1.03 | 700 1.08 - 2.1207+£0.00165]  0.522+0.0002] no
15EA8 | NiCi/TiB, 200/400 50/75 66 | 01§ 103 § 700 | 1.08 - 2.1207£0.00165]  0.52240.0002] no
16EA8| AlTIB, 400/440 50/75 6 {01 103 700 | 108 - 2.1207+0.060165]  0.522+0.6002| no

Table 3.40. Parameters set up of the nanoindentation experiments for AV/TiB,, NiCr/TiB, and TiB;
coating systems onto aluminium substrate at 0.6Pa sputtering pressure, of the series E.

for steel and aluminium substrates respectively.

On each sample seven indentations were made for one indentation depth. The
highest and lowest values were rejected as extremes. Hence the elastic modulus and
hardness values are the average of five measurements, as shown in table 3.41 and 3.42
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Sample Coating Sput?eﬁng Power Varying Poisson's Plastic " E: E %

Reference System on (WREF) - Parameters Ratio (v,) depth pe Dy ) é (GPa) a
Steel (metal/ceramic) (Anm/ V%) (nm)

7TES4 AVTiB, 400/300 200/75 0.16 406 8.84] 0.34 2089] 6.3
2ES4 AVTiB, 400/300 200/50 0.21 549 5.83} 0.60 1733} 12.0
3ES4  |AVTiB, 400/300 200/25 0.23 538 3.74} 0.64 152.7) 163
9ES4 AVTiB, 400/300 100/75 0.16 472 9.71} 0.95 1324] 42
6ES4 AVTiB, 400/300 100/50 0.21 536 6.54] 137 164.91 10.5
SES4 AVTiB, 400/300 100/25 0.23 528 426] 0.27 1495 6.1
11ES4 AVTiB, 400/300 50/75 0.16 489 10.63} 0.42 22221 25
14ES84 AVTiB, 400/300 50/50 0.21 532 7.79] 0.94 211.3] 189
4ES10 TiB, 300 - 0.11 245 27.31] 2.29 3142 15.8
8ES4 NiCr/TiB, 200/300 50/75 0.16 473 17.95} 0.75 304.5] 63
15ES4 NiCr/TiB, 200/400 50/75 0.16 465 18.81} 0.76 3023 8.6
17ES4 AVTiB, 400/400 50/75 0.16 534 10.23} 0.15 216.0f 5.0
16ES4 AVTiB, 400/440 50/75 0.16 531 1081 | 0.41 231.0f 6.2

Table 3.41. Hardness and elastic modulus results for multilayer coatings onto steel, series E.

Sample Coating | Sputtering Power Varying Poisson’s Plastic % Ei E El .
Reference System on (WRF) Parameters Ratio (v,,) depth (GPa) e (GPa) a
Aluminium | (metal/ceramic) | (Anm/V%) * (nm) 2 &9
TEA8 AlTiB, 400/300 200/75 0.16 573 6.63] 032 | 1405 8.0
2EA8 AVTiB, 400/300 200/50 0.21 554 527] 0.63 | 13438 9.6
3EAS8 AVTiB, 400/300 200/25 0.23 548 2.87] 0.46 118.6 6.7
5EA8 AVTiB, 400/300 100/25 0.23 527 4.05] 025 | 1286 3.0
9EAS AVTiB, 400/300 100/75 0.16 521 7.53] 039 | 1623 3.8
6EA8 AVTiB, 400/300 100/50 0.21 547 554] 0.15 | 1385 5.7
11EA8 AVTiB, 400/300 50/75 0.16 552 8.06f 033 | 1713 6.8
4EA8 TiB, 300 - 0.11 291 26.00] 2.74 249.9 241
8EA8 NiCt/TiB, 200/300 50/75 0.16 392 15.72) 155 | 1911 5.4
15EAB NiCr/TiB, 200/400 50/75 0.16 417 14.03] 040 | 1554 3.9
16EAS AVTiB, 400/450 50/75 0.16 537 8.66] 023 | 157.0 33

Table 3.42. Hardness and elastic modulus results for multilayer coatings onto aluminium, series E.

1-Analysis of the Hardness Results

The hardness values of 27.31GPa for TiBz coating onto steel and 26GPa for TiB,
coating onto Al substrates will be considered as a reference value for the multilayer
coatings series E, see table 3.41 and 3.42.

Figure 3.62 shows the plot of the hardness values in function of the composition
wavelength and volume fraction of ceramic for steel and Al substrates. The coating
hardness increases when the composition wavelength decrease, as well as when the
volume of ceramic increases. The volume of ceramic layer is more significant compared to
the composition wavelength.

Figure 3.63 shows the hardness values for TiB,, Al/TiB, and NiCr/TiB, coatings
at 0.6Pa (4.5x10°Torr) sputtering pressure for different sputtering power. The
composition wavelength and volume fraction of ceramic for these coatings are 50nm and
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75% respectively. The number below the coatings system on the x-axis corresponds to the
sputtering power. Changing the Al layer for the NiCr layer in multilayer coatings increases
the hardness of the coating for the same sputtering conditions of the ceramic layer.
Changes to the TiB2 sputtering power do not have a great significance on the hardness of
the coatings. Only a slight increase for NiCr/TiB2 on steel and a slight decrease on the Al
substrate was observed and that could be due to different substrate stiffness.

Table 3.43 shows an Anova statistical analysis of the hardness values for the
AlUTiB2 coatings onto steel and Al substrates for 200nm and 10Onm composition
wavelength at 25, 50, 75% volume fraction respectively. This analysis shows that the
relative error of the two substrates is 33.6%. This error reflects the different substrate
stiffness and variations on the layer thickness as a function of the sample position inside
the chamber. This variation ofthe hardness on the two substrates is very clear in the figure
3.62. The relative error between sample measurements is 48.5%, which is the major
source of error in this analysis. This error reflects the effect of the composition
wavelength and volume of ceramic fraction. Both errors are more significant compared to
the overall relative error in the measurements (9.6%). Thus, both coating layer structure
(composition wavelength, volume fraction of ceramic) and substrate material are
significant factors in determining the measured coating hardness. Because of these the
coating structure is the more significant.

Table 3.44 shows an Anova statistical analysis for the NiCr/TiB2 coatings onto
steel and Al substrates at 0.6Pa (4.5x10°Torr) sputtering pressure for two sputtering
power values. The measurement relative error for two substrates is 21%, which is the
major source of error. This error reflects the different stiffness of the substrates and the
layer thickness, as mentioned above. The relative error between samples is 2.5%. This
error reflects the effect ofthe TiB2 sputtering power which it is not very significant in the
range between 300 to 400WRF. The overall relative error in the measurement is 7.7%.

12.0
] H-(A1/T iB2) (steel substrate)

+ H-(A1/TiB2) (Al substrate)
10.0 5%

9.0
8.0
2 70

75%

K 6.0 - 50%
50 — 50% 25%
40 - 25%
3.0

2.0
200 200 200 100 100 100 50 50

Composition Wavelength A.(nm)

Figure 3.62. Hardness in function of composition wavelength and volume fraction for Al/TiB2
coatings onto steel and Al substrates.
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« 27.31
m 26.00

TIB2
(300)

[ ] H-(X/TiB2); (50nm/75%);
¢ 17.95
m 15.72
* 10.63 4 10.23 « 10.81
m 8.06 m 8.66
Al/TiB2 AIIT1B2 AIIT1B2 NiCr/TIB2
(400/300) (400/400) (400/440) (200/300)

+ H-(X/TiB2); (50nm/75%);

(steel substrate)

(A1 substrate)

18.81

*

1403

NiCr/TiB2
(200/400)

Figure 3.63. Hardness for Al/TiB2, NiCr/TiB2 and TiB2 coating systems onto steel and Al
substrate at 0.6Pa sputtering pressure.

Sample Reference

Mean per series

SUMMARY

Row 1
Row 2
Row 3
Row 4
Row 5
Row 6
Column 1

Column 2

7E
2E
3E
9E
6E
SE

Steel
Substrate

8.84

5.83

3.74

9.71

6.54

4.26
6.49

Anova: Two-Factor Without Replication

Count

2

A AN N NN NN

Source ofVariation

Rows
Columns
Error

Total

Conclusion

Overall Relative Error

AN
40.76
3.92
1.59
46.28

Aluminium
Substrate

6.63
5.27
2.87
7.53
5.54
4.05
5.32

Sum
15.30
11.10

6.61
17.24
12.08

8.31

38.75
31.89

af

11

Relative Error Between Samples Measurement

Measurement Relative Error for two Substrates

Meanfor two
Substrates

7.74
5.55
3.31

8.62
6.04
4.16
5.90

Average

MS
8.15
3.92
0.32

7.65
5.55
3.31
8.62
6.04
4.16
6.46
5.32

Variance
2.08
0.16
0.38
2.38
0.50
0.02
5.62
2.85

25.59
12.31

STDEV  P-value Ferit

2.86
1.98
0.56

0.001
0.017

5.05
6.61

9.6%
48.5%

33.6%

Table 3.43. Anova analysis ofthe hardness for Al/TiB2 coatings onto steel and Al substrates.
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Sample Reference Steel Aluminium  Mean H of two
Substrate Substrate substrates
NiCr/TiB,(200/300) 17.95 15.72 16.84
NiCr/TiB,(200/400) 18.81 14.03 16.42
Mean per series 18.38 14.88 16.63
Anova: Two-Factor Without Replication
SUMMARY Count Sum Average  Variance

Row 1 2 33.67 16.84 2.49
Row 2 2 32.84 16.42 11.42
Column 1 2 36.76 18.38 0.37
Column 2 2 29.75 14.88 1.43

Source of Variation SS daf MS F STDEV ~ P-value  Fcrit
Rows 0.17 1 0.17 0.11 0.41 0.80 161.45
Colummns 12.29 1 12.29 7.56 3.50 0.22 161.45
Error 1.63 1 1.63 1.28
Total 14.08 3
Conclusion
Overall Relative Error 7.7%
Relative Error Between Samples Measurement 2.5%
Measurement Relative Error for two substrates 21.0%

Table 3.44. Anova analysis of the hardness for NiCr/TiB, coatings onto steel and Al substrates.

2-Analysis of the Elastic Modulus Results

The elastic modulus value of 314.2GPa for TiB, onto steel and 249.9GPa for
TiB, onto Al substrate is going to be considered as a reference value for the multilayer
coatings series E, see table 3.41 and 3.42.

Figure 3.64 shows the plot of the elastic modulus values as a function of the
composition wavelength and volume fraction for steel and Al substrates. The highest
elastic modulus in this set was obtained with A=50nm and V.=75% either on steel or
aluminium substrates. However, they are marginally lower than predicted by the rule of
mixtures, as shown in figure 3.66. The elastic modulus of the composite for 200nm
composition wavelength increases with the volume of ceramic either on steel or Al
substrates. However, the elastic modulus of the composites onto steel for A=100nm tends
to be lower compared to those for A=200nm. The lower value (100nm,75%) is believed to
be due to the measurement errors because of the shape of the nanoindentation curves.
These samples were displaced from the zero axis and this has an influence on the elastic
modulus calculation. The elastic modulus of the composite onto the Al substrate for
A=100nm is higher compared to that for A=200nm and also follows the same pattern of
the A=200nm composite related to the volume of ceramic.

Changing the Al layer for the NiCr layer in multilayer coatings increases the
elastic modulus of the coating for the same sputtering conditions of the ceramic layer, as
shown in figure 3.65. The dependence on the TiB, sputtering power is not very significant
over the range used. However, by changing the Al layer for a NiCr metal layer, the elastic
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modulus of the coating is slightly above that predicted by the rule of mixtures for a steel
substrate, as shown in figure 3.66.

For Al substrates the elastic modulus values ofthe composites are lower than for
the steel, which may be due to the different stiffness ofthe substrate, see figures 3.64 and
3.65.

Table 3.46 shows an Anova statistical analysis of the elastic modulus values for
the AI/TiB2 coatings onto steel and Al substrates for *=200nm and V=100nm at 25, 50,
75% volume fraction of ceramic respectively. This analysis shows that the major source of
error is the variation between the two substrate measurements (30.4%). This error reflects
the stiffness of the substrate, the layer thickness and indentation experiment conditions.
Hence, this may be explained in part by the different behaviour of the coating onto the
two different substrates, as a function ofthe volume fraction of ceramic. The relative error
between samples is 13.0%. This error reflects the effect of the composition wavelength
and volume fraction of ceramic. The overall relative error of the measurements is 15.1 %.
The results were measured with depth calibration kept constant for all experiments, the
initial load calibration was not done for all experiments and without thermal drift
correction and this may influence the measured results. However, the variations in layer
structure and substrate type are much less significant for the elastic modulus than for the
hardness.

Table 3.45 shows an Anova statistical analysis of the elastic modulus for the
NiCr/TiB2 coatings onto steel and Al substrates at 0.6Pa (4.5x10'3Torr) sputtering
pressure for two sputtering power values. The major source of error is that for the
measurement for two substrates (54.6%) which agrees with the Anova analysis of the
hardness values. The relative error between samples (7.8%) and the overall relative error
(7.1%) are much less significant compared with the measurements for different substrates.

250.0 T"
S E-(Al/TiB2) (steel substrate)
225.0 E-(Al/TiB2) (Al substrate) 75%

200.0

- 75%
< 175.0 50%

150.0

50%
125.0 -

100.0
200 200 200 100 100 100 50

Composition Wavelength (nm)

Figure 3.64. Elastic modulus in function of composition wavelength and volume fraction for
Al/TiB2 coalings onto steel and Al substrates.
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¢ E-(X/TiB2); (50nm/75%); (steel substrate)
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Figure 3.65. Elastic modulus for AI/TiB2, NiCr/TiB2 and TiB2 coating systems onto steel and

Al substrate at 0.6Pa (4.5x10"3Torr) sputtering pressure.
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Figure 3.66. Elastic modulus ofthe Al/TiB2 and NiCr/TiB2 coatings onto steel in function

ofthe volume of ceramic layer TiB2.

Sample Reference Steel Aluminium  Mean E for two
substrate substrate substrates
NiCr/TiB2(200/300) 304.5 191.1 247.80
NiCr/TiB2(200/400) 302.3 155.4 228.85
Mean per series 303.40 173.25 238.33
Anova: Two-Factor Without Replication
SUMMARY Count Sum Average Variance

Row 1 2 495.6 247.80 6429.78
Row 2 2 457.7 228.85 10789.81
Column 1 2 606.8 303.40 2.42
Column 2 2 346.5 173.25 637.25

Source o fVariation SS df MS F STDEV  P-value
Rows 359.1 1 359.102 1.280 18.950 0.461
Columns 16939.0 1 16939.02 60.38 130.15 0.08
Error 280.6 1 280.56 16.75
Total 17578.7 3

Overall Relative Error
Relative Error Between Samples Measurement

Measurement Relative Error oftwo Substrates

Ferit
161.446
161.45

7.1%
7.8%
54.6%

Table 3.45. Anova analysis ofthe elastic modulus for NiCr/TiB2coatings onto steel and Al substrates

250



Results and Discussion Multilayer Coatings

Sample Reference Steel Aluminium  Mean E for two
Substrate Substrate Substrates

TE 208.9 140.5 174.70

2E 173.3 134.8 154.05

3E 152.7 118.6 135.65

9E 132.4 1623 14735

6E 164.9 1385 151.70

SE 149.5 128.6 139.05
Mean per series 163.62 137.22 150.42
Anova: Two-Factor Without Replication

SUMMARY Count Sum Average Variance

Row 1 2 349.40 174.70 2339.28
Row 2 2 308.10 154.05 741.13
Row 3 2 27130 135.65 581.41
Row 4 2 294.70 147.35 447.00
Row 5 2 303.40 151.70 348.48
Row 6 2 278.10 139.05 218.40
Column 1 6 981.70 163.62 687.79
Column 2 6 823.30 137.22 213.65
Source of Variation SS ar MS F STDEV  P-value Fcrit
Rows 192238 5 384.48 0.74 19.61 0.62 5.05
Columns 2090.88 1 2090.88 4.04 45.73 0.10 6.61
Error 2584.82 5 516.96 22.74
Total 6598.08 11
Conclusion
Overall Relative Error 15.1%
Relative Error Between Samples Measurement 13.0%
Measurement Relative Error for the two Substrate 30.4%

Table 3.46. Anova analysis of the elastic modulus for Al/TiB, coatings onto steel and Al substrates
3.3.4. STRUCTURAL CHARACTERIZATION

Multilayer coatings involve alternating layers of two different materials in a
periodic manner. The microstructure characteristic is the composition wavelength or
periodicity (A). This is a sum of the two layer thicknesses. The composition wavelength
must be less than the critical size for fracture in the ceramic layer. The relative volume
fraction of ceramic within the composite imposes the hardness and elastic properties of
the coating.

In this project the varying parameters of the multilayer coatings are the
composition wavelength and the relative volume fraction of ceramic, as mentioned in
section 2.2. The structural characterization in the multilayer coatings section gives
information about the composition wavelength, volume of ceramic layers, total coating
thickness, chemical composition and structure. The structural characterization includes
optical examination, SEM analysis, XRD characterization and Auger analysis.

Photograph 3.12 shows the layers within the AlI/TiB, coatings onto steel at
A=200nm and V.=75%, at 400 times magnification by ball cratering. This film is abraded

at a shadow incline angle ( the coating is approximately Sum thick but appears 75pum
thick in the picture).
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Photograph 3.13 shows the topography ofthe TiB2coating onto steel by optical
microscope at 100 times magnification. The coating of Spm thickness was micro-cracked
due to the brittleness ofthe TiB2 ceramic.

Photograph 3.14 shows Al/TiB2 coating onto Aluminium at X=300nm on the
left and A,=200nm on the right by SEM image.

Photograph 3.12. Al/TiB2coating by ball cratering.

1IQOlun
Photograph 3.13. Topography of TiB2 coating onto steel by optical microscope.
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Photograph 3.14. Al/TiB2 multilayer coating onto aluminium at A.=300nm on the left and A=200nm on
the right by SEM image.

XRD analysis was carried out for the series C specimens for studying the effect
of the substrate position inside the vacuum chamber as shown in table 3.47. The
positions 2 and 8 are most favourable for TiB2 peaks on the Al substrates, while for steel
substrates all positions have the same counts. The TiB2 coatings onto steel substrate have
micro-cracks, see photograph 3.13. Overall, the AJ/TiB2 coatings seem not to have
significant TiB2 peaks. However, peaks of the coating could overlap with Fe peaks and

Al peaks from the substrate respectively, so identification of them on the coating is
difficult.

Coating, X-Ray Diffraction TiB 2 Peaksfor Steel X-Ray Diffraction TiB2 Peaksfor Al
System Substrate (counts) Substrate (counts)
Substrat
uhstrate 3 4 9 10 2 5 8 11
position*
TiB;** 191 196 189 e 169 102 301 113
AVTiB2%* - 112 106 * - - 123

*** The coating come apart by spallation
** All TiB2peaks are for the preferential plane (001)

*Substrate position inside the vacuum diamber

Table 3.47. X-Ray diffraction peaks for TiB2and Al/TiB2 coatings, series C.

An Auger study was carried out with Al/TiB2 coatings from the series A for a
A,=200nm and Vc=50% sample. Figure 3.67 shows a depth profile through the outer two
layers for an ion etch speed of 20pA/cm2. This corresponds to an etching rate of
=0.03nm/sec. for the TiB2 layer. To reduce the duration of the analysis, the etch speed
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was increased to 30pA/cm2. This corresponds to an etching rate of=0.05nm/sec., which
gives the same spectrum information as shown in figure 3.68.

Figure 3.69 shows a depth profile through a few outer layers. The slope of the
elements at the interface between these layers could be due either to interdiffusion or ion
etching effects. The presence ofthe oxygen is not significant as it decreases to negligible
proportions after a first layer and only the main elements were analysed. The repeatability
ofthe composition wavelength is given by the ratio of the composition wavelength for
the two pairs of layers that was found to be 0.92. The stoichiometry of the TiBx was
found to be between 1.72 and 1.74.

V.G.Scientific Auger Profile V.G.Scientific
MDSADP1.DAT
600
Peak Area Profile Start End Sens.
k 500 r Ident. (eV) V)
C 400 H B KLIT 164.8 188.5 0.13

Ti LM2~ 4056 429.1 040
0 KIX- 5011 5222 0.96
Al KLT 1386.7 14024 0.24

v 300

s 200
Ai/TiB; Coating; 19/2/96

100 A~200nm; Ve-50%
Etch speed- 2(IpA cm'

0 1000 2000 3000 4000 5000
Etch Time (Seconds)

Figure 3.67. Auger depth profile for Al/TiB2 coalings for a outer layer at ion etch speed of20(a.A/cm2.

V.G.Scientific Auger - Profile V.G. Scientific.
MDSADP2.DAT
Peak Area Profile Start End Sens.
400 Ident. V) V)

B KIT 1648 1885 0.13

300 Ti U2~" 4056 4291 0.40

0 KCT* 5011 5222 0.96

/ 200 Al KLI 1386.7 14024 0.24
100 Al/TiBi Coating; 192 96

A-200nm; Ve=50%
Etch speed-30pA/cnr

500 1000 1500 2000 2500
Etch Time (Seconds)

Figure 3.68. Auger depth profile for Al/TiB2 coatings for the outer layer at ion etch speed of 30(j.A/cnr.
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V.G.Scientific Auger - Profile V.G.Scientific
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Figure 3.69. Auger depth profile for AI/TiEF coatings for a few outer layers at ion etch speed of
30pA/cm2.

An Auger depth profile analysis was performed on some samples ofthe series E
specimens, as shown in figures 3.70 to 3.75. Table 3.48 shows the repeatability of the
composition wavelength , volume fraction and ceramic stoichiometry.

The repeatability of the composition wavelength for the analysed coatings is at
worst £10% on thickness but is often better than £3%. The volume fraction of ceramic
varies between 65% and 73% for a nominal 75% ceramic volume fraction, and between
57% and 64% for a nominal 50% ceramic volume fraction. The actual volume fraction
deposited varies with the composition wavelength. All were deposited to a nominal 50%
volume fraction, but for A,=50nm it is 50% ceramic, A,=100nm it is 55% ceramic and at
A/=200nm it is 60% volume fraction. The repeatability of the TiBx stoichiometry is in
good agreement and varies between 1 and 1.93 for copper substrate and 2.03 for steel
substrate. The different stoichiometry data for 2EC1 and 2ES4 samples from the same
sputtered deposition must be due to B.Ti calibration.

R‘Z}Z’Zﬁg Substrate V“”);’:ii ‘,”I"/‘éo”;te” 4 A2 A <, X2 ra<y V2@
1EC1 Cu 200/75 7790 7019 0.90 1.29 1.23 73 65
2EC1 Cu 200/50 6883 6921 1.01 1.00 1.01 61 62
6EC1 Cu 100/50 3781 3661 1.03 1.28 1.35 56 54
2ES4 steel 200/50 3726 3663 1.02 2.03 2.03 64 57
2EC1 Cu 200/50 6731 7366 0.91 1.79 1.93 62 59
13EC1 Cu 50/50 1264% 1169%* 1.08 1.82* 1.65%* 50 49

* Second pair oflayers; ** Third pair oflayers

Table 3.48. Composition wavelength, volume fraction and ceramic stoichoimetry for Al/TiB2 coatings,
series E.
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jCranfield University Auger - Profile V.G.Scientific
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Figure 3.70. Auger depth profile for Al/TiB2coatings onto Cu for A,=200nm; Vc=75%.
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Figure 3.71. Auger depth profile for Al/TiB2 coatings onto Cu for A.=200nm; Vc=50%.
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Figure 3.72. Auger depth profile for Al/TiB2 coatings onto Cu for A,=100nm; Vc=50%.
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Figure 3.73. Auger depth profile for Al/TiB2coatings onto Steel for A.=200nm; Vc=50%.
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Figure 3.74. Auger depth profile for Al/TiB2 coatings onto Cu for A=200nm; Vc=50%.

Cranfield University Auger - Profile V.G .Scientific
MDS13EC1B.DAT

Profile Start
Ident. ev)

Al TiB: Coaling onto Copper Substrate
X-SOttm; Ve-50%

0 500 1000 1500 2000 2500 3000 3500
Etch Time (Seconds)

Figure 3.75. Auger depth profile for Al/TiB2 coatings onto Cu for X=50nm; Vc&=50%.
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3.3.5. ANALYSIS OF INTERNAL STRESSES

The evaluation of the internal stress was performed in two ways: qualitative
demonstration and by measuring the curvature of the substrate.

1. Qualitative Demonstration:

An internal stresses demonstration of the coating is given qualitatively by
comparing the substrate curvature by photography. This assumes the curvature of the
coated substrate is due to the internal stresses in the film and not the possible curvature
of the bare substrate, before coating.

Photographs 3.15 to 3.18 show the samples from the series C depositions. The
TiB, coatings have the highest curvature compared to the AlU/TiB, and (Al/TiB,)N,
coating systems, either on steel or aluminium substrates. The constraint between coating
and steel substrate can result in stress capable of cracking and spalling of the coating, as
shown for TiB, coatings onto steel. However, the TiB, coatings on Al substrates did not
crack. Instead, the substrate showed deformation in two directions. An addition of
30%N; to the AlTiB, system decreases the curvature of the composite onto Al
substrate, except for position 5. This means that the internal stresses may be higher for
Al/TiB; coatings compared to the (Al/TiB;)N; coatings. The stresses within coatings can
result from the mismatch in thermal expansion of the coating and substrate and between
layers (multilayer coatings). This may explain the higher curvatures for aluminium
substrate compared to steel substrate.

Photograph 3.19 shows the curvature of single layer TiB, coatings onto Cu, Al
and steel, series E. The least curvature is seen for the steel samples, then copper, then
aluminium because of the coefficient of thermal expansion increase on going from steel
then Cu and then Al (see table 2.2). Hence, the thermal stresses are expected to be higher
on Al substrate. -

Photographs 3.20 to 3.22 show the Al/TiB, multilayer coatings, series E, for the
set of composition wavelength and volume fraction of ceramic. These coatings onto steel
are adherent to the substrate and the substrate curvature is lower compared to the TiB,
coatings. The multilayer coatings with 75% of volume of ceramic show higher curvature
than the 50% and 25% of volume of ceramic. These coatings onto Al are adherent to the
substrate and they do not deform in two directions like TiB, coatings. The coating with
A=50nm seems to have less substrate curvature compared to A=200nm and A=100nm.
Also, increasing the V. of ceramic increases the substrate curvature, hence the internal
stresses in the coating.

Photographs 3.23 and 3.24 show that the NiCr/TiB, coatings have high
substrate curvature on steel and Al substrate compared to the Al/TiB, system for the
same TiB, sputtering power. Hence, the internal stresses may be higher in the first
coating system.
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Photograph 3.15. TiB2. Al/TiB2and (Al/TiB2)N2 coatings onto steel for positions 4 and 10 inside the
vacuum chamber, series C.

Photograph 3.16. TiB2 Al/TiB2and (Al/TiB2)N2 coatings onto steel for positions 3 and 9 inside the
vacuum chamber, series C.
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Photograph 3.17. TiB2 Al/TiB2 and (Al/TiB2)N2 coatings onto aluminium for positions 5 and 11
inside the vacuum chamber, series C.

Photograph 3.18. TiB2 Al/TiB2 and (Al/TiB2)N2 coatings onto aluminium for positions 2 and 8
inside the vacuum chamber, series C.

Photograph 3.19. TiB2 coatings onto steel (left), aluminium (middle) and copper (right) for different
positions inside the vacuum chamber, series E.
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Photograph 3.20. TiB2. and AiyTiB2 coatings onto steel (bottom) and aluminimn (top) at *=200nm and
Ve&=T75%, 50%. 25%. for different positions inside the vacuum chamber, series E.
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Photograph 3.21. TiB2 and Al/TiB2 coatings onto steel (bottom) and aluminium (top) at A=100nm and
Ve&=75%, 50%, 25%, for different positions inside the vacuum chamber, series E
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Photograph 3.22. TiB2, and Al/TiB2 coatings onto steel (bottom) and aluminium (top) at A,=50nm and
Ve&T75%, 50%. 25%, for different positions inside the vacuum chamber, series E.

fell 1

Photograph 3.23. Al/TiB2 coatings onto steel (bottom) and aluminium (top) at two TiB2r powers,
series E.
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Photograph 3.24. NiCr/TiB2 coatings onto steel (bottom) and aluminium (top) at two TiB2

powers, series E.

2. Quantitative Analysis

The quantitative analysis of the internal stresses was performed for Al/TiB2 and
(Al/TiB2)N2 coatings of the series C, used in three-point bend test with water as a
loading method. The procedure for measuring the internal stresses in these coatings was
described in section 2.3 and by using Stoney's equation 1.6. Measuring the curvature
gives the following estimates ofthe stresses in these coatings as shown in table 3.49.

Coating system  Substrate

AVTiB2(S3) Steel
AVTiB: (S4) Steel
(Al/TiB2)N2(S3) Steel
AlTiB2(A2) Aluminium
(AUTiB2)N2(A8) Aluminium

ts (mm)

0.1947
0.2002
0.1990
0.2533

0.2520

5- Refer to the deflection variation o fthe beam

o (fim)

6.04
5.00
3.60
3.50
3.20

vV s

0.30
0.30
0.30
0.35
0.35

(S3).(S4),(A2).(A8)-Referto sample positon inside the vacuum chamber

Table 3.49. Estimation of internal stresses for Al/TiB2and (Al/TiB2)N2 coating systems,

Es (GPa)

206.7
206.7
206.7

70.6

70.6

6 (/im)

539.9
669.4
969.9
3530.5
2015.2

(rr (GPa)

-0.14
-0.21
-0.43
-0.99
-0.55

series C.
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3.3.6. SUMMING UP

1. Mechanical Three Point Bend Methods

The in-plane elastic modulus of the film depends strongly on the dimensions and
the in-plane elastic modulus of the substrate. Moreover, the elastic modulus is nearly
independent of the thickness of the film, as mentioned in section 1.5.2. The effect of the
beam dimensions on measurement accuracy can be shown either by mechanical loading
using washers as weights (table 3.18 and 3.19) or by mechanical loading using water as a
weight method (table 3.25). This effect has been demonstrated by using two different
methods of slope calculation and by using an Anova analysis.

The relative error of E; for steel beams is higher compared to those for
aluminium and copper beams under mechanical loading using water as a weight. This
may reflect the fact that the compliance of the steel substrate is more significant
compared to the aluminium substrate for the E¢calculations (table 3.25).

Measuring the ratio of the compliance (ys/y.) rather than using the handbook
value of the compliance gives better repeatability of the measurements, as shown by the
mechanical loading using water as a weight.

Table 3.50 shows the maximum relative error of the slope and elastic modulus
for the three point bend test approaches for measuring the in-plane elastic modulus of
uncoated and coated steel beams. The high value of E; and E; relative errors for
mechanical loading using water as weight reflects either the accuracy of the applied load
for low deflection between sets of experiments or the samples” dimensional accuracy.
The relative error for mechanical loading using washers as weights (1.9%) is less
compared to mechanical loading by using water as a weight (3.7%). However, the elastic
modulus of steel beam for the last method (209.7GPa) is much closer to the “book
value” of 207GPa compared to those by mechanical loading using washers as a weight
(220.1Gpa). This last method shows that the elastic modulus variation from one reading
to another (5.5%) is higher than the mean relative error of the elastic modulus (1.9%), so
the measurement repeatability is very significant for this method. The repeatability of the
load for each experiment is more significant for the mechanical loading using washers
method.

For the three approaches developed in this project for measuring the in-plane
elastic modulus, the measurement repeatability increases from the washer method, to the
water method, and then to the indenter method. Thus, the reliability of the methods
increases with measurement accuracy, making the three point bend test by nanoindenter

candidates the best of these for measuring the in-plane elastic modulus very accurately
(see table 3.50).

The compliance of the equipment, mainly the frame compliance, and load and
deflection calibration have a strong effect on the measured elastic modulus of the film.
The system measurement accuracy for three-point bend tests using both the washer and
water methods depends on the accuracy of the applied load, deflection measurement,
frame compliance, vibration sample compliance and slipping between sample and
support. While the three-point bend test by nanoindenter depends on the load and depth
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calibration, the compliance of the system is a function of the cylinder indenter, the
vibration sample compliance and slipping between sample and support.

Three Point Bending Test on Steel Beams
Methods Mechanical Ioadzr.tg using | Mechanical Ioad.mg using Nanoindenter
washers as weights water as weights
Mean relative error of the slope y; (%) 2.8 22 0.35
Mean relative error of the slope ¥, (%) 1.3 11 -
Mean relative error of the E; (%) 1.9 37 0.40
Mean relative error of the E¢ (%) - 5.6 0.40
Mean relative error of Eg between readings (%) - 0.6 0.50
Mean relative error of Egbetween readings (%) | 55 V 1.1 ] -
Disadvantages cther e opestr ot e | virain oo requive | 1004 pplicdin
3 .pe . % © . 0’ req the horizontal direction.
vibration. more time.
Easy to operate, load
Advantages Easy to operate. and deflection
monitoring.

Table 3.50. Comparison between the three-point bending test approaches for steel beams.

2. Nanoindentation Method

The hardness and elastic modulus of AUTiB; coatings, series A, show an
increase for low plastic depth of indentation, or low loads, as shown in figure 3.47 and
3.50. This effect on hardness is well documented in the literature as an ISE for
monolayer coatings.

The AlVTiB; coatings series A for different positions inside the chamber show
the same behaviour as a function of the penetration depth for the same A and V., either
for elastic modulus values or hardness values (figures 3.49 and 3.52).

The elastic modulus and hardness values of the TiB, single-layer coating of the
series C are higher compared to those for series E. This may be because sputtering
conditions of the system differ.

Some coatings of the system AV/TiB,, (AlI/TiB,)N,, NiCr/TiB, and TiB, show
high hardness and elastic modulus when deposited onto steel substrates rather then on
aluminium substrates. This may be due either to the different stiffhess on the substrates
or the possible formation of the AIB compound at the aluminium substrate/coating
interface.

The AVTiB,, (AV/TiB,)N; and TiB, coatings, series C, show that the hardness
variation with sample position inside the chamber is more reproducible for steel
substrates compared to Al This can be explained in terms of the effect of thickness
uniformity of the Al and TiB; coatings as a function of the argon flux position and the
target erosion area, as shown in figures 3.13 and 3.15. This effect is not shown for the
elastic modulus.
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An addition of 30%N, to the AlTiB, system increases the hardness but
decreases the elastic modulus of the multilayer coating. This can be explained by the
distortion of the boron sublattice by nitrogen atoms (figure 3.55).

The hardness and elastic modulus values of the AVTiB; coatings, series A, at
A=200nm and V. of 75%, 50%, 25% are lower compared to those of the series E. This
may be because the process conditions differ. However, both series follow the same
pattern related to the volume fraction of ceramic. Increasing the volume of ceramic in
Al/TiB, multilayer coating increases the hardness and elastic modulus of the coating. The
same effect was found when decreasing the composition wavelength. The volume
fraction has a strong effect on the hardness and elastic modulus of these coatings, much
greater than the composition wavelength. The highest elastic modulus and hardness
values for the coatings of series A were found to be at A=200nm and V.~75% and for
the series E at A=50nm and V=75%. Both series do not follow the rule of mixtures.

The AVTiB, systems give values of elastic modulus below those predicted by
the rule of mixtures when measured using nanoindentation. However, on changing the Al
for a NiCr metal layer, the elastic modulus improves to give values above the rule of
mixtures predictions on steel substrates (304.5GPa), when compared with TiB, coatings
(314.2GPa) deposited under the same sputtering conditions (figure 3.66).

The X/TiB, multilayer protective-coatings (X=Al or NiCr) improves the
hardness of the aluminium substrates, reaching the hardness value of 15.72GPa for the
NiCr/TiB, system and 8.66GPa for the AI/TiB, system. The hardness of steel is improved
with AVTiB; coatings (series E) for a combination of 200nm/75%, 100nm/75%, and
50nm/75%, for composition wavelength and volume of ceramic. However, on changing
Al for NiCr on a steel substrate, the hardness further increases reaching a value of
18.81GPa. The elastic modulus of the coating on steel is only slightly improved with the
AVTiB; system for a combination of 200nm/75%, 50nm/75%, and 50nm/50%, for
composition wavelength and volume of ceramic, giving a maximum value of 222.2GPa.
The elastic modulus increases to 304.5GPa for the NiCr/TiB, system compared with a
steel “book value” of 206.7GPa. The elastic modulus of the aluminium is improved either
by the AVTiB, coatings or NiCr/TiB, coatings, for all ranges of A and V. studied,
compared to an aluminium “book value” of 70.6GPa.

The nanoindentation measurement accuracy depends strongly on the calibration
of the nanoindenter parameters such as: frame compliance, thermal drift correction, zero
load calibration, and penetration depth, as shown in table 3.32. The experimental results
of hardness and elastic modulus measured using the nanoindenter cannot be considered
as absolute values but as relative values because of the uncertainties found during their
analysis and shown through this section.

3. Structural Characterization

The TiB, single-layer coating with about Sum is very fragile because the coating
has cracking (photograph 3.13). The XRD spectrum of the TiB, coatings shows some
peaks for the close packed plane while the Al/TiB, multilayer coatings XRD spectrum
does not have significant peaks. This means that the TiB, layer within the composite
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coating is amorphous. Moreover, the TiB, layer is sub-stoichiometric, as shown in table
3.47. Both structure and stoichiometry of the TiB, layers could be the explanation for the
low hardness and elastic modulus of the Al/TiB, multilayer coatings.

4. Analysis of the internal stresses

The qualitative analyses of the stress show the multilayer coating has less
internal stresses compared to the TiB, coatings either onto aluminium or steel substrates.
This is believed to be due to the individual layers. The intrinsic stresses in the TiB, film,
produced during the deposition process, are relieved by the stress relaxation of the Al

layer of the multilayer coating. Measured values of internal stress are in the range -0.1 to
1GPa.

In table 3.49 it can be seen that the stress levels on the Al substrate are higher -
than on the steel. This is to be expected as the Al has a higher thermal expansion
coefficient than the steel and then generates higher thermal stresses.

On changing the Al for NiCr metal layer within the coatings, for the same A and
V., this seems to increase the internal stresses of the multilayer coatings. This increases
intrinsic stresses when using NiCr multilayer because stress relaxation within the NiCr is
less easy than from Al (it is a higher melting point film).

The TiB, coatings on steel substrate showed spallation and cracks which do not
happen with multilayer coatings. The TiB, coatings onto aluminium substrates show
higher substrate curvature than the multilayer coatings.
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4. CONCLUSIONS AND FURTHER WORK

4.1. GENERAL CONCLUSIONS .

- At the end of each technical section the main results have been identified and
discussed, for example the deposition conditions for all coatings were discussed in
section 3.1.6, the mechanical properties of bilayers in sections 3.2.4. and for multilayers
in section 3.3.6. The following pages identify and bring together the more important
findings.

1. Monolaver Coating Design

For single layer coatings the optimum sputtering conditions have been identified
so that these conditions could be used to produce multilayer coatings, for example:

¢ For Aluminium_deposition: 0.6Pa (4.5x10°Torr) argon pressure at 400WRF
power

¢ For Titanium deposition: 0.6Pa (4.5x10”Torr) argon pressure at 300WRF power

¢ For Nimonic 75 alloy (NiCr) deposition: 0.6Pa (4.5x10”Torr) argon pressure at
200WRF power

¢ For Molybdenum deposition: 0.6Pa (4.5x10>Torr) argon pressure at 250WRF
power -

¢ For TiB; deposition: 0.6Pa (4.5x10”Torr) argon pressure at 300WRF power

Al NiCr and Mo films show typical sputtering deposition curves of deposition
rate versus the sputtering pressure, while the deposition rate for TiB, and Ti seems not
to be affected by the sputtering pressure. TiB, coatings would not be expected to be
influenced by these factors as they are ceramic, but the unusual behaviour of titanium
requires further investigation. However, as this coating was not used in the multilayer
coatings, this problem was left to later workers. The suggestion is that, as titanium is
highly avaricious for oxygen it may be contaminant related but this requires to be
substantiated.

For a given sputtering pressure of 0.6Pa the deposition rate increases with the
sputtering yield for Ti, Mo, and Al. This is in agreement with generally accepted theories
of coatings, as discussed in section 1.4.1.

Considering the sputtering conditions studied, increasing either the sputtering
pressure or RF power leads to increased deposition rates as observed. This is due to an
increase in the DC offset target voltage which increases the ion bombardment.

The conditions were chosen to ensure that the substrate temperature was lower
than 200°C for all single-layer coatings in the range of sputtering pressure and power
studied. This is particularly important as it was necessary to coat aluminium substrates
which cannot withstand high temperatures.

As referred to in the literature, the uniformity of the deposition rate has been
one the main concerns in planar magnetron sputtering because this affects either the
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properties of the coatings or the profitability of the process. The two main parameters
that affect the thickness of the Al and TiB, coating uniformity are the argon flux position
and the target erosion area. The former was found to prevail over the erosion area for Al
coatings. Hence, the high deposition rate values are found next to the argon source. The
target erosion area was found to dominate the deposition rate of the TiB, coatings,
positioning the high values at the centre of the target. This has been modelled using a
cosine evaporation law, discussed in detail in section 3.1.4. where the predicted results
are found to fit the experimental observations.

The stoichiometry of the TiB, films at 1.0Pa sputtering pressure and 300WRF
sputtering power was found to be TiB.; . An AIB compound was found at the interface
between the TiB; coating and Al substrate. The TiB, coatings of between 1.4 to 1.6um
thickness were found to be amorphous whilst thicker films were crystalline. These
differences in structure are found to be important when comparing localised
(nanoindentation) and in-plane elastic modulus measurements, as shown later.

2. Two-layer Coating Design

When the above coating conditions were used to produce the bilayers (section
3.2.) some important results were identified. For example, the TiB, coatings were thicker
than the multilayer and monolayer coatings and hence these coatings were mainly
crystalline as opposed to the thin multilayer TiB, coatings, which were found to be
amorphous. This is an important factor for, as the crystalline materials were only
observed in this section, it suggests that the interface and epitaxial problems can exert an
appreciable influence on early coating growth.

The stoichiometry of the TiB, top layer was not determined but is believed to be
similar to that of the monolayer TiB, coatings which are sub stoichiometric at TiB;¢ for
the same sputtering conditions.

It is important to note that bi-layer coatings were adherent to the substrate
without cracks, whilst monolayer TiB, coatings on steel showed extensive microcracks
due to their brittleness (photograph 3.13). This demonstrates the importance of the
presence of a metallic interface which is produced in the chamber as it is likely to have a
much cleaner surface for adhesive bonding of the TiB,.

The apparent hardness of the different coating systems produced in this study
shows that the hardness is mainly greater on the steel substrates than on the Al substrate.
This may be due to either the different stiffness of the substrates or the possible
formation of the AIB compound at the aluminium substrate/coating interface. However,
it is considered that it is more likely to be due to the interaction of the elastic stress field
with the underlying substrates. This is confirmed by the fact that the apparent hardness of
the different coating systems decreases with plastic depth (except for Mo/TiB; coating
onto Al and steel substrates and Ti/TiB, onto steel where the intermediate layers are of
high modulus, which will reduce this effect).
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The more reliable results for hardness and elastic modulus values respectively
are shown in figures 3.39 and 3.40 because, before undertaking this schedule the
nanoindenter was calibrated with a quartz reference sample.

The two-layer coating systems, (Al/TiB,, Ti/TiB; on steel and aluminium and
Mo/TiB, on steel), show values of elastic modulus above the rule of mixtures, as shown
in figure 3.41. The elastic modulus improvements are: 36.2% for AV/TiB, onto steel,
30.8% for TV/TiB, onto steel, 3.1% for Mo/TiB, onto steel, 40.2% for AV/TiB, onto Al
and 28% for Ti/TiB, onto aluminium. This analysis was based on TiB, coatings for the
same sputtering conditions and assuming that the two-layer coatings have 50% of the
volume of ceramic. The highest improvement in the elastic modulus of the two-layer
coatings was found to be for AUTiB; either onto Al or steel substrates. The reason is
because the top TiB, coating has high hardness and elastic modulus and this is the
dominant factor in the indentation system to give values that are based on towards the
ceramic properties.

Similarly, the hardness values on the bilayer coatings gave values very similar to
the hardness of the bulk TiB, (33.7GPa). This is shown in figure 3.39 where the hardness
values of the coatings on steel substrates, for 200nm or 400nm indentation depth,
increases on going from AVTiB, (27.04GPa) to Ti/TiB, (28.65GPa) and then Mo/TiB,
(34.12GPa). This last system has a hardness very close to the TiB, monolayer coating for
the same sputtering conditions. For the aluminium substrate the hardness values, for
AVTiB,, TV/TiB,, Mo/TiB; and TiB, for 200nm indentation depth are very close to TiB,
coating for the same sputtering conditions. The hardness value of Al/TiB, coatings at
200nm plastic depth is slightly higher on steel substrates compared to those on Al
- substrates. These results again show the effect of the interaction of the stress field with
the underlying material, but as the bilayer TiB, thickness is large (=2.5um) the effect is
only limited.

It should be remembered that the high modulus and hardness values for these
materials reflect both the increased thickness of the TiB, layers and may also be
influenced by the fact that in these layers the structure of the TiB, is crystalline.

3. Multilayer Coating Design

The results of the multilayer coatings were discussed in section 3.3 and the
results summarised in section 3.3.6. It should be noted that there is a significant
difference between the TiB, formed on the two layer coatings and on the multilayer
coatings. As discussed earlier, in the two-layer ones thicker TiB, coatings are found and
the material is crystalline, whereas with the thinner multilayer TiB, coating the structure
was amorphous and non-stoichiometric, approximating to formula TiB(.x) as shown in
table 3.48. This structural change has a significant influence on the mechanical properties
because tests such as nanoindentation are sensitive to detailed local structure and in
particular are sensitive to through thickness structure, whereas tests such as the three
point bend tests give overall, average, in plane values.

The hardness and elastic modulus of the AVTiB, coatings measured on the
nanoindenter show an increase for low plastic depth of the indentation, or low loads
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(figures 3.47 and 3.50). Different sample positions inside the vacuum chamber show the
same behaviour as a function of the penetration depth for the same A and V. (figures
3.49 and 3.52). The increased hardness for low loads has been referred to in the
literature for monolayer coatings and discussed earlier for bilayer coatings and the effect
is considered to be due to the stress field interaction with the underlying structure eg.
some coatings of the systems Al/TiB,, (AUVTiB;)N,, NiCr/TiB; and TiB, show high
hardness and elastic modulus when deposited onto steel substrates and rather lower
when on aluminium substrates.

The hardness variation with the sample position inside the chamber is more
reproducible for coatings onto steel substrates rather then for coatings on Al substrates,
for the systems Al/TiB,, (Al/TiB;)N,, and TiB,. This can be explained by the thickness
uniformity of the Al and TiB, coating as a function of the argon flux position related to
the relative positions of the steel and aluminium samples and the target erosion area
(figures 3.13 and 3.15). The effect can be predicted by the cosine rule as described in
section 3.1.4.

An addition of 30%N, to the AVTiB, system increases the hardness but
decreases the elastic modulus of the multilayer coating. This can be explained by the
distortion of the lattice by nitrogen atoms (figure 3.55).

Increasing the volume of ceramic in Al/TiB, multilayer coating increases the
hardness and elastic modulus of the composite coating. The same effect was found when
decreasing the composition wavelength. The volume fraction of ceramic has a strong
effect on the hardness and elastic modulus of these coatings, much greater than the
composition wavelength. The highest elastic modulus and hardness values for the
coatings of series A were found to be at A=200nm and V=75% and for the series E at
A=50nm and V.=75%. Both series do not follow the rule of mixtures. The reason for
these changes is that the values obtained are determined by the thickness of the outer
TiB, layer. The greater this thickness the higher the value of apparent hardness and
modulus that is recorded for the coating.

On changing the Al for a NiCr metal layer at A=50nm and V.=75% the elastic
modulus improves to give values above the rule of mixtures predictions on steel
substrates (304.5GPa), when compared with TiB, coatings (314.2GPa) deposited under
the same sputtering conditions (figure 3.66). This is because the modulus of the NiCr
layer is similar to the steel underlayer and the TiB, modulus is higher.

The X/TiB, multilayer protective-coatings (X=Al or NiCr) improve the
hardness of the aluminium substrates, reaching the hardness value of 15.72GPa for
NiCr/TiB, system and 8.66GPa for AVTiB, system. The hardness of steel is improved
with AVTiB, coatings (series E) for a combination of A and V. for 200nm/75%,
100nm/75%, and 50nm/75%. However, on changing Al for NiCr on steel substrates, the
hardness further increases, reaching a value of 18.81GPa. The elastic modulus of the
steel is only slightly improved with the A/TiB, system for a combination of A and V. for
200nm/75%, 50nm/75%, and 50nm/50%, giving a maximum value of 222.2GPa. The
elastic modulus increases to 304.5GPa for the NiCr/TiB, system compared with a steel
“book value” of 206.7GPa. The elastic modulus of the aluminium is improved either by
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the AVTiB, coatings or NiCr/TiB; coatings, for all ranges of A and V. studied compared
to an aluminium “book value” of 70.6GPa.

These results again show that the hardness and elastic modulus values depend
upon the layered structures measured and dominated by the amount of TiB, in the total
coating.

4. Comparison Between Elastic Modulus by Mechanical Three-Point Bend Methods and
Nanoindentation Method

The nanoindentation measurement accuracy depends strongly on the calibration
of the nanoindenter parameters such as: frame compliance, thermal drift correction, zero
load calibration and penetration depth, as shown in table 3.32. The experimental results
of hardness and elastic modulus measured using the nanoindenter cannot be considered
as absolute values but as relative values because of the uncertainties found during their
analysis and shown through this section.

An additional calibration of the nanoindenter with quartz as a standard between
schedules seems to be a good way forward to control the repeatability of the
measurements because the machine can become non-calibrated easily.

A comparison between the elastic modulus from three-point bend tests and
nanoindentation techniques shows an increase in the in-plane elastic modulus from 1.3 to
2.7 over the nanoindentation values depending on the coating system, as shown in table
3.51. The explanation could be found in several factors:

¢ Deflection of the beam in two directions, shown in photograph 3.18, gives a very
high apparent value for the in-plane elastic modulus for the sample
(AVTiB,)N2(A2) compared with the sample in position (A8). This is due to the
added stiffhess from bending in two directions.

¢ The uncertainties of the experimental technique either by three point bend test or
nanoindentation.

¢ Adding to the uncertainties of the measurement technique, the equivalent stiffness
could affect the in-plane elastic modulus through the dimensions and elastic
modulus of the uncoated beam and film thickness, as shown for the different
values of sample Al/TiB,(S4) and AI/TiB,(S3) of the same run. The stiffness is a
function of S = f (b, Eg, E, t, tf) as referred to in equation 2.9. The table 3.24
shows the relative error for sample S4 (3.8%) is higher compared with sample S3
(2.6%) and the film thickness differs by 1pm between both samples.

¢ The three point bend test measured the in-plane elastic modulus of the film, i.e.,
the elastic modulus of the whole composite beam (coating+coating), while the
nanoindentation method is largely influenced by the elastic modulus at the
location of the coating indenter.
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In-plane Elastt:c EIa.stic Moz.Iqus by Ratio of

Sample Reference Modulus (E ;)i; Nanoindentation (E ;)n; E )i/ Epn
(GPa) (GPa)

1AS4 256.9 119.6 (521nm) 2.1
2AS4 328.6 133.2 (521nm) 24
3AS4 2276 123.4 (520nm) 1.8
4AS4 326.1 140.4 (503nm) 23
5AS4 193.9 101.9 (538nm) 19
Al/TiB, (S3) 5574 208.9 (461nm) 2.7
(AVTiB,)(S4) 352.0 211.1 (462nm) 1.7
(AVTIiB)N, (S3) 211.1 160.0 (422nm) 13
(AVTIB,)(A2) 2289 171.2 (156nm) 13
(AVTiB)N, (A2) 678.0 141.7 (151nm)* -
The values in brackets correspond to the plastic depth
* Sample in position (A8)

Table 3.51. Comparison between elastic modulus of the film by three-point bend
test and nanoindentation.

It is instructive to compare the size of the Berkovitch diamond shown in figure
2.23 with the size of the columnar structure of the coating shown in photographs 3.5 to
3.11. These show that the diamond indenter will be forced on to the top of the columnar
grains. This will cause collapse and shear along the column boundary and will lead to
apparently lower values for the measured modulus. It is possible that this explains the
reason for the difference in modulus measured by the two methods. Further work is
required, with particular reference to observing the microstructure of the indentations to
resolve this problem.

In an attempt to address this problem the nanoindentation technique was
modified to give a three point bend test by replacing the central indenter with a simple
cylindrical contact. Initial tests have been done using this technique with aluminium and
steel uncoated beams. This technique was used to estimate the compliance of the
nanoindenter system and the results are shown in table 3.28 and 3.29. It would be
particularly useful to use this technique to calculate the in-plane modulus of the coated
specimens to compare with the earlier crude three point bend tests using either washers
or water as the loading medium. However, time did not allow these tests to be done and
it is suggested that this is an area for further investigation.
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4.1. FURTHER WORK

The present investigation has developed a method for producing multilayer

coatings of ceramic and metal interlayers. It has been shown that both the hardness and
the modulus of the samples can be improved by this technique and, in particular, it has
demonstrated that the brittleness of TiB, can be accommodated by using a ductile
interlayer to prevent microcracking.

stage:

1.

The following investigations are suggested to take this research to the next

The work has shown that the properties that have been investigated, namely
hardness and Young’'s modulus may be dependent upon the structure of layers
produced. It has been shown that TiB, is amorphous at low thickness and
crystalline at higher values. An investigation into the metallography of the
coatings allied with inspection of the indents produced by nanoindentation should
help to explain many of the effects identified.

. As the properties of the composite depend on the TiB; layer coating properties,

so an improvement of TiB, layer structure could be brought about, for example
by ion bombardment using either bias sputtering or low energy ion irradiation.

. As the stoichoimetry of TiB, affects the composite properties, a study of the TiB,

stoichiometry either for two layer coatings or multilayer coatings as a function of
the sputtering conditions could help to improve the composite properties

. A knowledge of the composition of the phase boundaries and interdiffusion is

important for the interpretation of the mechanical properties. This study could be
done by Auger depth profile rather by TEM analysis, as referred to in the
literature.

. Studying the effect of the thickness of the intermediate metal layer for the two-

layer design on the TiB, top layer properties may improve performance. As
referred to in the literature, the supermodulus effect only appears for a narrow
range of composition wavelengths. Hence, lowering the composition wavelength
for the coating systems studied may improve the elastic modulus of the
composites.

. The target temperature was one of the limitations in this project on the deposition

temperature. Heating the substrate may help in changing the TiB, layer structure.

. Annealing treatments of the coatings deposited at low temperatures may improve

the strength and resistance to crack propagation of the layered material, improve
interface properties and rectify composition anomalies.

. Finally, the modification proposed for the nanoindentation technique by using a

cylindrical contact rather than Berkovitch diamond to measure three point bend
test results should be continued and the results compared to the indentation
modulus values. This should give information which would help to explain the
apparently different properties which are currently measured by the different
techniques.
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