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Abstract

Transition metal silicide is an important material used in microelectronic devices and a possible
candidate for high temperature application. The objective of this study is trying to make use of this
material in a new way as protective thin films on engineering materials. The brittle nature of the silicides
can thus be compensated by the ductile bulk material and the surface corrosion resistance can be
improved. The choices of thin film constituents are targeted at the transition metal elements including
titanium (Ti, Z = 22), chromium (Cr, Z = 24), iron (Fe, Z = 26) and nickel (Ni, Z = 28) in combination
with silicon (Si, Z = 14) to form the binary-component intermetallic compounds by means of ion-beam
sputter deposition, which was carried out in an ultrahigh vacuum (UHV) chamber at 10 Pa. The chosen
substrate material is AISI 304 stainless steel. Thin film characterisations were conducted by means of
surface analysing instruments: X-ray photoelectron spectrometer (XPS) and grazing incidence X-ray
diffractometer (GIXRD). Silicide properties, including the degree of crystallinity, the formed phases, the
electronic structures, the chemical compositions and the chemical states of each characterised element,
were analysed. For the films in crystalline form, silicides were well characterised by both techniques. In
case the crystalline phase did not develop and the phase(s) could not be analysed through XRD, the
possible silicide phases in short-range order or no ordering can be estimated in accordance with the
core-level XPS binding energy state of the transition metal peak defined by the crystalline form. On the
other hand, the phase formation sequence of the silicides during annealing processes can be predicted by
a theoretical method of Pretorius’ effective heat of formation (EHF) model provided that the initial
chemical concentrations were determined in advance. The corrosion properties of the silicide films and
the uncoated stainless steel specimens were assessed and compared by means of potentiodynamic
polarisation measurements in hydrochloric acid (HCl) and sulphuric acid (H,SO,), respectively. The
polarisation curves of all the silicide-coated specimens show lower current densities along the measured
potentials than the uncoated steel and thereby the silicides have lower reactivity. In the same test, it was
found that binary-component silicides with Si content above 60 at.%, independent of the choice of
transition metal element, facilitate the high integrity Si-oxide layer formation at the top of the tested
specimens, and thereby a better corrosion resistivity is guaranteed. Among the four tested silicides, Ti-Si
and Ni-Si films are found to be better candidates. In another study, corrosion tests were performed on
the coated specimens that were thermally annealed after deposition with the purpose of promoting
silicide phase development and film crystallisation. However, the polarisation results do not show
significant benefit from this treatment. As a result, composition of the transition metal silicide thin films
is a more important design factor compared to the film structure. When considering the silicides as
protective thin films, their tribological properties such as adhesiveness and wear resistance cannot be
neglected. The results from the Rockwell-C adhesion test and the reciprocal dry sliding wear test proved
that the silicide films are well-adhered on the substrates and their wear properties are slightly better than
the stainless steel by showing a lower specific wear rate from 10> m*N-m to 10" m*N-m. It is
believed that transition metal silicides, besides deposited on stainless steels, can also be the protective
thin films on other engineering materials, as far as well-adhesiveness is guaranteed.

Keywords: Transition metal silicides; Thin films; Stainless steels, lon-beam sputter deposition (IBSD); X-ray
photoelectron spectroscopy (XPS), X-ray diffractrometry (XRD); Pretorius’ effective heat of formation (EHF)
model; Corrosion; Potentiodynamic polarisation measurements;, Tribology;, Rockwell-C adhesion test;
Reciprocating sliding wear test
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Abbreviations, Symbols and Constants

AFM
ARXPS
BE
FWHM
GIXRD
IBSD
PVD
SEM
SHE
TEM
UHV
XPS
XRD

AH®
AH'

Atomic force microscope

Angle-resolved X-ray photoelectron spectroscopy

Binding energy

Full-width at half maximum

Grazing / Glancing incidence X-ray diffraction

Ion-beam sputter deposition

Physical vapour deposition

Scanning electron microscope / microscopy

Standard hydrogen electrode

Transmission electron microscope / microscopy

Ultrahigh vacuum

X-ray photoelectron spectrometer / spectroscopy
X-ray diffractometer / diffraction

Standard heat of formation
Effective heat of formation
Electrochemical potential
Standard potential
Corrosion potential
Passivation potential
Pitting potential
Transpassive potential
Effective elastic modulus
Indentation modulus
Reduced modulus
Specimen modulus

Thin film modulus
Substrate modulus
Indentation hardness

Thin film / Top layer hardness
Substrate hardness
Adhesion strength level
Current density

Friction coefficient
Arithmetic roughness

Root means square roughness

Faraday’s constant
Boltzmann’s constant
Avogadro’s number
Universal molar gas constant

(kJ-mol™-at.™)
(kJ-mol™-at.™)
(mV)

%)

(mV)

(mV)

(mV)

(mV)

(GPa)

(GPa)

(GPa)

(GPa)

(GPa)

(GPa)

(GPa)

(GPa)

(GPa)

(nA/cm?)

(nm)
(nm)

= 06485 C-mol™
=138x10* JK!
=6.02x10*® mol
=&.314 Jmol'.K!
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Chapter 1 Research Background and Scope of Thesis

Longer servicing life of engineering systems is always desired in all engineering design. The key
factor of the long lifetime largely depends on the correct usage of the engineering materials. Since the
working environment in practice varies a lot and no material can perfectly fit for all conditions, research
on materials reengineering and advanced materials development is, in fact, never ended. Somehow, in
order to keep the usefulness of some widely-used engineering materials under some specific
environment, an alternative way is to modify their surface properties through surface engineering
processing such as thin film/coating development, ion/plasma implantation, heat treatment and cold
working. A modified and improved surface means not only better materials functionality, but also a
lower operating cost, less material waste and fewer recycling processes in long run. The importance of
this work is indisputable in views of engineering, economics, energy, and environment concerns.
Therefore, in this thesis, research focus on surface properties reengineering of chloride-susceptible
austenitic stainless steel through thin film deposition of some transition metal silicides is proposed and
conducted. The main objective is to improve the corrosion resistance of this material, especially in an
acidic and chloride-containing environment, and to find out other potential benefits gain from the
developed and studied surface engineering process.

The development of the research is as follow: the work was commenced with the thin film
fabrication of various binary-component transition metal silicide including Ti-Si, Cr-Si, Fe-Si and Ni-Si
by using sputter-deposition technique. The surface chemical and structural characterisations of the thin
films were conducted by means of X-ray photoelectron spectroscopy (XPS) and X-ray diffractometry
(XRD). The resulting silicide phases in the individual specimens are then further considered and
predicted using a theoretical approach by means of Pretorius’ effective heat of formation (EHF) model
(Papers 1 and 2). In order to evaluate and compare the corrosion properties of different silicide thin films,
electrochemical potentiodynamic polarisation measurements were carried out in hydrochloric acid and
sulphuric acid, respectively. The results show that some of these films can slightly improve the
corrosion resistance of AISI 304 stainless steel by driving the corrosion potential (Eqy, unit: mV)
towards a nobler state and reducing the current density (i, unit: pA/cm?) throughout the measured
potential range (Papers 3 to 5). Concurrently, the results show that better corrosion resistance can be
achieved by increasing silicon content in the binary-component system (Paper 3) and by choosing TiSi,
as the protective thin films (Paper 5). Meanwhile, the impact of the thin film structural design (i.e.
degree of crystallinity) is not significant (Paper 4). As the thin film adhesiveness is always the primarily
concern in engineering practice, the tribological behaviour of one of the silicide systems, i.e. Ni-Si, was
investigated. The results show that the sputter-deposited thin films, independent to the degree of
crystallinity, adhere well on the stainless steel substrate. The corresponding wear test also shows that the
silicide-coated stainless steel has slightly lower wear rate than the uncoated specimen (Paper 6). Overall,
the depositions of binary-component transition metal silicide thin films on the stainless steel surfaces
give considerable beneficial effects on corrosion and wear resistance enhancement.

In the appendices, technical background about each testing instrument and the individual
characterisation method are introduced in individual subsection. Fundamental theories behind each
technique are also briefly covered.



To improve the corrosion resistance of an engineering material through coating deposition, what
tasks should be done to tailor and to test the usability of a novel recipe?

Surface
Characterisation

Transition
Metal Silicide
Thin Films on
Stanless Steel

Tribological
Properties

Corrosion
Propoerties

* The major research activities including thin-film fabrication (Author), surface characterisation (Cao, Nyborg

and author) and corrosion properties investigation (Nyborg and author) were conducted at Chalmers University
of Technology; the tribological experiments (Shum, Kian and Li) were run at the City University of Hong Kong

and the data analyses were carried out by the thesis author.

Figure 1 Scope of thesis.



Chapter 2 Surface Protection against Corrosive Environment

2.1 Corrosion Issues — Stainless Steels

Stainless steel is nowadays an omnipresent engineering material in domestic applications and
industry after a century long development. The properties of stainless steel can be easily manipulated
through alloying and/or different heat treatment processes. For its vast amount of different applicable
areas, commercialised stainless steels are nowadays classified into six grades to fit into different
purposes. They include ferritic stainless steels (o), austenitic stainless steels (y), martensitic stainless
steels (g), duplex stainless steels (a + 7y), precipitation hardening stainless steels and Mn-N substituted
austenitic stainless steels [1]. Among all grades, they share one common characteristic, i.e. a chemically
stable passive layer forms and adheres on their surfaces when they are exposed to the atmosphere. For
this reason, this behaviour makes stainless steels “stainless” in the ambient condition as well as other
kinds of environment [1-6].

The passive layer plays an important role in enhancing the corrosion resistance of stainless steel.
It acts as a physical barrier to isolate the alloyed material from the chemical species (maybe corrosive)
in the atmosphere. Consequently, the interaction between the corrosive species and the underlying bulk
metallic species is minimised, and the steel deteriorating reactions (i.e. metallic corrosion) unlikely
occur. The nature of passive layer is environmentally dependent. For instance, at room temperature,
compositions of the passive layers on austenitic stainless steel depend on the relative humidity (R.H.) in
the surrounding as for example addressed by Olefjord et al. [7-11] (Fig. 2). In a dry environment, the
passive layer is analysed to be iron oxide; in a wet environment developed by clean water vapour,
chromium oxide is preferentially formed [11]. In a high temperature environment, the different possible
oxides formed on the stainless steel surfaces are summarised in Table 1 [11-16]. In fact, the composition
of the oxide film is also related to the alloy composition. Basically, stainless steel is an iron-based alloy
that contains at least 12 wt.% chromium. In an environment at a certain R.H. level, the most abundant
constituents, like Cr and Fe, can readily react with water vapour (H,O) and oxygen (O;) to form the
above-mentioned oxides. It is known that a chromium-rich oxide of Cr,Os3 type is preferable for a better
corrosion resistivity [3,11]. This oxide readily creates a coherent, adherent and regenerating thin
protective film on the surface with a uniform thickness of around 20 A [8]. This layer resists the
chemical attacks from nitric acid (HNOs3), phosphoric acid (H3POy), and/or acetic acid (CH;COOH) and
is practically impermeable to materials diffusion [6, 17]. Still, the oxide of this type does not resist the
attack from concentrated hydrochloric acid (HCI), sulphuric acid (H,SOy4), formic acid (HCOOH) and/or
poor circulation conditions with the presence of halides, e.g. fluoride (F), chloride (CI), bromide (Br’)
and 1odide (I') [17].

Fe.0 Cr(OH);
€25 Cr,0;
Stainless Steel Stainless Steel
(a) (b)

Figure 2 The possible passive layer formed on the stainless steels under (a) dry condition
and (b) wet condition at room temperature (Drawing based on [11]).



Table 1 Properties of possible oxides formed in stainless steels at room and high temperature [12,14]

Nomenclature

Chemical compound

Nature

Maghemite

"{-F€203

Formed in low-temperature oxidation
Spinel ferrite structure as in magnetite
Transform to a-Fe,O; at high temperature

Wistite

Fel_XO

Formed above 570 °C
Non-stoichiometric rock salt structure
Cation deficiency oxide: p-type

Fast ion diffusion rate

Non-protective oxide

Magnetite

F
3+ 6394 3+
[Fe ]tel[Fe ,Fe ]oc104

Formed between 570 °C and 650 °C

Inverse spinel oxide structure

Cation deficiency oxide: p-type

More protective than wiistite but less protective than hematite

Hematite

U.-F6203

Corundum structure

Hexagonally close-packed oxide structure

650 °C — 800 °C: Oxygen deficiency oxide: n-type
>800 °C: Cation deficiency oxide: p-type

The most protective iron oxide

Eskolaite / Chromia

CI'zO 3

Cation deficiency oxide: p-type
Slow ion diffusion rate
One of the best protective oxides

Spinal type solid
solution

M3 04
(e.g. Cr,MnOy)

Fe”" can be replaced by some divalent cation like Ni**
Fe’* can be replaced by some trivalent cations like Cr’*

Corundum type solid
solution

(Ma,Mp),05
(e-g- (Cerel-x)ZOB)

x =0.75—1.0: p-type

x = 0: p-type
x = 0.25 —0.75: both n- and p-type

When a piece of stainless steel is placed in an aggressive environment as mentioned above (e.g.

an acidic halide-containing solution) after a period of time, this piece of alloy will be chemically
attacked and the most prominent features appeared would be pits formation. Although there are many

studies and discussion about pitting corrosion, controversies still exist. Generally, the initiation of pits

correlates to the type and concentration of the aggressive species as well as the non-uniformity of
passive film on the stainless steel surface near the inclusions and the structural defects [1]. One model
that correlates to sulphide inclusions is illustrated in Figure 3 [18]. In this model, corrosion commences
in and around the inclusions where the passive layer thickness is relatively thinner than the bulk. A direct
contact between alloy and the corrosive species establishes easier and leads to violent corrosive attack

on the metallic materials afterwards. As the corrosion rate is halide-concentration dependent and varies

among different locations, localised pitting corrosion proceeds randomly on the stainless steel surface

[7-18]. More about the pitting corrosion mechanisms will be discussed in Section 3.5.

cr
|

cr

S,

FeCl,

/_,CrCILI'

Cr,04

Fe2+ (Fe,Cr)3O4

Stainless steel

Figure 3 Illustration of the pitting corrosion mechanism on stainless steels (Drawing based on [18]).
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Besides the contribution from passive layer, corrosion resistivity of stainless steels can be improved
by varying the concentration of the alloying elements such as carbon (C), nitrogen (N), phosphorus (P),
molybdenum (Mo), silicon (Si), titanium (T1), and/or niobium (Nb) as well. Different classes of stainless
steels with different levels of corrosion resistivity are thus developed [3]. However, metallurgists have
found the formation of certain corrosion resisting phases through heat treatment will reduce the overall
corrosion resistance of stainless steels by taking away the corrosion-resisting species from the bulk
(Table 2) [1,19]. Therefore, to enhance the corrosion resistance of stainless steel materials by those
corrosion resisting phases, other approaches in surface engineering treatments such as coating deposition

and ion implantation can be attempted to achieve the same purpose.

Table 2 Common phases in stainless steels [1,19]

Phase Suggested element/ Crystallographic data
compound Space group Lattice parameter
Matrix phases
o Fe-base Im3m (229) a=2.8664
Y Fe-base Fm3m (225) a=3.6000
Intermetallic phases
Fe-rich
J o’-Cr + a-Fe Imgm (229) a=2.8600
c* (Fe,Cr) P4,/mmm (136) a=38.7995, c=4.5442; (c/a=0.516)
L (Fe,Ni) P4/mmm (123) a=3.5200, ¢ =3.6300; (c/a=1.03)
Laves Fe, X (X = Mo, Ti, Nb) P6;/mmc (194) a=4.7440, ¢ = 7.7250; (c/a=1.628)
Ni-rich
n | Ni;Ti P6;/mmec (194) |  a=5.0930, c = 8.2760; (c/a = 1.625)
Mo-rich
X* CI‘6F€18M05 IZ31’1’1 (217) a=8.8037
(Fe,Ni)36Cr18MO4
u Fe;Mog R3m (166) a=4.7540, ¢ =25.7100; (c/a = 5.408)
R Fe-Cr-Mo R3 (148) a=10.9109, ¢ = 19.3540; (c/a=1.774)
R’ m35 Icosohaedral quasicrystal
Si-rich
G* CrlzNigFezsiﬁ Fmgm (225) a=11.1980
— a=11.1000
Fd3m (227)
Fe-Si Fe;Si, Fe,Si Fm3m (225) a=15.6533
Cr-Si CI‘3Si ngl’l (223) a=4.5550
P63mc (186) ((I, 4H) a= 30810, c= 10061, (c/a = 1774)
Oxides
Si0, Amorphous
a-ALOs ALOs R3c (167) a=4.7488, ¢ = 12.9929; (c/a =2.736)
Kk-ALO; AL Os Pna2,(33) a=4.834,b=28.310,c=8.937
0-Cr,04 Cr,04 Rgc (167) a=4.958766, c=13.5942; (c/a=2.741)
M3O4 Mn1A5Cr1_504 ngm (227) a=8.455

* Examples of corrosion-resisting phases which have negative effect on the passivity of stainless steel [1].
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2.2 Protective Coatings

A coating is an artificially synthesized layer covering the top of a bulk material (substrate) with
thickness more than one micron. The concept of a coating to enhance the surface properties and/or
improve the aesthetic appearance of a material was officially recognised in the 1950s [20-22]. Coatings
can be classified in terms of their compositions and their functions. From composition point of view,
they can be made of metals, organic compounds, cement mortars or enamels; from functional point of
view, the aim of adding a coating can be made for decorative, protective, decorative-protective or
technical purpose [4,17,20,23].

Generally, protective coatings reduce the corrosion rate of the protected materials by acting as the
physical barriers to minimise the direct interaction between the corrosive species and the susceptible
metallic materials. The average thickness of the protective coatings is usually several microns and
thicker coating is actually preferred to minimize the invincible coating defects that are independent of
which deposition technique that has been utilised [21,22]. To guarantee coating performance, good
coating adhesiveness, high mechanical resistance, low internal stress, high chemical stability and low
permeability for the corrosive components are the important properties needed in coatings applications
[20-23]. It is recognised that coating performance also depends largely on the microstructure of the
coating and this can be tailored by optimising the constituents and fabrication parameters [24-29]. In
addition, to make the coating applicable to the coating-substrate couple, the chosen coating material
should have similar thermal expansion coefficient (CTE) as the substrate material in order to avoid
cracking or lattice mismatch at the coating-substrate interface.

The development of nanotechnology starting from the beginning of the millennium has made
microstructure studies one of the hottest topics in the past decade. Remarkable achievements in
nanocomposite coatings, superlattice coatings, and nanoscale multilayer coatings bring advanced
coatings into industrial applications [24-29]. In the area of protective coatings, a new approach about
smart self-repairing protective coatings is currently discussed. Besides acting as a physical barrier, this
class of coatings also encapsulate corrosion inhibitor in amorphous solid solution, which can migrate out
to a chemically reactive zone to reduce the metal corrosion rate initiated by bacteria or corrosive species
[30-32]. In such case, the practicability of these coatings can be everlasting. However, this advance
achievement is out of the scope of this work, but it could be kept as a proposal for future work.

Development of protective coatings for stainless steels comprises advanced, important and active
research activities in the coatings, corrosion science and corrosion engineering fields: hafnia-alumina
coatings [33], various conductive polymers [34-37] and high purity stainless steels thin films [38] are
reported recently to be reliable candidates. Nevertheless, silicon and its compounds such as the silicides,
being among the most corrosion-resistant elements and compounds at both ambient and high
temperature condition [39-46], are rarely discussed in this particular context and will be highlighted this
time.



2.3 Potential Use of Transition Metal Silicides as Protective Thin Films

Silicon was extracted as a pure metalloid element by the Swedish chemist, Jons Jacob Berzelius in
1824 and the element is found to be one of the most abundant solid elements in nature [47,48]. The
general properties of silicon include low density, high hardness, high brittleness, high melting
temperature and chemical inertness. Because of the brittle nature of silicon, it was found difficult to seek
a practical application of silicon in engineering industries after the discovery. Fortunately, due to the
unique semiconducting properties achieved by doping, silicon and silicon-typed materials are now well
developed and widely applied in microelectronic industry. Materials of this type can be found in
transistors, photovoltaic cells, rectifiers, integrated circuits, optoelectronic devices, and many other
modern electronic devices in either bulk or thin layer (i.e. in micron- or nano-scale) form [48]. However,
the modern development of silicon is now reaching the physical limits and the silicon’s reign might be
nearing to its end in microelectronics [49,50].

In order to bring silicon into the mechanical and manufacturing industries, it is necessary to
improve the ductility and toughness of the materials based on silicon. One way to achieve this objective
is to develop the intermetallic compounds, the silicides; that is, mixing silicon with one or more metallic
elements in the manufacturing process. The idea behind is to introduce more non-directional character
ductile metallic bonds into the otherwise brittle covalent-dominating structure (i.e. Si), and thus the
ductility of the compound gets improved [51-53]. Although the literature reports that the high
temperature mechanical performance of silicides does improve compared to that of silicon [52-55], the
room temperature brittleness and high cost for the manufacturing process still remain the major barriers
to bring the silicides into wide general application. Nevertheless, the highly stable performance of
silicides under high temperature and adverse environment catches the attention of aero-engineers,
automotive-engineers and metallurgists, as those properties are what the engineers need for the engine
components and furnace walls [45,54,55]. A classic example is the use of MoSi for heating elements
[40]. Generally, the attractive properties of intermetallic silicides include superb strength at high
temperature, high oxidation resistance, high corrosion resistance and relatively low density. Aqueous
corrosion resistance of silicide materials is good as well, but the discussion about this is rarely
mentioned until recent years [45,46]. More about this issue will be described in this section. First of all,
some of the physical properties about the selected binary-component transition metal silicides related to
this study are summarised in Table 3. It is found that silicidation of transition metal is the exothermic
process, materials density reduces and the corresponding melting point decreases as a result.



Table 3 General properties of the selected transition metal and their corresponding silicides [48,52,56-58]

o Structure Space Lattice No. of No. of metal Density | Melting
Composition (Pearson) Grou Parameters atoms per atoms per (g-em™) | Point (°C)
P unit cell unit cell 8
Si A4 Fd3m a=5.431 8 8 233 1410
. a=2.951;
Ti A3 P63/mmc =4 683 2 2 4.51 1660
a=8.236,
a-TiSi, C54 Fddd b=4.773, 24 8 4.13 1500
c=8.523
Cr C2 Im3m a=2.884 2 2 7.20 1857
. a=4.428,
CrSi, C40 P6,22 0=6.369 9 3 498 1490
Fe A2 Im3m a=2.866 2 2 7.88 1535
_ Transform
. 3:9'879’ to a-FeSi, at
B-FeSi, C49 Cmca b=7.799, 3 1 4.95 700 and
c=7.839 melt at 1220
Ni Al Fm3m a=3.524 4 4 8.91 1455
NiSi, C1 Fm3m a=5.416 12 4 4.80 993

Corrosion Resistivity of Transition Metal Silicides

Chemical inertness of silicon in the ambient environment correlates to the silica (SiO,) formation at
the uppermost surface when in contact with oxygen and/or water molecules. Naturally, owing to the
high oxygen affinity of silicon, silica layer forms readily into metastable vitreous structure (i.e.
non-crystalline or short-range order) well-adhered on the Si substrate. This vitreous oxide layer has low
density of defects (< 10'® cm™) and inhibits the inward transport of oxygen ions (O”) to the silicon-oxide
interface; thereby, the oxidation rate and the oxide layer growth rate reduces as a function of time
[59,60]. This layer can transform to crystalline form at high temperature (Table 4) and is still a
well-protective layer to the underlying structure up to 1500 °C. Beyond that temperature, gas molecules
(e.g. H,O and O;) adsorb on the surface, diffuse through the structure, react with the silica to form
gaseous silicon monoxide [SiO(,)] and leads to vitreous network breakdown. From aqueous chemistry
point of view, although this layer is reported to be chemically inert in most of the acids at room
temperature, the layer, in fact, suffers corrosion attack from hydrofluoric acid (HF) and alkaline solution,
e.g. NaOH [48]. Moreover, both reactions can be accelerated in the presence of halide ions, such as
fluoride (F") and chloride (CI') [61-65].

Table 4 Some physical properties of bulk silica [48]

Type of silica Crystal Structure and Morphology | Density (g-cm™) | Temperature (°C)
0-Si0, (0-Quartz) 2.648 Room temp. to 573
B-SiO, (B-Quartz) 2.533 573 to 867

SiO, (tridynite) Hexagonal crystal, colourless 2.265 867 to 1470
Si0, (cristobalite) 2.334 1470 to 1722 (m.p.)

Si0, (vitreous) Vitreous solid, colourless 2.196 1722 to 2950 (b.p.)

In transition metal silicides, besides silicon, the transition metal can also get oxidised in contact
with water and oxygen. Therefore, it is possible for these binary-component systems to develop oxide
layers consist of two or more constituents. The possible oxides formed from different transition metals



are listed in Table 5. It is noted that, metal oxides are classified into 3 classes: network-formers,
intermediate ones and network modifiers. Metal oxides fall into the network-forming or intermediate
classes and tend to grow as protective oxides that support anion or mixed anion-cation movement. The
network formers are non-crystalline and the intermediates tend to be microcrystalline at low
temperatures. For the network modifiers, they are polycrystalline structure and the developed layers are
thicker and less protective. The bonding in a network forming oxide is covalent and that in a modifying
oxide is ionic. The grain boundaries that exist between the crystallites facilitate the ion mobility across
the layer and thus promote the chance of metal-corrosive species reactions. As a result, a single phase of
network former is actually preferred for better protectiveness [59,66].

Table 5 Type of possible oxide films [58,65-68]

M in Valence Formed | Bond strength | Coordination Nature of Protectiveness

MO, Oxide (kJ-mol™) number (C.N.) | the formed oxide*
Si 4 Si0, 444 4 Network Former Protective
Ti 4 Ti0O, 306 6 Intermediate Protective
Cr 3 Cr,0; 197 6 Network Modifier Protective
Fe 2 FeO 134 6 Network Modifier | Non-Protective
Fe 3 Fe, 04 407 6 Network Former Protective
Ni 2 NiO 117 6 Network Modifier | Non-Protective

*Network former if the bond strength is stronger than 315 kJmol'; oxide becomes network modifier if the bond
strength is weaker than 210 kJ-mol !+ intermediate oxides have the bond strength between 210 and 315 kJ mol” [59].

Effectiveness of Oxide in the Chosen Chemical Environment

The oxidation state of individual element in a specific chemical environment can be predicted
according to the thermodynamic potential-pH diagram (Pourbaix diagram), see Figure 4 and 5 [69,70].
In our tested environments of 0.50 M sulphuric acid (H,SO4) (pH = 0) and 0.05 M hydrochloric acid
(HC1) (pH = 1.3), it can be predicted that SiO, is formed and keeps stable even at a high potential. The
transition metal counterparts, except Ti, dissolve gradually into their ionic states in a wide potential
range and cannot form any protective oxide. Therefore, it is predicted that Ti-silicides could be a
potential candidate to withstand the testing conditions.

1 (ii)
[SO.2];or = 0.50 M [ClTyor = 0.05 M
[Si(C)}yor = 1.00 M t=25° [Si(C)}or = 1.00 M t=25°
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Figure 4 The Pourbaix diagram of Si in (i) 0.50 M H,SO,4and (ii) 0.05 M HCI and the silicon
concentration is assumed to be 1.00 M (Simulation in [70]).
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Figure 5 The Pourbaix diagrams of (a) Ti, (b) Cr, (¢) Fe and (d) Ni in (i) 0.50 M H,SO, and (ii) 0.05 M
HCI and all transition metals concentration are assumed to be 1.00 M (Simulation in [70]).
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Corrosion of Transition Metal Silicides

Comprehensive studies of the anodic behaviour of powder compacted transition metal silicide
electrode materials of Mn-Si, Fe-Si, Co-Si and Ni-Si have been conducted by Shein et al. in acid,
alkaline and halide-containing solutions [61-65, 71-77]. The results from their acid tests are summarised
in Table 6. By checking the electrochemical parameters in the polarisation curves, it was found that
silicides materials have superior corrosion resistivity in comparison to their transition metal counterpart
by showing lower current density (i.e. lower reaction rate) at corrosion potential (Ec.), passivation
potential (Epass) and wider passivating range (Erange). The general conclusion for the acid tests of H,SO4
for all transition metal silicides was that, “the selective dissolution of transition metal takes place
concurrently with the oxidation of Si to SiO; [71-73].” The dissolution rate is determined by icive. This
process was supposed to be connected to the diffusion of transition metal in the intermetallic compound
and the transport of the oxidised transition metal in the superficial layer of the hydrated SiO, [71-73].
Therefore, it is expected that structure with stronger intermetallic bonds (e.g. covalent bond implies
lower dissolution rate and lower diffusion rate) and higher Si content is preferable to enhance corrosion
resistance [71,72]. Nevertheless, in the presence of halides such as fluoride (F") or chloride (CI"), the
anodic process as such was found to accelerate, in addition with the dissolution of a surface layer of
Si0; and Si [61-65-73]. These results from the bulk materials are important references for the thin film
silicides study.

Table 6 Anodic potentiodynamic polarisation measurements of some powder-compacted electrodes [71-73]

Type of silicide Si Mn Fe Co Ni MnSi FeSi CoSi NiSi
materials
Testing condition | 0.50 M H,SO,, Scan rate = 1 mV/s, Reference electrode is Standard hydrogen electrode (SHE)
Electrochemical parameters

Ecorr (mV) -80 -680 -160 75 75 -70 0 155 -173
o (WA/cm) 5.5 3500 200 10° 200 0.15 0.20 0.10 10
Epass (MV) 200 -500 580 1460 460 100 155 405 0
i (WA/cm?) 10° 10° 10° 10° 10° 1 0.1 0.5 10°
06 (WA/C) 10° 10° 10 10° 10 1 0.1 0.3 4.5
Eans (mV) 1590 1650 1330 1260 1560 1420 1190
E ange (MV)* 1010 190 870 1160 1405 1015 1190

% —
Erange - Etrans - Epass

Other currently active silicide corrosion researches are found in the groups in China, Norway and
Russia [78-82]. Wang et al [80-82] developed some multi-phases transition metal silicides specimens by
means of laser cladding techniques. Their electrochemical corrosion tests in H,SO4, NaOH and NaCl
solutions were carried out in a similar approach as Shein did for the Ni-Ti-Si and Cr-Ni-Si systems.
These silicides showed good corrosion resistance in all the tested conditions and the discussion about
corrosion mechanisms are basically the same as by Shein and co-workers.

Clearly, bulk silicide materials can be claimed to have good corrosion resistance, but brittle in
nature, and the idea of using silicide as protective coatings was proposed already in 1991 by Knyazheva
et al. [46]. However, since then not many papers are found related to in this specific subject [83-90].
Even so, the reliability of silicide coatings is substrate dependent and no systematic study has been
conducted so far. With this basis, the studies of the corrosion properties of transition metal silicide
materials, applied as submicron protective thin films on one of the most widely-used engineering
materials — austenitic stainless steel, comprise the major objectives of the present thesis work.
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Chapter 3 Electrochemical Approach to Assess Corrosion Properties of Materials

Corrosion is one of the most common and costly material failure mechanisms. The latest published
survey in 2007 [91] shows that the direct cost of corrosion — essentially materials, equipment, and
services involved in repair, maintenance, and replacement, is between € 1.3 and 1.4 trillion in the world,
or 3.1 to 3.5 % of a nation’s annual gross domestic product (GDP). Unfortunately, corrosion is
unavoidable and atmospheric corrosion happens every instant once an object is exposed to the air.
Although the corrosion rate can be slowed down through proper material designs and surface
engineering processes, it does not mean that the corrosion process can be completely prohibited. On the
other hand, every corrosion case is unique and there is no single solution or advanced material that can
solve all the problems. Corrosion can be affected by many chemical species. They can be in gaseous
form such as nitrogen oxides (NOy), sulphur dioxide (SO,), hydrogen chloride (HCI), solid form such as
particulates/suspension like dust, aqueous form involving compounds such as sodium chloride (NaCl)
and fluoride (F) [92], or even microbiological form such as bacteria [93]. Clearly, the different
corrosion reactions that occur as a result of the corrosive species cause detrimental effects to engineering
materials. Fortunately, engineering materials are not just suffering from the chemical reactions induced
by the environment. With the appropriate alloy design, materials can, in response to the environment,
react and heal themselves by developing a protective layer. This layer helps to reduce the surface
reactivity, reduce the ion species mobility, and/or develops as a physical barrier between the material
and external environment. By this means, the risk of corrosion attack can be minimised.

To assess the corrosion properties, more than hundreds of testing methods are found in the
corrosion testing handbook [94]. Meanwhile, in this work, only an electrochemical test of
potentiodynamic polarisation measurement is implemented. Although this is a laboratory scale testing
method, information provided from the assessed results including the corrosion rate, passivation and
corrosion behaviour in a chosen environment are sufficient for the primary understanding of the
materials properties of interest at present stage.

3.1 The Polarisation Diagram

The results of potentiodynamic polarisation measurements are graphically presented in a plot of
potential-current density diagram, which is also called the polarisation diagram (Figure 6). The
logarithmic scale is used for the current density (unit: pA-cm™) to cover the broad range of interest,
while the linear scale is used for the voltage (unit: mV). The axes in the plot are interchangeable
according to different studies [7-11,61-65,71-90]. In the diagram, some electrochemical characteristics
including corrosion potential (Ecor), passivation potential (Eyas), and pitting (also called breakdown)
potential (Epi or Epreak), transpassive potential (Eians), as well as their corresponding current densities (1,
nA/cm?) can be determined, and thereby the active, passive and transpassive regions can be defined.
Other measured parameters and corrosion properties like the anodic and cathodic Tafel’s constants (3,
and f.), and polarisation resistance (R,, Q-cm™) can be derived graphically and mathematically (read
Appendix A) [95]. In general, low current density at the free corrosion potential, low passive current
density (ipass), wide passive region (or working potential) (Erang) and high pitting or transpassive
potential indicate better corrosion properties of the materials. Higher free corrosion potential also
reflects more “noble” character of the material in the specific test environment. Note that Figure 6
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provides simplified general characteristics of the polarisation curves and that various side reactions or
overlapping processes can complicate the appearance in the real measurements. More about the
polarisation testing instrument, the potentiostat, and the electrochemistry correlated to polarisation curve
will be introduced and discussed in Appendix A.
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Figure 6 Schematic diagram showing the potentiodynamic polarisation diagram (Author’s illustration).

3.2 Anodic Dissolution

The theoretical basis for an electrochemical corrosion is derived from the mixed potential theory
[17]. In essence, this theory states that the total rate of all the oxidation reactions equal the total rate of
all the reduction reactions on a corroding surface. The anode usually corrodes by loss of electrons from
metal atoms to form cations. These cations may remain in solution or react to form insoluble/soluble
corrosion products. If the former case occurs, using the symbol for a metal atom contained within its
solid structure, the ionisation (anodic reaction) can be represented by the following reaction:

M) =2 MZ+(aq) +ze .. (1)

This is the generalised corrosion reaction that removes the metal atom by oxidising it to an ionic state. In
this reaction, the number of electrons produced equals the valence of the metal ion produced. The mixed
potential theory proposes that all the electrons generated by the anodic reactions are consumed by
corresponding reduction reactions. The more common cathodic reactions encountered in aqueous
corrosion are as follows [96].

The hydrogen evolution reaction, which is the dominant cathodic process in acidic solution:
2H (o) + 26" > Hyg E’sue = 0.0V .. (i)
The oxygen reduction in acidic solution (pH = 0):
ViOog) + 2H (uq) + 26 > HOqy  E’spe=+1.23V ... (iii)
And the oxygen reduction in neutral (pH = 7) or basic (pH = 14) solution:
Y505 + HoOy +2¢" > 20H (oq) E°sup=+0.82V (pH=7) or + 0.399 V (pH = 14) ... (iv)

(Other possible chemical reactions for the transition metals and silicon in acidic solution are attached in Appendix A [96].)
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3.3 Anodic Oxidation (Passivation)

As mentioned in the previous section, when metal corrodes and metal ions are generated, the metal
can be dissolved into the solution and the ions formed can also react with other species to form insoluble
corrosion products. If the latter case happens and the reaction product is well-adhered on the surface
with a coherent structure, this most likely means that a passive layer is built-up between the metallic
material and the external environment. If this layer is electrically insulating or semiconducting, this
implies that the mobility through the layer is significantly reduced. By this means, the corresponding
measured current density during the polarisation measurements reduces, an “active-passive” transition
“nose” is noted in the polarisation curve and the passive-state is, therefore, defined. This concept,
passivity, was first introduced by Schonbein in 1836 [8].

Thin Oxide Film Development on Metallic Objects

The oxide layer growth of metal at ambient temperature can be explained by the quantum
mechanical charge transfer Cabrera-Mott model (Figure 7) [59]. It defines the oxide growth mechanism
as an electron tunnelling process and assumes that the mobility of ions is relatively negligible at low
temperature. The mathematical oxide growth law is defined as a direct logarithmic law:

dx:N-Q-v-exp(—(W—q’a’ED .. (V)

dt

in which x is the oxide thickness, t the time, N the number of mobile ions, Q the oxide volume per
mobile ion, v the atomic vibration frequency, W the energy barrier, q the ionic charge, a half the ion
jump, E the electric field V/x, k the Boltzmann’s constant, and T the temperature.

or an inverse logarithmic law:

i —ln[(t J;”j Cinx,u) -ee (VD)
X

X
w q-a'V

s X, =

k-T k-T

and t is a constant which can be neglected if it is small

where =N.Q.V.exp(_

compared with t.

The growth rate of an oxide depends on the protectiveness which is determined by the metal-oxide
bonds in the individual structure. As discussed in Section 2.3, metal oxides are divided into network
formers, intermediates and network modifiers. The growth rate of those network-forming or
intermediate classes is governed by inverse logarithmic expression [59,60]. Conversely, the growth of
modifying oxides is governed by the direct logarithmic expression [59,60].

Absorbed
Oxygen

negative charge - Electrolyte (EI)

p/;}/e charge /5/ %

Figure 7 Cabrera-Mott’s charge transfer model (Drawing based on [59]).
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There are two commonly viewpoints regarding the nature of the passive film formation. They are
the adsorption theory and the thin oxide films theory [8,97]. The adsorption theory suggests that metal
such as chromium, aluminium, titanium, etc, are covered by a monolayer of chemisorbed ions, e.g. 0.
This layer of anions displaces the adsorbed water molecules and slows down the rate of metal
dissolution involving hydration of metal ions. The thin oxide film theory stipulates that a
three-dimensional solid insulating film forms and it acts as a diffusion barrier layer of reaction products,
which separates the metal from the aqueous environment, thereby the reaction rate is decreased.

3.4 Transpassivation

During polarisation measurement, when the applied potential is driven far beyond the passivation
potential, the current density increases dramatically once again as can be seen for metallic dissolution in
the active region. It is possible to say that the dissolution process of passive layer initiates. Without the
presence of aggressive species (e.g. chloride) in the corrosive environment, it is considered that the
dissolution process is electrochemically driven and the region in the polarisation diagram is defined as
transpassive region. An example of transpassivation for stainless steel can be demonstrated in the
sulphuric acid measurement at a potential beyond 1.2 V. The corresponding reaction can be read as:

CI‘(OH)3(S) + HzO(l) > CI‘O42_(aq) + 5H+(aq) +3e ... (Vll)

This chemical reaction tells that the oxidised chromium in the solid state form in passive layer gets
oxidised from Cr(IIl) to Cr(VI). The Cr(VI) complex is soluble in the testing solution and thereby
detaches from the stainless steel. In this condition, stainless steel is losing its self-healing capability and
starts to corrode actively once the passive layer is totally consumed.

3.5 Pitting Corrosion

In the polarisation diagram, a current density increment at a potential beyond the passive region can
also be reflected by the pitting corrosion process. The corresponding pitting potential (E,;) is lower than
that of transpassivation potential (E.ps) for the same tested material. The occurrence of pitting corrosion,
besides the electrochemical driving force, also depends on the presence of aggressive ions in the
environment. Basically, in order for pitting corrosion to occur, there should be an initial passive film and
the material should experience sufficiently high anodic polarisation potential in an environment with
aggressive anions such as CI" and F". Above the pitting potential, local anodic attack takes place. Of
particular importance are the surface imperfections such as the presence of inclusions and grain
boundaries, which provide sites for pitting corrosion attack. Non-metallic inclusions could preferentially
dissolve in the corrosion process and create micro-crevice that will lead to pit development later on [17].
The pitting process can thus be viewed as process in which the passive film is locally broken in places
depending on surface characteristics and local chemistry (e.g. chloride concentration) within the
framework of the dynamic processes of continuous passivation, activation and re-passivation occurring
on the surface. For the matrix element, Fe, in stainless steel, the pitting corrosion reactions under the
action of CI” can be depicted as [17]:

FCOOH(S) + Cl_(aq) > FGOCI(aq) + OH_(aq) . (Vlll)
FeOCl(aq) + HzO(]) > Fe3+(aq) + Cl_(aq) + ZOH_(aq) ... (1x)

Clearly, with presence of CI’, destabilisation of the surface oxide is a possible result. On the other hand,
considering the other major element, Cr, the dissolution of Cr-hydroxide can be expressed as:

Cr(OH)3() + XCl (aq) > [CrCLI ™ ag + H oy + H2Oqy + (x-3)e ... (x)

Upon formation of the passive film, preferential dissolution of Fe takes place facilitating the formation
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of Cr-rich oxide/hydroxide on stainless steel [8]. With the presence of aggressive ions as Cl and the
localised corrosion effects induced by the structural defects such as inclusions, the performance of the
passive is deteriorated. Three major passivity breakdown theories developed in literature to explain the
pit initiation including the ion migration mechanism, the adsorption mechanism and the film breakdown
mechanism [98] are briefly described below.

lon Migration Mechanism

This idea involves the transport of the aggressive anions through the passive film to the metal/oxide
(or alloy/oxide) interface. Getting deeper into the content, it is proposed that the initiation of pits during
ion penetration and migration is a result of the interchanging mechanism of oxides with aggressive
anions (Figure 8). The more soluble metal chlorides are then dissolved into the corrosive solution,
leading to the oxide network breakdown and pit formation later on [8,99].

Adsorption Mechanism

Placing the metallic specimen in an aqueous solution containing aggressive species, there is the
accumulation of negative charges including the anions O* and OH on the specimen surface and thereby
a “competitive adsorption” environment is established. The adsorption of aggressive anions would be an
exchange of OH™ or O” from the oxide film. The corresponding halide or oxyhalide product has greater
solubility than the oxide and results in partial or complete removal of the passive layer at these locations.
If the passive layer becomes thinner, the corresponding underlying metal dissolution rate increases and
pit initiates more readily (Figure 9) [8,99].
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Figure 8 lon migration mechanism Figure 9 Adsorption mechanism
(Drawing based on [97]). (Drawing based on [8]).

Film Breakdown Mechanism

This theory considers that the passive film is in a continual state of breakdown and repair.
Mechanical stresses arise at the weak sites and these become the critical areas of passivity breakdown as

a consequence of electrostriction and surface tension effects owing to the surface chemistry changes on
the thin film [99].

Pitting Propagation

Pitting is associated with a local discontinuity of the passive film in the form of mechanical
imperfection. Pitting corrosion is an autocatalytic propagation process. When a local electrochemical
cell is able to form on the metal surface, pitting can initiate. At the central anodic site, dissolution of the
metal occurs. The increased concentration of metal ions within the growing pit results in the migration
of chloride ions to maintain neutrality. The dissolved cations formed are hydrolysed by water to
hydroxide and free acid and substantial acidification occurs in the pit. As soon as a pit has been formed,
it will continue to grow autocatalytically. In a vicious circle, the pit creates the condition which
promotes its further growth.
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Chapter 4 Thin Film Fabrication and Materials Characterisation

4.1 Ion-Beam Sputter Deposition (IBSD)

Sputter deposition is a physical vapour deposition (PVD) technique that involves a high energetic
beam of elementary particles like electrons or ions to bombard the target material, sputter out the atoms,
and then deposit them on the substrate surface. Thin films deposited by means of this technique are
found to be of high adhesiveness, high density, uniformity, and often amorphous in nature [101-103]. In
this study, the Kaufman-type ion source, a technique invented at the National Aeronautics and Space
Administration (NASA) in the United State during 1960s for spacecraft engine [104], is being used as
ion-beam generator. In the Kaufman-type ion source, plasma is generated when a flow of inert gas is
introduced into a high vacuum closed cylindrical volume and ignited by a discharge voltage (V) at the
cathode. The generated plasma will be isolated and sustained in the closed volume. On one end side of
this close volume, there are two molybdenum (Mo) grids that are well aligned together and an external
negative ‘“accelerator voltage” (V,) passes through these grids. When the positively charged ions
impinge on the open grids, these ions will be accelerated and can then leave the source in the form of a
broad beam that impinges onto the target materials. To avoid developing a bias on the ground target
materials, an electron-emitted tungsten filament (W) called ‘neutraliser’ is used for limiting the charge
build-up on the target by compensation the electrons to the positively charged inert gas ions. Figure 10
and 11 show the schematic diagram of the Kaufman-type ion source and the mechanism of ion-beam
sputter deposition (IBSD) [105-107]. In order to generate the binary-component thin films of different
compositions, two fabrication approaches have been implemented in this work. One way was to conduct
co-sputter deposition by using two ion sources and two targets. By varying the ion beam voltage of the
individual ion source, thin film with controlled silicon to transition metal ratio and smooth surfaces
could then be achieved. Other advantages with the co-sputtering method include the generation of a
sharp coating-substrate interface and the reduction of silicide formation temperature during the
deposition [101]. Another approach to achieve the binary-component thin film was to perform single
target deposition on Si wafer and followed by vacuum annealing treatment. Heat treatments at different
temperature for different transition metal silicides help the development of different silicide phases with
higher crystallinity compared to the co-depositing technique [101-103].

Kaufman-type ion source
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Figure 10 Cross-section of a Kaufman-type ion Figure 11 Schematic diagram showing the sputter
source (Drawing based on [105]). deposition process (Drawing based on [104,107]).
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Structure of the Sputtered Films

The idea of developing silicide films into two structural forms for properties comparison originate
from a concept in materials science that better mechanical and chemical properties can be found in the
amorphous form [108,109]. In fact, literature related to corrosion studies show that amorphous materials
always show better corrosion resistance than their crystalline counterparts owing to the higher chemical
homogeneity, the lower defect density and the capability of forming uniform and protective passive
layers [110-116]. Therefore, it is interesting to check if the same proof is valid or not in the transition
metal silicide thin films. Structural investigation of a pair of Ni-Si films with the same compositions but
in different degree of crystallinity have been conducted by means of TEM and the cross-section images
are shown in Figure 12. Crystallite features can be observed in the annealed specimen but not in the
co-sputtered one, together with the diffraction pattern acquired from the GIXRD measurements (Figure.
13), the results show that long-range order or crystalline structure can be achieved through vacuum
annealing process, while short-range order (vitreous) or no ordering (amorphous) thin film appears for

the co-sputtered state.

Figure 12 Cross-sectional TEM images showing (a) a thermally annealed Ni-Si thin film;
and (b) a co-sputtered Ni-Si thin film (Results not included in the appended papers and are
developed by Dr. Yiming Yao together with Prof. Uta Klement and the thesis author).
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Figure 13 GIXRD of two pairs of Ni-Si thin films with the similar chemical compositions but different
degree of crystallinity: (a) thermally annealed pair; (b) co-sputtered pair (Results in Paper 4).
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4.2 Silicide Characterisation

Structure, phase formation and chemical composition of the silicide thin films were characterised
by means of X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) techniques. Also, a
theoretical approach of the effective heat of formation (EHF) model [57,58] was used to predict the
possible phases formed in the annealed specimens. The background about individual characterisation
technique and the EHF model is found in Appendices B and C.

Structural characterisation of thin films needs to be done at the uppermost part of the characterised
specimen (in micron scale) and therefore grazing incidence setup in the X-ray diffractometer is a must to
acquire the maximum amount of diffracted X-ray signal from the top layer. The diffraction patterns in
Figure 14 show different Ni-Si phases that originate from a Ni/Si system after thermal annealing
processes at different temperatures. The sharpness of the characteristic peaks is related to the
crystallinity of the characterised thin films. For amorphous or vitreous structure, a broad halo peak
would be shown instead as illustrated in Figure 13(b). In Figure 14, the number of peaks and intensity of
the peaks determine the symmetry and the degree of crystallinity, respectively, of the crystal structure. In
principle, crystal structures with higher symmetry yield fewer peaks in the diffraction pattern. By this
means, Ni and NiSi, have higher symmetric compared to Ni»Si and NiSi. Nevertheless, the formation of
each phase is temperature and time dependent [57,58]. For higher crystallinity, higher intensity of peaks
would be acquired. Silicide mixture is not uncommon to be synthesized if the inappropriate annealing
temperature has been chosen in accordance with the experimental studies in the research.

The chemical information about each silicide thin films is mainly obtained by means of XPS.
Basically, the result is simply presented as the photoelectron emission spectrum as shown in Figure 15
and this spectrum presents the binding energy peaks for emitted photoelectrons from both the inner core
levels and the valence electron levels of the characterised specimen. With the characteristic binding
energy positions of the core electrons from all the elements, the approximate surface composition of the
specimen can be evaluated through measuring the intensity ratio of individual peaks with the
consideration of sensitivity factors [117-119].
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Figure 14 Diffraction patterns of the Ni-Si system Figure 15 XPS survey spectrum of a NiSi, thin film
after annealing processes at different temperatures (Author’s results).

(Author’s results).
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While the peak intensity ratio tells the chemical composition, the binding energy position of the
photoelectron for a particular XPS signal for an element tells the possible chemical state of that element.
Figure 16 illustrates the binding energy shift of Ni from metallic state to intermetallic state of NiSi,.
Besides the binding energy position, the change of peak symmetry, peak width and the disappearance of
satellite peak are also the characteristic features. In Paper 2, binding energy shifts of the transition metal
in the transition metal disilicides of Ti-Si, Cr-Si, Fe-Si and Ni-Si compared to their metallic states were
investigated and the results show that the silicidation process leads to transition metal core-level XPS
peaks that start from a negative binding energy shift to a prominent positive binding energy shift when
passing from left to right across the transition metal series. Further explanation of this phenomenon can
be developed by considering the initial-state and final-state Auger parameters as illustrated in a Wagner
plot (Figure 17). For example, the silicidation process of Ni to NiSi, means that the binding energy shift
(AEy) of the Ni 2ps,; signal is mainly governed by the initial-state Auger parameter (AP). This is related
to the fact that the screening effect for Ni atom by the surrounding Ni atoms is greatly reduced and thus
an isolated/atomisitic Ni structure is actually established in the disilicide. As a result, the interaction
between the nucleus and core-level electron increases significantly and leads to the increment of binding
energy value. Meanwhile, the change of the initial-state effect is relatively insignificant in comparison
with the other silicide systems. Thereby, higher contribution from the final-state effects (Aa) or the
extra-atomic relaxation energies (AR) will be the results and smaller binding energy shifts can be
observed from the other silicides (see Table 7).
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Table 7 Binding energy lines in the XPS measurements for different characterised thin films (Results in Paper 2)

Transition KE of Auger parameters
Thin metal AE, Auger A o (Final- B (Initial- AE AR
film ) (2ps) | electron | Auger | state Aa | state APp b

P32 (eV) effects) effects)

Ti 454.2 388.6 842.8 1751.2
TiSi, 453.9 0.3 388.6 0 842.5 0.3 1750.3 0.9 1 -030 | -0.15
Cr 574.3 489.2 1063.5 2212.1
Crsi 0.1 0.9 1.0 12 | -010 | -0.50
+ 574.2 : 488.3 ' 1062.5 ' 2210.9 ' ' '
CrSiz
Fe 706.7 598.5 1305.2 2718.6
Fesi, | 7070 | 03 [Ts96s | Y7 [T13038 | VY [ 27i7s | 08| 103 | 070
Ni 852.6 708.0 1560.6 3265.8
Nis, | 8546 | 20 7058 | 2 [ 15604 | °? 32696 | T38| 20 | 010

The atomic interaction or the bonding nature of the elements on the surface can be studied through
the valence band spectrum in the XPS measurements. Figure 18 presents the valence band spectra of
Ni-Si system extracted from Paper 1. In this figure, the main peak appearing on the Ni spectrum belongs
to the electron in 3ds, state and the shoulder is the satellite peak. On the other hand, two peaks are found
in the Si spectrum that represent 3p and 3s states, respectively. After the silicide formation, the valence
band levels for the individual elements interact and the hybridisation of the 3d orbital of the transition
metal and the 3p orbital of the silicon results. The result of hybridisation shifts the binding energies of
both 3d and 3p states and the previous dominant 3d peak diminishes. By this means, electrons in the 3d
state and 3p state are shared. The disappearance of the shoulder peak for Ni results with the consumption
of free moving electrons. By increasing the Si concentration, there is clearly the positive shift of binding
energy position of the main peak and this implies that more silicon-type or covalent-character bonds
have been developed in the thin film systems. Similar results and discussion can also be developed for
the other silicides and the details are found in Paper 2.
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Figure 18 Valence band spectra in the Ni-Si film series samples (Results in Paper 1).
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Clearly, the core-level binding energy shifts of the transition metal in the XPS measurements can
show the possible chemical states of transition metal silicides. Still without the aid of phase
identification via XRD, the XPS binding energy characterisation of thin film with short-range order or
amorphous structure would be questionable. Therefore, a correlation study applying both XRD and XPS
for each silicide phase is necessary at the beginning of work for specific silicide identification. After that,
it is possible to investigate the silicides with lower crystallinity through the existing database.

As mentioned at the beginning of this chapter, higher crystallinity of silicide thin films can be
achieved through thermal annealing process. Meanwhile, silicide mixtures cannot be avoided if
inappropriate annealing temperature has been chosen. With the known concentration at the beginning
before the annealing process, it is possible to predict the initial silicide phase formation as well as the
subsequent silicide form in a particular silicide system through the Pretorius’s effective heat of
formation (EHF) model [57,58]. Table 8 shows some transition metal silicide thin films prepared by
co-sputtering deposition and heat treated at a desired temperature to promote the formation of crystalline
disilicides. Although most of the silicide systems work out, the expected single phase formation of CrSi,
was not possible to achieve. The cause of silicide mixture formation for the Cr-Si system is supposed to
be a result of the partial decomposition of the first formed CrSi, phase into CrSi and Si, which is out of
the scope of the EHF model predictions. Nevertheless, with the confirmation of silicide phases from the
XRD analyses, the XPS binding energy of specific silicides are then defined and can also be used to
interpret the possible transition metal silicide with low crystallinity from the positions of the XPS peak
positions recorded. Table 9 shows the results for the Ni-Si film series in deposited form in X-rays
amorphous condition, fabricated by means of the co-sputter deposition.

Table 8 Composition of different transition metal silicide thin films by means of XPS quantitative analysis and the
possible phase formation upon annealing predicted by effective heat of formation (EHF) model (Results in Paper 2)

Specimens Possible Congruenc C0mp01.1t1.1d AH° Limiting Effectlst'e G AH’ Phase
P phases g Y ::tn:/l.:;) Siion 1 y-mol™- at!)  element f:tnoc/f)n ration g ymor'-at")  formed

Ti0'4osi0_60 T13SI Ti0_75Si0'25 -53.0 Ti 40 -28.3

TisSi; C Tig.62S10.38 -72.4 Ti 40 -46.3

TisSiy Tig.56510.44 -81.0 Ti 40 -57.9

TiSi Tig 5051950 -78.6 Ti 40 -62.9

TiSi, C Tip33S1g.67 -57.0 Si 60 -51.0 TiSi,
CroAz()Si()_go CI’3Si C Cr0_75Si0A25 -34.4 Cr 20 9.2

CI’5Si3 C Cro_()zsiogg -35.0 Cr 20 -11.2

CrSi Crojosio_so -30.2 Cr 20 -12.2

CrSiz C Cr0,33Si0_67 -25.8 Cr 20 -15.6 CrSiz
FCOA()Si()_()o Fe3Si Feo_75Si0A25 -25.8 Fe 40 -13.8

FeSi C Fegs0Sips0  -39.3 Fe 40 -31.4 FeSi

FCSIQ F€0'33Si0_67 -30.6 Si 60 -27.4
Nig,sSig75  NizSi Nig7sSigps  -37.2 Ni 25 -12.4

NisSi, C Nig71Sig — -42.3 Ni 25 -14.9

Ni,Si C Nig67Sigs;  -46.9 Ni 25 -17.5

Ni3Si, NiggoSigs0  -45.2 Ni 25 -18.8

NiSi C Nigs0Sigs0  -42.4 Ni 25 -21.2 NiSi

NiSi, Nig33Sips7  -29.3 Ni 25 -22.2
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Table 9 The prediction of phase formation in the Ni-Si film series utilising Pretorius’ EHF model (Results in Paper 1)

Thin film . AHP Limiting  Filective Compound AH’ Phase
. Composition 11 concentration  concentration el .
specimens (kJ-mol -at™)  element (at.%) (at.%) (kJ-mol-at™)  formation
Nige6Sioss — NipsSips; -46.9 Ni 66 67 -46.2 Ni,Si
Nig 5051050 -42.4 Si 33 50 -28.0
Nig 3351067 -29.3 Si 33 67 -14.4
Nig40Sige0  Nige7Sio 33 -46.9 Ni 40 67 -27.6
Niy 5055950 -42.4 Ni 40 50 -33.9 NiSi
Nig 3351067 -29.3 Si 60 67 -26.2
Nig20Sipgo  Nige7Sip 33 -46.9 Ni 20 67 -14.0
Niy 5085950 -42.4 Ni 20 50 -17.0 NiSi
Niy335i9.67 -29.3 Ni 20 33 -17.6 NiSi,

Other than the silicide state characterisation, the core-level Si 2p spectrum plays an important on
silicide oxidation characterisation. Since silicon has much higher oxygen affinity compared to the
transition metal, silicon oxidation is much more efficient and thus becoming a crucial factor of the
corrosion resistivity of the transition metal silicide thin films. It is supposed that the silica (Si0;) is an
effective passive layer that can withstand many aggressive corrosion environments [48]. Note that the
binding energy of the Si 2p of silicon state is 99.4 eV, silicide state 99.3 — 99.7 eV, and oxide state at
103.0 — 104.0 eV (Figure 19). The binding energy level of the Si-peak for the silica state depends on the
integrity of the silica layer and the layer thickness, i.e. a thicker layer gives an apparent higher binding
energy value. The effect is partly related to the insulating nature of the layer, i.e. charging effects [120].
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Figure 19 Binding energy spectra of a pair of Si 2p (a) before and (b) after oxidation in the NiSi, thin film
(Results in Paper 3).
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Chapter S Thin Film Properties

5.1 Corrosion Properties

Corrosion properties of the transition metal silicide thin films have been studied in three stages and
reported in separate articles (Papers 3 to 5). This part of work was started with the Ni-Si system of
different compositions (Paper 3). Based on the findings from this preliminary work, the optimum
composition with high corrosion resistance was chosen and the investigation was then extended to the
other transition metal silicide systems, i.e. Ti-Si, Cr-Si and Fe-Si (Paper 5). Furthermore, it was also
considered that the short-range order or no ordering structure might have beneficial effect to the
corrosion resistance. Therefore, a comparative study of two pairs of Ni-Si with the similar compositions
but different degree of crystallinity (Paper 4) was conducted in order to find out the potential impact
induced by the structural design of thin film.

To start with, the polarisation diagrams of the Ni-Si films series after the 0.05 M hydrochloric acid
(HCI) tests (pH = 1.3) are shown in Figure 20 and the electrochemical characteristics are summarised in
Table 10. The results of these curves show that the corrosion resistance of the coated specimens are
better than the uncoated 304L steel since all the polarisation curves have relatively lower current
densities. The lower corrosion current density (icor) at the corrosion potentials (Ecoy) and higher
polarisation resistances (R;), thereby, implies the higher self-corrosion resistance of the coated samples
than the uncoated steel. When considering the silicide composition, it is found that Ni-Si films with high
Si contents (i.e. Nig40Sipe0 and Nig20Siggo) give higher polarisation resistances than that with low Si
content (i.e. Nig¢6Sig33) and the pure Ni film. This means that high Si content is an important factor to
improve the corrosion resistance in the Ni-Si system. Furthermore, the small E ., differences between
the 304 substrate and all Ni-Si films imply that only small galvanic effect at these silicide-304L
interfaces will be induced when either side is damaged. By this means, it is expected that Ni-Si thin film
can give good corrosion protection to or improve the corrosion resistance of 304L stainless steels.
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Figure 20 The polarisation curves in the Ni-Si films series, the elemental Ni and Si films and
the 304L stainless steel tested in 0.05 M HCl solution (Results in Paper 3).

-4 -



Table 10 Highlighted electrochemical characteristics in the polarisation curves (Results in Paper 3)

3O4L Nl Ni0.6ési0.33 Ni0,4OSiO.60 NiO,ZOSiO.SO Sl
Corrosion current density (ico,; — pA/cm?) 240 54 34 0.23 0.62 0.25
Corrosion potential (E.. vs Ag/AgCl—mV) | -460 -430 -380 -400 -390 410
Corrosion potential (E.., vs SHE — mV) -263 233 -183 -203 -193 213
Polarisation resistance (R, — Q/cm’) 310 1065 6630 20x10°  1.0x10° 3.0 x 10

Based on this finding, transition metal silicide thin films of other systems were deposited with
silicon content at or above 65 %. Under the same polarisation environment but faster scanning rate, the
polarisation diagrams were measured and are plotted in Figure 21. Basically, besides Ti-Si specimen,
there is no significant difference among different silicide thin films and the 304 steel. They are all
showing the similar polarisation behaviour for their close corrosion potential (E.oy), corrosion current
density (icor), passivation potential (Epags), passive current density (ipass) and common pitting potential
(Epi). The polarisation measurements imply that the different transition metal silicides, except Ti-Si,
share the similar polarisation behaviour as stainless steel. For Ti-Si, the polarisation curve is
exceptionally lower in current density thus indicating its chemical inertness. The electrochemical
characteristics during the polarisation measurements are summarised in Table 11. In all, the results show
that the transition metal silicide thin films together with the uncoated stainless steel substrate are
susceptible to the hydrochloric acid and therefore all silicide thin films cannot significantly improve the
corrosion resistivity of 304 steel, except Ti-Si.

10" —

2

0257 0.75

£
=

=

! 7
= 10 v

2 . ! ——304
g 10 i ---si
— ! T'o.ssslo.es
€ 10° | :
q) : - Cr0,258|0.75
— .
‘5 104 L ! Feossslo.es
3 - - -Ni_Si

3 1 1 1 1 1 1 1
19700 -600 -500 -400 -300 -200 -100 O 100

Potential - mV (vs Ag/AgCl, Sat. KCI, + 197 mV)

Figure 21 The polarisation diagram of (a) AISI type 304 stainless steel; (b) Si thin film; (¢) Ti-Si thin film; (d)
Cr-Si thin film; (e) Fe-Si thin film; and (f) Ni-Si thin film obtained from the potentiodynamic polarisation
measurements in the 0.05 M HCI solution (Results in Paper 5).

Table 11 Data extracted from the polarisation experiments done in 0.05 M HCI (Results in Paper 5)

Thin film composition Ti0_33Si0A67 CI’OA25Si0_75 Feo_3osi()‘70 Ni0_25Si0A75 Si Bulk
Substrate 304 304 304 304 304 304
Ecorr Vs Ag/AgCl — mV -345 -430 -400 -370 -420 -400
E.or vs SHE — mV -148 -233 -203 -173 -223 -203
foor - LA/cm’ 2 180 35 30 130 14
N 2 570 190 940 620 510
| dpass - nA/cm’ 9 80 25 70 80 110
Eyi vs Ag/Cl —mV 100 -50 -55 -80 -40 -55
Working potential (mV) 230 170 230 120 150 150
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While all specimens have failed to passivate under HCI attack, another silicide set with the same
composition as above were prepared for sulphuric acid runs. The polarisation curves and the
corresponding electrochemical characteristics are presented in Figure 22 and Table 12. Unlike the tests
run in HCI, all specimens get passivated in this condition and clear passive regions are defined. However,
only Ti-Si and Ni-Si sustained on the substrate surface at the end of the polarisation test according to the

microscopic observation and thus Cr-Si and Fe-Si are not suitable for protective thin films application
(read Paper 5).
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Figure 22 The polarization diagram of (a) AISI type 304 stainless steel; (b) Si thin film; (c) Ti-Si thin
film; (d) Cr-Si thin film; (¢) Fe-Si thin film; and (f) Ni-Si thin film obtained from the potentiodynamic
polarisation measurements in the 0.50 M H,SO, solution (Results in Paper 5).

Table 12 Data extracted from the polarisation experiments done in 0.5 M H,SO, (Results in Paper 5)

Thin film composition Ti0_35Si()‘65 CI’0A25Si()_75 Feo_35Si0A65 Ni0_25Si()‘75 Si Bulk
Substrate 304 304 304 304 304 304
Eon vs Ag/AgCl — mV -329 -370 -357 -421 -382 -397
Ecorr vs SHE -mV -132 -173 -160 -223 -185 -200
ioor - pA/cm’ 0.72 55.6 14.4 16.9 7.7 252
i - pA/em’ 4.8 208 343 17.6 97.9 785
| ipass - pA/cm’ 0.77 5.3 11.2 0.18 7.72 4.5
Eans Vs Ag/AgCl — mV 980 960 975 975 965 805
Working potential (mV) 1215 1230 900 1180 1155 1084

One interesting phenomenon is that the polarisation behaviours of Ni-Si thin films with different
crystallinity do not show significant difference as can be seen in Figure 23. The results therefore imply
that this factor does not have significant impact to improve the corrosion resistivity of silicide materials.
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Figure 23 The polarisation curves of a Si wafer and two Ni-Si thin film pairs with similar
compositions but different degree of crystallinity (Results in Paper 4).
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5.2 Tribological Properties

Thin Film Adhesiveness

Thin film adhesiveness is characterised by means of the Rockwell-C adhesion test. A pair of
indented marks for a pair of Ni-Si thin films with different crystallinity is shown in Figure 24. Since the
micrographs show no lateral or radial microcracks, no flakes and no thin film delamination surrounding
the indented mark, the nickel silicide thin films prepared by means of the ion-beam sputter deposition
(IBSD) provided an excellent adhesiveness on 304 stainless steel substrate. Their practical reliability to
static mechanical impact is thus guaranteed. The specification of this characterisation technique is
further discussed in Appendix E [121-123].

ey ,

@
Figure 24 Rockwell-C adhesion test on (a) the co-sputtered and (b) the heat-treated Ni-Si thin films
(Results in Paper 6).

Hardness and Elastic Modulus

Static mechanical properties of the uppermost thin films such as hardness and modulus can be
determined by means of nanoindentation measurements. Indentation tests for the above Ni-Si pair were
conducted and their load-displacement curves are shown in Figure 25. The curves illustrate that both
specimens behave in a similar way by showing a similar maximum penetration depth and smooth
loading-unloading curves. The measured hardness and elastic modulus data on individual specimen
(Table 13) indicate that structural design does not have much influence on the film mechanical
properties. The small data scattering in the measurements show that both coated specimens have
uniform mechanical properties in their surfaces. Further information about nanoindentation technique is
discussed in Appendix F [124-129].
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Figure 25 Load-displacement curves of (a) co-sputtered and (b) heat-treated Ni-Si thin film (Author’s results).
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Table 13 Mechanical properties of the nickel silicide thin films with different degree of crystallinity characterised
by means of nanoindentation measurements and Rockwell-C adhesion tests (Results in Paper 6)

Specimen Hsim (GPa) E’(GPa) Adhesiveness | R, (nm)
Co-sputtered film 9.0+0.2 144.0+£2.5 HF 1 14
Heat-treated thin film 10.0£0.9 142.0 + 11 HF 1 17

Surface Topography

Surface topography directly determines tribological properties and thus becomes an important
consideration in practice. Surfaces of the above mentioned Ni-Si pair were mapped by means of atomic
force microscopy (AFM) after nanoindentation measurements, see Figure 26 a(i) and b(i). Apparently,
the linear profiles extracted from individual maps show that the surface roughness of co-sputtered thin
film is less than that of the heat-treated one and the ‘bumps’ appearing on the latter specimen is a kind of
crystallised feature. The roughness value (R,) determined for co-sputtered specimen is 1.0 nm and that
for annealed specimen is 2.0 nm. However, for the small scanning region in submicron-scale, it is
doubtful to report this measured value. Therefore, R, and/or Ry are also measured and reported by means
of engineering-scale profilometry techniques instead (see Table 13). The values in Table 13 are
approximately one order of magnitude larger than the R, values derived by means of AFM. Technical
information about AFM [130,131] and the profilometers are presented in Appendix G [132-134].
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Figure 26 A pair of (i) AFM imaging surrounding the indented mark on (a) co-sputtered Ni-Si, and (b)
heat-treated Ni-Si and (ii) the linear profile extract from the map (Author’s results).
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Wear Properties

The wear properties of the same Ni-Si thin film pair were evaluated through the dry sliding test in a
reciprocating sliding wear instrument. The chosen mating counterbodies were a Cr-rich bearing steel
(Cr-steel) ball and a tungsten carbide (WC) ball. Results are presented in friction coefficient curves and
shown in Figure 27 and 28. It can be seen that friction coefficients of the two specimens under 5 N load
are the same under both conditions, while lower friction coefficient was observed for the 2 N tests.
Specific wear rate of individual test can be evaluated through measuring the volume of worn regions by
means of profilometry and results are summarised in Table 5.5. It is concluded that there is less
materials loss in the Cr-steel ball tests compared to the WC ball tests according to the measured wear
volume.

Tungsten carbide ball tests
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Figure 27 Friction coefficients () as a function of the reciprocating sliding cycles in the tungsten carbide (WC)
ball wear tests on (a) co-sputtered; and (b) heat-treated Ni-Si thin film coated on 304 stainless steel specimens
(Results in Paper 6).
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Figure 28 Friction coefficients (g as a function of the reciprocating sliding cycles in the Cr-steel ball wear tests
on (a) co-sputtered; and (b) heat-treated Ni-Si coated 304 stainless steel specimens (Results in Paper 6).
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Table 14 Tribological parameters from wear testing of Ni-silicide coated 304 stainless steels (Results in Paper 6)

Tested specimen Counter-body Sliding Friction Wear volume | Specific wear
load (N) | coefficient () (m?) rate (m*/N-m)
Co-sputtered Ni-Si WC ball 2 0.25 1.52x10™"* 1.9x10™"
coated steel plate WC ball 5 0.40 4.25x10™" 2.1x107"
Cr-steel ball 2 0.35 7.20x10"° 9.0x10™"
Cr-steel ball 5 0.35 2.85x107" 1.4x10™"
Heat-treated Ni-Si WC ball 2 0.35 1.53 X107 1.9x107"
coated steel plate WC ball 5 0.40 4.23x107"7 2.1x107"°
Cr-steel ball 2 0.30 1.10x107" 1.4x107"
Cr-steel ball 5 0.40 3.68x10"° 1.8x10™"

In the surface profilometry measurements, it is observed that the cross-sectional profile of the worn
region after the WC-ball test is smoother than the region after the Cr-steel ball test (Figure 29). A top
view of the optical microscopy on the individual wear track shows there are some debris left over the
surface after the Cr-steel ball wear test while it does not appear after the WC test (Figure 30). Therefore,
it is believed that there is materials transfer from the Cr-steel ball to the silicide coated surface but not in
the other case. Compositional analysis by means of EDX shows the debris on the co-sputtered silicide
contains of Cr, Fe, and O and that on the heat-treated silicide contains of Fe and O only (reported in
Paper 6). Together with the specific wear rate values, it is thereby concluded that the formation of
Cr-containing oxide plays an important role in wear resistance improvement. A sliding wear test for the
uncoated substrate was performed at the end of this work. For the higher friction coefficients against
both counterbodies (Figure 31) and the larger measured wear volume, the specific wear rate of the 304
stainless steel is an order higher than those reported for the silicide specimens, i.e. 10"? m’/N-m, and
thus the silicide thin films somehow have a positive contribution to wear resistance improvement on
stainless steel. It is believed that the higher wear resistance contribution of silicide is related to their
harder nature as compared to stainless steel (i.e. 1 — 2 GPa) [129].

Co-sputtered Ni-Si thin film 2N 5N
WC ball 3
; A{W A k
g H -
Cr-steel ball F
qu l N
Heat-treated Ni-Si thin film 2N 5N
WC ball b N
%J\W E— A
Cr-steel ball F P

Figure 29 Cross-sectional profiles of the wear tracks developed on the two coated specimens after reciprocating
sliding wear test against a WC-ball and a Cr-steel ball under 2 N and 5 N (Author’s results).
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(b)

<

Figure 30 Wear surface of the heat-treated Ni-Si specimen after the reciprocating sliding wear test
against (a) a WC-ball; and (b) a Cr-steel ball at a load of 5 N (Author’s results).
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Figure 31 Friction coefficient (i) as a function of the reciprocating sliding cycles in the Cr-steel ball
wear tests on an uncoated 304 stainless steel specimen at a load of 5 N (Author’s results).
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Chapter 6 Conclusions

Transition metal silicides of Ti-Si, Cr-Si, Fe-Si and Ni-Si have been fabricated as thin films by
means of ion-beam sputter deposition (IBSD) on AISI type 304 stainless steel substrate in order to
enhance the corrosion resistance. Potentiodynamic polarisation measurements in hydrochloric acid (HCI)
and sulphuric acid (H,SOj) of different silicides show that all thin films have higher corrosion resistance
than the uncoated stainless steel by showing lower current density throughout the whole polarisation
diagrams even though no significant difference have been found in the curve shape. However, only Ti-Si
and Ni-Si films sustained on the stainless steel after the tests and thereby only these films have the
potential to be protective thin films. Further investigations about varying the thin film composition and
thin film structure were conducted on the Ni-Si system and the results show that the variation of
composition has a more significant influence than that of structure to the corrosion resistance
enhancement. It is found that transition metal silicide with Si content of at least 60 %, independent of the
thin film crystallinity, would have better corrosion resistance to the tested environment than those with
lower Si content. This is due to the formation of uniform passive layer of Si-oxide on the surface of the
silicides and its chemical inertness plays a significant role in the corrosion resistance enhancement.
Besides the corrosion properties, study of the tribological properties and some fundamental
understanding about the thin films were also involved in this research. For the tribological tests, good
adhesiveness was shown for a pair of Ni-Si thin film with different crystallinity on austenitic stainless
steel. The reciprocating dry sliding wear test carried out on the same pair of specimens showed that thin
films, independent on the structural crystallinity, improve the wear resistance slightly in comparison to
the stainless steel substrate. By this means, silicide thin films not only enhance the corrosion resistance,
but also strengthen the wear resistivity. With the proof of properties improvement, the nature of
transition metal silicide thin films were further investigated by means of surface sensitivity
characterisation techniques including GIXRD and XPS. With the aid of GIXRD, crystallinity of thin
films as well as the possible phases appearing was depicted and it was shown that post-annealing
treatment after IBSD promotes the thin film crystallisation and the development of a particular phase.
Chemical information including the composition, chemical state of individual element in a silicide and
the electronic structure can be determined from XPS analyses by simply evaluating the core level
binding energy position of the transition metal component , the intensity ratio of the core-level peaks
and the valence band spectra near to the Fermi energy level. More information about top layer thickness
evaluation and binding energy shift can be investigated through ARXPS and the Auger parameter. The
covalent character of the transition metal-silicon bonding explains the strong bonding between these in
the intermetallic compound and thus the potential higher corrosion resistance compared to that of
uncoated stainless steel substrates.
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Chapter 7 Future Works

The current study about transition metal silicides as protective thin films on engineering materials
is at fundamental level and many ideas can be put forward to develop this work in the future. The
suggestions listed here are based on the scope of this thesis:

1. Thin Film Synthesis

Research progress is largely hindered by the thin film fabrication process. IBSD is a slow
deposition technique and the lifetime of the filaments is short. Frequent replacements of the filaments
interrupt the deposition process from time to time and the UHV chamber is inevitably contaminated in
the atmosphere. As a result, the consistency about the thin film quality can always be improved. These
obstacles make it hard to move the research forward from the current status. The author suggests the thin
film fabrication process can be taken over by other advanced PVD technique, like magnetron sputtering.
A more reliable deposition system can thus guarantee higher quality films and coatings fabrication.

2. Corrosion Properties

In the present study, it is found that the corrosion properties of the various silicides do not show
significant difference compared to the substrate materials even though silica has formed. It is believed
the sweep rate in the potentiodynamic polarisation tests suggested by the ASTM standard may still be
too fast for the protective silica layers to build up, or the chemical environment is too aggressive.
Therefore, it is proposed to keep the polarisation scanning rate only at or below their suggested level.
For the same matter, it is proposed that the coated specimens could be exposed to an oxidising
environment for a period of time or treated them in a more moderate environment to stimulate the
passive film development prior to the aggressive corrosion test. The well-developed silica layer at the
silicide top surface should have beneficial effect to the corrosion resistance improvement and the
transition metal might have carried a role as a catalysis or inhibitor during the silica formation process.

The corrosion mechanism of individual silicides in each of the tested solution is always an
interesting topic from electrochemistry point of view. Therefore, electrochemical impedance
spectroscopy (EIS) measurement is proposed to carry out. Cyclic voltammetry is also proposed for the
anodic dissolution study. Some attempts to apply cyclic voltammetry were done, but the preliminary
restuls were not conclusive. Results from these silicide thin films can be compared with those published
by Shein [60-64,70-75] acquired from bulk silicide materials, and a comparative study about the
corrosion behaviour of the silicide materials in bulk and thin film form can be worked out.

3. Wet Tribological Properties

In the practical environment, materials usually suffer both corrosive attack and wear. Therefore,
wet tribological sliding test is meaningful to be conducted and verify the practicability of the silicide
thin films in a designed environment.

4. Advanced Coatings Investigation

In Section 2.2, the author has mentioned that the latest research activity in this area is about “smart
self-repairing protective coatings”. If the silicide films are proved to work out, one way to upgrade their
function could be achieved by introducing chemical inhibitors as a further means of “defence line”!
Alternatively, multicomponent design could be another approach to reach the same goal.
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Appendix A

Electrochemical Interface: Potentiostat

Potentiodynamic polarisation measurement is conducted by using a potentiostat together with a
three-electrode electrochemical cell as shown in Figure A.1. To sum up briefly, the three electrode setup
is working in two pairs to measure the current passing through and potential change in the working
electrode (WE) during polarisation process. To achieve that, the working and the counter (or auxiliary)
electrodes are working in pair (WE-CE) for current measurement while the other pair of WE and
reference electrode (RE) is measuring the change of potential. For the top layer thin film corrosion
properties evaluation, a special specimen holder based on Stern-Makrides [130] design is made to ensure
only the uppermost area is exposed to the solution. Since the chloride-containing solution is chosen to be
the testing environment, Ag/AgCl reference electrode is selected. For the choice of corrosive
environment, we have thought about hydrochloric acid is the aggressive environment for stainless steel
materials. Later on, we have also considered that the passivity of stainless steels in pure acidic
environment is also important in this study. Therefore, sulphuric acid is chosen in the later part of the
research. In practice, before all polarisation experiments, deaeration of the solution was carried out by
purging dry inert gas (e.g. Ny) into the solution to reduce the dissolved oxygen content. The whole
electrochemical setup was then introduced into the solution. After immersing the cell into the solution
for more than an hour, the open circuit potential (Eocp) was acquired at the equilibrium condition.
Polarisation scanning was then started from a potential more negative to the Eocp and sweeping to the
positive potential at a rate of + 0.1667 mV/s, according to the ASTM standard [131], or below 1.0 mV/s
as recommended by Cottis [132].

Potentiostat
0 o) N

Potential
difference

Cur(ent
1 T \
Reference Working Counter
electrode electrode electrode
(RE) (WE) (CE)

Figure A.1 The three-electrode electrochemical cell set up (Drawing based on [133]).

Electrochemistry about the Polarisation Diagram

The results of polarisation scan are presented in a polarisation diagram as introduced in Section 3.1.
Though this diagram can present the electrochemical properties of a material in a chosen environment in
a simple illustration, fundamental knowledge about electrochemistry is required to get a better
understanding about the curves. Therefore, the thermodynamics and kinetics about the chemical
reactions in an electrochemical process are briefly introduced here.
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Electrochemical Thermodynamics [17.134]

In material science point of view, every material in a given state will have a characteristic value of
Gibb’s free energy (G) (unit: Joule, J). Change of a material state means the change of G, i.e. AG. In an
electrochemical reaction, a material changes from one chemical state to another can be mathematically
expressed as:

AG=-n-F-E ...(Al)

where n is the number of electron transfer in a chemical reaction, F is the Faraday’s constant (96485
C'mol™) and E is the electrochemical potential (unit: V). In principle, this energy change provides a
driving force for a chemical reaction. Provided that AG is less than 0, the chemical reaction will be
spontaneous. While the occurrence of a reaction can be predicted by this idea, the actual E is changing
when the reaction proceeds. This is because the concentrations of the reactants and products are
changing continuously. Therefore, by taking concentration into account, Nernst equation [Equation (A3)]
is applied to monitor the change of electrode potential in the reacting environment of a specific reaction.
For example, for a chemical reaction of J:

xJ""+ne” —>xJ ... (A2)

_po RT BT (A3)
E=E n~F1 [J]x

where E is the standard potential of a half-cell reaction of M, R is the universal molar gas constant
(8.314 J-mol-K'"), T is the temperature in Kelvin (unit: K), [J] and [J™'] are the concentrations of J in
metallic state and ionic state respectively (unit: molar, M), the superscripts x is the corresponding
number of the reductants and oxidants that take part in a half-cell reaction. Meanwhile, the reaction in an
electrochemical measurement is never a single event but involves at least an oxidation-reduction pair, or
commonly called as “redox” pair, for electron-charge transfer interactions among 2 or more elements,
compounds or molecules. Thereby, the measured potentials of the electrochemical characteristics in the
experiments are never at the exact potential as they are expected in the standard potential. The
experimental results are consequently explained by the mixed potential theory. An example given here
in Figure A.2 is the E . determination in a polarisation measurement.

CATHODIC REACTION

Bc 8.

pA/cm?

.7/ ANODIC REACTION

corr[TTTTTTTTTTTTT X7

log (Current Density) -

E..

Potential - mV

Figure A.2 Tafel slope calculation (Drawing based on [133]).

Assuming that the measurement was run from a low potential to a high potential just beyond the
corrosion potential (E.qr), we can define the curve located at the lower potential than E., to be a sign of
the cathodic-dominant path and the curve at higher potential as the anodic-dominant path. Thereby, E o
is defined as the potential at which both anodic and cathodic reactions proceed at the same rate, but in
opposite direction (i.e. one is donating electrons and the other is receiving electrons), resulting in
basically the measured is being zero. From the diagram as in Figure A.2, the corrosion current density
(icorr) can be extracted.
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Electrochemical Kinetics [135]

Note that thermodynamics is incapable to estimate the reaction rates. Therefore, potential alone is
insufficient to tell the chemical kinetics. In the polarisation diagram, the current density (i, pA-cm™)
does. A higher current density indicates a faster reaction rate and vice versa. The measured current
density, again, is contributed by a redox pair, and therefore, interpreted as follows:

At stationary conditions at corrosion current density (icor), current densities of anodic (ianoq) and
cathodic (ianeq.) reactions are of equal magnitude and the reaction directions are opposing to each other.
Each reaction has the same kinetic as expressed in Equation (A5-a) and (A5-b):

=li . ... (A4)

coxp| A0 | ... (A5-a) and ; _ cexp| = Auea | ... (A5-b
kath. exp( RT j ( ) lanod. kanod. eXp RT ( )

i .

corr.

lanud .

i

cath. — e

in which k is the reaction rate (mol-cm™s™).

When an overpotential (1) is applied, the balance is disrupted and this external driving force is
governing the final reaction rate by speeding up the reaction rate is given direction through:
n= E —ECOW. eee (A6)

n=pB-log ... (A7) inwhich g=
i

0

R-T-In(10)

a-n-F

... (A8)

where 1y is the exchange current density of a specific material at a standard condition and a is the
fraction of m taken by the anodic (during anodic overpotential) or cathodic (during cathodic
overpotential) reaction during the polarisation process.

At cathodic overpotential (0, i.e. E < Eo), with the supplying electrons from the external circuit,
the energy barrier of the cathodic process reduces. Therefore, the reduction (or discharge) process
becomes easier while the oxidation (or ionisation) process becomes harder. Mathematically:

icarh. > ia;lod. ce (A9)
icath. = k;ath. . exp(_ AG(.ath. —an F : 77(. j e (Al O_a) and ianad. = kc;nod. . exp(_ AG!WOd. — (1 - a) i F : 77c j e (Al O_b)
R-T R-T
The resulting current density will be cathodically driven and expressed as follow:
iapp,,c = icarh, - iarzod, et (Al 1)
I .{exp{_ anFﬂ} _ exp[_ (1—00'1“7} .. (A12)
" R-T R-T

On the other hand, at anodic overpotential (n,, i.e. E > E..), electrons are extracted out by the
external circuit, the energy barrier of the anodic process reduces and thus the oxidation process becomes
easier while the reduction process becomes harder. Mathematically, the situation becomes:

izmod. > ica/h. b (A 1 3)
ianad. = kc;nod. . exp(_ AG”"Ud- e F : 77” j e (A14_a) and icalh. = kc’ath_ : exp(_ AG('ath. — (1 _ a) o F - 77” j ce (A14_b)
R * T R . T
The resulting current density will become anodically driven and expressed as:
iapl’/..a = izmod, _icath, e (Al 5)
=iy .{exp[_ anFﬂ} ) exp[_ (I—aMFn}} ... (A16)
' R-T R-T
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Corrosion Rate Assessment

Corrosion rate (rcoyr,) can be extracted from the polarisation curve by making use of the corrosion
current density (icorr) and Faraday’s law. For engineering purpose, the corrosion rate can be defined as
shown:

_len M _ M (mags per unit area per unit time, e.g. grem™>s™) ... (A17), or

rcr)rr. n . F t . A
d =l M _m (penetrating depth per unit time, e.g. nm's™) ... (A18)
corr. n . F . p t
where M is the molar mass (g'mol™) of the tested specimen. In alloy measurements, M can be replaced
by equivalent weight (We,) as defined in the following expression:

W:[ZCMJ ... (A19)

where f is the atomic fraction and n is the valence of each component. By this means, the experimental
results can correlate with the engineering units [17,133].

Table A.1 The summary of the standard potentials of the electrochemical reactions of
the transition metals and silicon in acid solution [96]

Element Change of the oxidation state and the corresponding potential (in V)
Si Si0, — (-0.90) — Si
Ti TiO, — (-0.56) — Ti,0; — (-1.23) - TiO— (-1.31) - Ti

Cr Cr(VI) — (+0.55) — Cr(V) — (+1.34) — Cr(IV) — (+2.10) — Cr** — (+0.42) — Cr*" — (-0.90) — Cr
Fe Fe*" — (+0.771) — Fe*" — (-0.44) — Fe
Ni NiO,> — (+1.8) — NiO, — (+1.593) — Ni*" — (+0.257) — Ni
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Appendix B

Effective Heat of Formation (EHF) Model for Phase Prediction

In metal-silicide thin film preparation for microelectronic devices, the knowledge about the initial
formation of silicide phase and the phase formation sequence in each system is important from both
practical and research point of view. Probably, the first rule for predicting phase formation stated: “the
first compound nucleated in planar binary reaction couples is the most stable congruently melting
compound adjacent to the lowest temperature eutectic on the bulk equilibrium phase diagram [136].”
Later on, this concept was extended by adding: “The second phase formed is the compound with the
smallest AT that exists in the phase diagram between the composition of the first phase and the
unreacted elements [136].” In addition, it has been predicted that after the first compound phase has
formed, this phase must exceed a critical thickness before a second compound phase may form and
growth simultaneously with the first one [137]. Based on those above concepts, Pretorius’ et al [57,58]
proposed a novel way of phase prediction by simply making use of thermodynamic data and the model
is called the effective heat of formation (EHF) model. While considering the thermodynamic approach,
the driving force for a process to take place is given by the change in the Gibbs free energy (AG®) and
expressed as:

AG® =AH’—-T-AS° ...(Bl)

where A H° is the change in enthalpy during the reaction at temperature T and A S° the change in entropy.
However, the change in enthalpy is much more significant than the change in entropy during solid state
formation of ordered compounds. Therefore, the contribution from the entropy is usually negligible and
AH? alone is a good measure of the change in free energy AG°. This model by Pretorius is then defined
to assess an effective heat of formation AH" which depends on the available concentration of the reacting
atomic species at the growth interface, given by:

AH'= AH" Effect Concentration of Limiting Element

... (B2
Compound Concentration of Limiting Element (B2)

According to Pretorius, the first formed phase should fulfil the following criteria:

1. it must be a congruent phase,

2. the phase should have the lowest effect heat of formation(AH") level.

3. the phase formation sequence can be evaluated by comparing the AH" level among different phases,
non-congruent phase can form after the first phase is developed provided that the temperature
difference between the liquidus curve and the peritectic/peritectoid point is very small.

Figure B.1 and B.2 demonstrates the application of EHF model to predict the silicide formation in
our transition metal silicide analyses performed in Paper 2 (Table 8). Please note that the silicide
synthesized from co-sputtering here is different from the metal-silicon interface reaction in Pretorius’
model. The effective concentration of the limiting element can be the exact composition of the
as-deposited mixture/compound instead of the liquidus minimum as proposed in the original model. The
model, still, correctly predict the formation of congruent TiSi, phase from Tip 49Si¢ 60, the non-congruent
B-FeSi, and NiSi, phases from Feg40Sigeo and Nip20Sip7s. The formation of the latter two phases is
owing to their small difference of AH" from the congruent FeSi and NiSi (i.e. slightly negative at that
specific composition), respectively. For the mixture of CrSi2 and CrSi in the Cr-Si system, the model,
however, has failed to explain this outcome. It is assumed that such result is the consequence of CrSi2
decomposition during the high temperature treatment.
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Appendix C

X-ray Characterisation Instruments: X-ray Photoelectron Spectrometer (XPS) and X-ray Diffractometer (XRD)

Surface sensitive X-ray instruments including X-ray photoelectron spectrometer (XPS) and X-ray
diffractometer (XRD) carried the major role in the surface characterisation work in this research.
Compositional, chemical as well as structural characteristics of the coated silicides can be analysed by
the individual techniques.

X-ray Generation

In principle, the generation of X-ray is the result of high energetic electron bombardments, which is
emitted from hot tungsten (W) filaments, on the anode materials under a high tension of voltage in an
enclosed high vacuum device [117]. The power of X-ray emission depends on the power applied on the
filament. For the X-ray source in the XPS used (PHI 5500), the filament is set operating at 350 W (i.e.
25 mA, 14 kV); while for the X-ray tube equipped with a Cr anode in XRD, the operating power is set at
1400 W (i.e. 40 mA, 35 kV). In XPS, the choice of source depends on the energy level of the X-ray and
the energy resolution of the X-ray energy line (i.e. full-width a half maximum — FWHM). Usually, the
binding energy ranges from 0 to about 1000 eV and then 1253.6 or 1486.6 eV generated from the most
commonly used Mg or Al sources are wide enough to provide sufficient information for most of the
elements while the FWHMs are less than 1.0 eV. The choice of anode in XRD is sample dependent, for
example, Cr anode is chosen in our laboratory because it can avoid the fluorescing radiation from the
Fe-based materials, the most frequently measured type of material, otherwise induced by the commonly
used CuKa source. The long wavelength of CrKa radiation (A = 2.2897 A), indeed, is useful for large
unit cells measurement.

(a) (b)
Anode Window
. materials
Filament Filament
Ve
High energetic
electron
" J ) Generated
g anode Al anode Filament——— X-ray radiation
Window X-ray

Figure C.1 X-ray generation in (a) X-ray source in XPS (b) X-ray tube in XRD (Author’s illustration).
X-ray Photoelectron Spectroscopy (XPS)

The photoelectric effect by X-rays was discovered by Heinrich Hertz in 1887 and was explained by
Albert Einstein in 1905 [140]. The usage of this physical phenomenon as a practical analytical
instrument was brought up almost a hundred years later by Kai Siegbahn in 1970 [141], right after the
golden age of vacuum technology in the 1960s. The X-ray photoelectron spectroscopy (XPS), or the
electron spectroscopy for chemical analysis (ESCA) coined by Siegbahn, is one of the most important
materials characterisation tools in nowadays surface science research. The main parts of an XPS
instrument consist of an X-ray source, a sample manipulator, and an electron energy analyser (Figure
C.2). When a monochromatic X-ray beam is illuminated on the sample surface, photoionisation occurs
as illustrated in Figure C.3 and expressed in the formula:
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Eb,PE =hv - Ek,PE — Qspec. -+ (Cl)

where hv stands for the energy of the X-ray photons, Ey pg is the binding energy of the photoelectron to
the atomic nucleus, Ey pg is the kinetic energy of the emitted photoelectron and @gpe. is the work-function
of the spectrometer. The work-function (¢) is basically the energy difference between the vacuum and
Fermi levels (Eg) for the specific case considered. The medium to low-energy emitted electrons are then
collected and counted in the electron energy analyser.

X-ray

xray photoelectrons
Concentric hemispherical photons g
analyser (CHA) hv K
Detector ) Vacuum

B
a
E|eCtr0n energy* | H E —_—\_ o . /_ “(Dspec.
retarder \/ P NSz Valence band
I - & Monochromator 3d
’ AN 7
Lens — K U 20 7
5 J 2p Ep
ample
P R 2s @), &
X-ray Source 1s
Figure C.2 Illustration of an XPS instrument Figure C.3 Schematic diagram of a photoelectron
(From [118]). emission process (Drawing based on [117]).

A plot of photoelectron intensity against binding energy that contains both photoelectron and Auger
electron peaks is then generated (see Figure 15; Note: Auger electrons that are generated due to the
de-excitation process can also be found in an XPS spectrum provided that their kinetic energies are
within the possible range of analysis). The XPS spectrum obtained provides the basis for the abundance
of surface specific information such as chemical states of elements present, their surface composition,
thin film thicknesses and also the spatial distribution of compounds on and different materials on at least
micrometre scale in lateral size [118,119,142].

Chemical composition can be characterised by making use of the peak height intensity or peak area
measure of the characteristic peaks (I) of the individual composing elements. The atomic composition
(Cat) of each element can in the simplest approach be evaluated through the calculation of intensity ratio
by putting atomic sensitivity factor (S) into consideration [142]. The equation then applied is:

/8
C =——° ... (C2)
“~%1,78,)
Provided that the analysed volume of material in the surface is homogeneous, this approach is applicable.
Would there, however, be a more complicated morphology of thin surface products so that the analysed
material volume covers both bulk and thin products, more advanced quantification approaches must be
applied as further discussed below.

The information depth (or sampling depth) (d) is correlated to the photoelectron attenuation length
(M), which in turn depends on the kinetic energy of the emitted photoelectron (E) and the material being
analysed (a). Photoelectron attenuation lengths are generally in the range of 1 — 3 nm, and can be
expressed in the following semi-empirical equations [117-119]:
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_538-a

For metallic materials: 4, = +0.41.a"% - E" ... (C3)

E2

2170 -a
For inorganic materials: 4,,, =———+0.72-a”*-E">  __ (C4)

g E2
1/3
inwhich ,-|_! | .07 and D is the molecular density, D = £ (mol-cm™), ny is the number of
D-n,-N M

atoms in the molecule and N is the Avogadro’s number. Table C.1 lists the attenuation lengths derived
for the materials studied along with their physical data and details about their characteristic XPS peaks.

Table C.1 The summary of attenuation length evaluation of a Ni-Si system

Thin | Molar | Density | Molecular | Binding | Corresponding | Binding | Corresponding | N a Ani As;
film mass | (g-em™) | density energy | Kinetic energy | energy | kinetic energy (nm) | (nm)
system | (g-mol™) (mol-cm™) | position V) position (eV)
of Ni2ps), of Si2p
peak peak
(eV) (eV)
Ni 58.7 8.91 0.152 852.8 633.2 1 10.22191.08
Ni,Si 145.5 7.30 0.050 853.3 632.7 99.6 1386.4 3 10.222611.90|2.82
NiSi 86.8 5.98 0.069 853.8 632.1 99.6 1386.4 2 10.229311.9912.94
NiSi, 114.9 4.80 0.042 854.5 631.5 100.0 1386.0 3 10.2366 | 2.08 | 3.09
Si 28.1 2.33 0.083 99.4 1386.6 1 10.2716 3.79
SiO, 60.1 2.65 0.044 103.8 1382.2 3 10.2324 3.00

* Monochromatic Al Ka source is used in PHI 5500 XPS characterisation (kv = 1486.6 ¢V) [142].

Based on the approximate attenuation length, the information depth of a particular chemical state
can be analysed by the Beer-Lambert Law [117]:

[=1,-exp(~d/A-sin@) ... (C5)

and the approximate maximum information depth, i.e. a depth from which 95 % of all generated
photoelectrons can reach the surface, is expected to be [117,118]:

d_=3-A-sinf ...(C6)

max

By varying the take-off angle (0), the attenuation length will change and the information depth, of
course, will vary. Therefore, through changing the take-off angle, composition at different depth of the
top layer can be examined. The analysing technique of such type in XPS is called angle-resolved XPS
(ARXPS). Surface composition and depth profile at the uppermost layer can thus be evaluated. For
example, consider a silicon oxidation process on a silicon wafer. The only possible phases in the system
are Si and SiO; only. By analysing the Si 2p peak covering both the elemental state and the oxidised
state of silicon at different take-off angle, the thickness of the uppermost silica (SiO,) layer can be
calculated.

Photoelectron from the uppermost SiO,: [, =17, .{1 - exp{— ﬂds—loeﬂ ... (C7)
’ ’ g *Sin
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dy
Photoelectron from the underlying Si: I = I3 -exp| ———=2— | ... (C8)
A -sin@

Thickness of the oxide layer: 4 o, =Ag -Sin@- 1{1&"’2—”2 + 1} ... (C9)

o0
Si0, g

In laboratory used for the present study, there is a PHI 5500 XPS instrument equipped with
monochromatic AlKa X-ray source (E = 1486.6 eV) [142,143]. In overall compositional analysis
performed, survey spectra were acquired at 93.5 eV pass energy and 0.4 eV/step scan rate. In chemical
state analysis, higher resolution core-level spectra for individual element were acquired at 23.5 eV pass
energy with 0.1 eV/step scan rate. In Si 2p analysis, even higher resolution can be achieved to
distinguish Si 2ps/, and 2p;; orbital at 5.85 eV pass energy with 0.05 eV/step. All spectra were acquired
at a take-off angle of 45°. This angle corresponds to the sample being horizontally positioned during the
analysis. Variation of the take-off angle at 30°, 45° and 60° is possible to generate non-destructive
angle-resolved analysis for the uppermost oxide layer formed after polarisation tests.

Chemical State and Chemical Shift

In principle, the binding energy (BE) level in the XPS measurement is an integrated result of the
photoelectron emission and X-ray excited Auger electron emission processes and involves the
initial-state and final-state effects. The initial-state effects exist after the photoelectron emission but prior
to X-ray excited Auger electron emission and they include factors such as ionicity (i.e. charge transfer),
valence orbital transformation and valence electron configurations. During the photoelectron emission
process, an electron from a specific electronic shell at the core level is emitted out and this leads to the
binding energy strengthening between the remaining core-level electrons and the nucleus.
Mathematically, these effects can be summarised in the following equation:

E,pp=E s +k-q+V, ...(C10)

b,PE

where Ey pg 1s the binding energy of a core-level photoelectron emitted out from an atom, Eb,pEO 1s the
binding energy of that electron before emitted out from the atom (i.e. an energy reference and a physical
constant), Vy is the Madelung potential (i.e. the polarisation energy of an atom to the surroundings
atoms), q is the valence charge of an atom and k is the change in core potential resulting from a removal
of a photoelectron.

The final-state effects occur following the X-ray excited Auger electron emission. The system
adjusts its orbital to a lower binding energy level, producing the relaxation of the core holes that are
induced during photoelectron emission process. This relaxation energy consists of an intra-atomic
contribution (R™) — the contraction energy of the outer electron change toward the inner core hole — and
an extra-atomic contribution (R*) — the relaxation energy associated with the rest of the system — but it
can assume that R* alone is the dominant factor for the final-state effects.

Then, the “measured” XPS BE level of a specific chemical state (Eppe) can thus be interpreted
by a semi-quantitative model [144] according to the point-charge potential approximation as:

Eyovype =EbO,PE+k'q+V_Rea+Q'Rm ... (C11)

When comparing the BE level of two states of the same element, the chemical shift is thus derived
as: AE,pr =AV +k-q)— AR ... (C12)
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Both initial-state and final-state effects of each chemical state can be graphically presented by
means of the Wagner plot (or chemical-state plot) [144,145] in terms of initial-state Auger parameter (j3)
and final-state Auger parameter (o), which are defined and interpreted, respectively, in equations (C13)
and (C14):

Ek,Auger = ﬂ - 3 : Eb,PE ce (C13)
E =a—E,p; ... (Cl4)

k, Auger
where Ei auger 1 the kinetic energy of the Auger electron.

To extend equation (C13), the initial-state Auger parameter () is actually the summation of the
kinetic energy of emitted X-ray excited Auger electron and the binding energies of all the electrons
involved in the Auger process:

ﬂ = Ek,Auger + Eb,PE + 2 ’ E

poanger - (C15)
Considering the expression for the kinetic energy of an Auger electron:
Eysuger = Eppe =2 B gyger - (C106),
the initial-state Auger parameter of a particular state of an element can be rewritten as:
B=2-E, =2-(E}+k-q+V,) ... (C17)
and the change of initial-state effects becomes:
AB=2-AV +k-q) ... (C18).
The final-state Auger parameter (o)) can be defined as:
a'=a—h-v=E -E_, ...(Cl19)

in which o’ is the original definition of Auger parameter and h-v is the energy of the X-ray source. The
change of final-state effects, therefore, becomes:

Aa'=Aa=AE, ,.., —AE, ;... (C20)
where  AE, ... =—Ac+3-R*, AE, ,, =—-Ac+R™,

and Ae is the change of energy in an electron shell [145]. Then,
Aa=2-AR“ ... (C21)

The core-level shift, AE,w)pe [Equation (3)], with respective to the metal reference depends on
both the initial-state and final-state effects and it can thus be deduced easily from equations (C18) and
(C21) as:

AEy s = Y5 (MR- Aa) ... (C22)

Through these equations, it implies that both physical effects can be roughly estimated via an
experimental approach.
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X-ray Diffractometry (XRD)

X-ray diffractometer (XRD) is a material characterisation instrument for crystallographic structure
and phase identification. A collimated X-ray beam irradiated onto the materials diffracts at different
angles according to material crystallographic orientation. The relationship between the wavelength of
the X-ray beam, A, the angle of diffraction, 20, the distance between each set of planes of the crystal
lattice, d, is given by the Bragg’s law (Figure C.4):

A = 2-dpkSinOghnknt -.. (C23)

where n represents the order of diffraction. The significant X-rays penetration depth of the ordinary
Bragg Brentano geometry of XRD determined by Beer-Lambert equation between 0.1 — 10 mm
(depends on the X-ray irradiation strength and materials density) is too deep for thin layer
characterisation. Therefore, the specific geometry of grazing incidence angle (GIXRD) for thin film
characterisation was applied, see Figure C.5. In this geometry, the angle of X-ray incidence is fixed at a
very low angle at between 0.5 — 3.0° while the detector rotates as in ordinary XRD. Owing to the low
angle of incidence, the acquired diffractogram is surface sensitive and the diffracted radiation from the
thin film become more significant than the ordinary XRD diffractogram [146,147]. Crystallographic
structures and phase identification were carried out for such setup using a Bruker D8 Advance X-ray
Diffractometer. The CrKa radiation (A = 2.2897 A) at a scan rate of 0.06°/min was employed. An X-ray
beam was generated onto the thin film surface at the angle of incidence of 2.0". Scanning was performed
from 40° to 80° at a step size of 0.02°. The diffraction pattern were then analysed with reference to the
Powder Diffraction Files (PDF-2) in the International Centre for Diffraction Data (ICDD) for phase
identification [148].

Reflected
beam

Thin film

Specimen

X-ray source

Figure C.4 Illustration of the Bragg’s law in an X-ray Figure C.5 GIXRD setup in the X-ray diffractometer
diffraction process (Author’s illustration). (Author’s illustration).

Crystallite Size Determination

If the characterised structure is crystallised, the size of the crystallite (x) can be calculated through the
Scherrer’s equation [149]:
x= k-4 ... (C24)

cos@-(FWHM)
where k is a numerical constant, A is the wavelength of X-ray, 0 is the angular position of the
characteristic peak and FWHM is the width of the characteristic peak.
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Appendix D

Electron Beam Characterisation Instrument: Scanning Electron Microscope (SEM)

Scanning electron microscopy (SEM) is an imaging technique that is commonly used in materials
science. It makes use of the electron beam as a medium to form an image. The images produced by this
technique can reach high magnification (X 100,000 or better) and are found to have much better
resolution and larger depth-of-field compared to those captured by the optical microscope. In the current
study, the SEM employed was LEO 1550 model (Figure D.1). In the instrument, a Schottky field
emission gun equipped with a zirconium oxide-coated tungsten filament is placed at the top of the
column. The emitted electrons are accelerated at a uniform direction by the beam booster (or anode)
below the gun to form an electron beam. The electron beam follows a vertical path down the column and
is guided by the electromagnetic condenser lens without introducing any crossover in between. The
beam is finally focused by the objective lens and falls onto the examined sample. The ejected electrons
from the sample can be detected either by the in-lens detector inside the objective lens or by the sideway
secondary electron (SE) detector. The backscattered electron (BSE) images developed by the high
energy electrons can be used to study the elemental distribution on the surface. The SE images, on the
other hand, are used for topography examination [150,151]. Images produced by this equipment have a
very high resolution as fine as 2 — 5 nm [150]. In the present study, surface morphologies before and
after electrochemical measurements of each specimen were examined by means of SE images. The pits
formation and surface roughening induced by the electrochemical attack on the potentiodynamically
polarised specimens were directly identified.

Electron gun

Beam booster

Condenser lenses

R

Stigmator

Objective lens

Secondary
electron
detector

Specimen

Figure D.1 Cross-section of the LEO 1550 scanning electron microscope column (Author’s illustration).
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Appendix E

Tribological Testing Instruments: Rockwell Hardness Tester and Sliding Wear Tester

Tribological studies in this research involve Rockwell-C adhesion test and dry sliding wear test in
order to investigate the thin film adhesiveness and the wear resistance. In the adhesion test, a standard
Rockwell hardness tester modelled Matsuzawa DXT-1 was employed. The indenter was a conical
diamond tip, the loading force was set at 150 kg f and the holding time was about 30 sec. The resulting
indentation mark is examined by means of optical microscope. The amount and length of radial crack
lines and the delamination and/or buckling features determine the adhesion strength from HF level 1 to 6
according to the VDI 3198 standard [122]. In order to have sufficient coating adhesiveness, the level
should be kept as low as possible, see Figure E.1.

The wear resistance of the coated specimen is measured and the wear mechanism is determined by
means of dry sliding wear test and SEM examination, respectively. To establish a sliding couple,
counter-facing materials have to be chosen and mounted onto a ball holder and the tested specimen is
mounted on the stage platform. The sliding counter-face is then moving back and forth against the tested
specimen and a wear track is developed (see Figure E.2). After the pre-set of hundreds or thousands of
reciprocating sliding cycles, the worn surfaces on both tested specimen and the counter-face will then be
dismounted and examined under the optical microscope and SEM [152]. The topography and the volume
of the worn region are thereafter measured by means of surface profilometry (read Appendix G) and the
wear volume is determined. Thereby, the specific wear rate of individual testing condition can be
determined. The wear mechanism can be studied through examining the special worn features remaining
on the surface. Some worn features such as scratches, cracks, debris and buckling can be checked up
with the aid of SEM. The corresponding chemical composition of each feature can be also analysed by
means of energy dispersive X-ray spectroscopy (EDX) [153].

Loading force (N)
HF 1 HF 2 HF 3
8
3 £
Sliding directions | £
HF 4 HF 5 HF 6 > § Wear Track
%Crack Network | Tested Sample |

Figure E.1 Classification of the adhesion strength levels in ~ Figure E.2 Sliding wear tester (Author’s illustration).
the Rockwell-C adhesion test (Drawing based on [122]).
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Appendix F

Nanomechanical Testing System: Nanoindenter
Mechanical properties of thin film materials requires highly surface sensitive instrument to
determine in order to avoid the substrate contribution. Nanoindentation is one of the most commonly

used techniques to depict thin film mechanical properties such as hardness and elastic modulus.

Instrumented indentation testing system of a nanoindenter consists of three basic components: (a) a

well-defined geometry indenter, (b) an actuator for applying the force and (c) a sensor for measuring the
indenter displacement [127]. For the UBil® Nanoindenter employed in this work, the instrument is

equipped with a three-sided pyramidal shape Berkovich indenter and the three-plate capacitive
transducer as shown in Figure F.1. The maximum applied force is up to 30 mN with the resolution of 1

nN and the maximum penetration depth is 20 um with resolution of 0.04 nm [154].
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Indentation depth (nm)

Magnetised stage

X-Y Motorized table

Figure F.2 An illustration of a load-displacement
curve (Modified from author’s result in Paper 6).

Figure F.1 Schematic drawing showing a
nanoindenter (Drawing based on [152]).
Indentation results of nanoindentation measurement are presented in the form of the
load-displacement curve (or loading-unloading curve) as illustrated in Figure F.2. The penetration depth
of the indenter increases with the ascending compressive load in micro-Newton scale (uN) applied
continuously by the piezoelectric transducer until reaching the maximal load and then the indenter
retreats when the load reduces. Three significant depths recorded after the measurements are the
maximum penetration depth (hyax), the indenter contact depth (h.) and the depth at which indenter is
detached from the tested materials (hg). The area between loading curve and unloading curve represents
the proportion of plastic deformation while the area below the unloading curve represents the proportion
of elastic recovery (W.). Larger proportion of elastic recovery in the tested specimen implies a higher
elasticity. In practice, more than 10 indentation measurements should be made on different areas of the
sample surface in order to get a better statistics to interpret the characterised materials [155]. In this

work, the reported hardness and modulus values are averaged at least from 15 measurements.
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Mechanical parameters and properties obtained in nanoindentation test have to be evaluated carefully
for the thin film properties since basic indentation evaluation approach is insufficient [124-128].
Traditionally, data obtained in the nanoindenter is primarily characterised by means of Oliver-Pharr
method, in which hardness (H) is measured by dividing the maximum loading force (Pyax) to the contact
area (A.) of the indenter tip, as in equation (F1):

P
H=-mx  (Fl
y (F1)

where A, :const.-hc2 and const. is around 24.5 for Berkovich tip. The reduced modulus (E;) or

indentation modulus (Err), in fact, is mathematically calculated as a slope of a linear function on 80 % of
the unloading curve, and expressed as:

r_JT. S
Y RNV

where S is the stiffness and B is the indenter dependent constant which is equal to 1.034 for Berkovich.

.. (F2)

Furthermore, during an indentation process, two contact bodies are actually involved. They are the
indenter (E;) and the indented materials (tested materials) (Eg,m). Therefore, the measured indentation,
the effective Young’s modulus (E*), involve the contribution from both physical bodies and can be
interpreted via a reciprocal function as:

2 2
Lol IV ()
E E E

1 sam

where vy is the Possion’s ratio of individual materials. For the Berkovich diamond indenter, E; = 1141
GPa and v; = 0.07. Accordingly, E; for the tested specimen can also be defined physically as:

2 2
izl Vian  _ 1*_1 v, . (F4)
E E E E.

r sam 1

The measurement of the coated specimens, Eg,, indeed, is a mechanical response from the
film-substrate composite. It, therefore, further increases the complexity of the characteristic condition by
taking both components into account. So:

LN SN % TR I PO A
E_Esub / ( t j+Eﬁlm {1 / ( t ﬂ ()

where ¢:3-arctan(lj+;-[(I—Z-V)-l-ln(l+x2)—
Vs x) 2rx-(1-v) X

mean radius of grains and t is the thin film thickness [128].
Similar function should be used for film hardness evaluation [125]:

H = Hsub + (Hﬁlm - Hsub ) eXp|:_ (MJ ’ [%j :| s (F6)

sub

X
1+ x?

a . ) )
} and x=— 1in which a is the
t

where the exponent n is either 1 or 2 for a film that is harder or softer than the substrate.

By conducting these series of data analysis, mechanical parameters of uppermost thin coated layer
can be determined. More thin film mechanical properties can be further derived and predicted based on
these primary parameters. For example, Musil has discussed how to correlate the H’/E*? to the plastic
deformation resistance, H/E to elastic recovery (W.), and P/S” to the tribological properties [129].
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Appendix G

Surface Topographical Instruments: Optical Interferometer, Stylus Profilometer, Atomic Force Microscope (AFM)

Surface topographic information such as average roughness (R,) and three dimensional surface
profiles can be obtained by means of non-contact optical interferometry and contact stylus profilometry
[156]. In the optical technique, a filtered (PSI mode) or unfiltered (VSI mode) visible light source
reflected by a beam splitter illuminates on the sample. The detector at the top of instrument collects a
combination of reflected lights from the sample and a ‘reference surface’ inside the optical instrument
forms the interference fringes. Precise measurement can be evaluated through the mathematical
calculations based on light intensity on each pixel, ‘reference surface’ position and applied wavelength
of light [157]. In the present study, WYKO RST Plus surface profiling system is employed. This
instrument offers two operating modes: phase-shifting interferometry (PSI) and vertical-scanning
interferometry (VSI). The PSI mode which allows smooth surface measurements at the angstrom level
was used for an overview study about surface condition. The VSI mode which allows rough surfaces
and steps measurements at the nanometer level that was used for corroded pits study and thin film
thickness evaluation.

Stylus profilometer
Diamond tip

@\F

Tested specimen

Figure G.1 Stylus profilometer (Author’s illustration).

In the contact method, a stylus equipped with a diamond tip of 2.0 um in radius was equipped in a
Taylor-Hobson Form Talysurf-120L profilometer operating in the phase-grating interferometry (PGI)
mode for surface mapping (Figure G.1) [158]. Data resolution is about 0.25 um. Although the data
acquisition rate is much slower than the optical technique, this technique takes the advantage of
complicated surface profiling on a deep worn surface in which certain part of the surface might be
shadowed during the light ray illumination in the above characterisation.

For the fine resolution down to sub-atomic scale, atomic force microscope (AFM) is the choice for
surface roughness measurement [159,160]. However, long acquisition time, the demanding testing
condition and the nano-scale scanning area are the main disadvantages to apply this measurement as a
general practice. AFM mapping was carried out in the Ubil® Nanoindenter (read Appendix F) after the
nanoindentation measurements to check the pile-up and crack initiation (or propagation) phenomena
surrounding the indented mark.
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