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Niobium is well known for its excellent corrosion resistance based on the formation of a
stable passive oxide layer, which protects the metal against corrosion in most aqueous
media and makes it an interesting candidate for corrosion resistant coating applications.
However, deposition of Nb films is restricted to few technologies and difficulties arise
from the toxic nature of the electrolytes employed in electrodeposition of Nb, the high
reactivity of the metal with residual gases in vacuum plasma spraying and its high
melting point (Ty = 2500°C) in PVD deposition.

The present thesis describes the development of corrosion resistant Nb coatings on
stainless steel and brass substrates by the combined steered arc/ unbalanced magnetron
sputtering technique. Evaluation of the corrosion behaviour is performed by
potentiodynamic polarisation measurements in 3% NaCl. It is shown that corrosion
resistant Nb coatings, with passivation characteristics similar to that of bulk Nb, can be
produced on stainless steel substrates by unbalanced magnetron sputtering at a low
deposition temperature (T = 250°C) under reduced ion bombardment. However, the ion
etching pre-treatment of the substrate prior to deposition has a significant influence on
the corrosion resistance of the coating/ substrate system. The employed polarisation
measurements reveal that a fully passive and protective behaviour could only be
achieved if Nb ions from the cathodic arc source are chosen as the etching species. In
contrast, coatings deposited after Cr ion etching from the arc source and inert Ar ion
etching, utilising a glow discharge, exhibit localised breakdown and pitting of the
substrate. Cross sectional TEM imaging and STEM-EDX analyses reveal that
bombardment of the stainless steel substrate by the multiply charged Nb ions generates
a compositionally intermixed, very fine crystalline or “amorphised” interface layer, with
a thickness of ~3-8nm, depending on the Nb ion energy. It is proposed that this layer
acts as an additional barrier against corrosion due to (i) the structural homogeneity
achieved by amorphisation and (ii) chemical stabilisation due to the introduction of Nb
in the near surface region. The energy of the bombarding Nb ions, i.e. the substrate bias
voltage during the etching stage, was found to further influence the corrosion resistance.
Best results are achieved with “medium” bias voltages in the range of —600V to —800V,
which is believed to be due to an optimum combination of structural and chemical
protection mechanisms.

The fully passive corrosion behaviour could not be observed in the case of brass
substrates. However, the PVD coating systems on brass and on stainless steel are
superior, in the employed polarisation measurements, to commercially produced,
electroplated Cr, Ni and Ni/Cr coatings on the same substrate materials.

Other coating properties investigated in the present study include microstructure,
hardness, crystallographic orientation and residual film stresses.
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1. Introduction

The present thesis describes the development of corrosion resistant niobium-based
coating systems deposited in an industrial sized PVD coating equipment.

Niobium is well known for its excellent corrosion resistance, which is based on the
spontaneous formation of a passive oxide film, which protects the metal against
corrosion in most aqueous environments. Only some hot concentrated mineral and
halide acids attack the metal, as do strong alkaline solutions. The tendency of Nb to
form stable oxide compounds is related to its negative standard potential, e.g. —0.64 V
(SHE) [1] for the Nb/ Nb,Os equilibrium, which lies well below the HO/ H; and O,/
H,O0 equilibria potentials [2]. The closely related tantalum exhibits even better corrosion
resistance, however, Nb was chosen in the present work due to its lower melting point,
lower density and greater availability and therefore its lower cost.

The most common application of the metal is as alloying additions to steels and
superalloys. Applications as a coating material include corrosion protection,
superconducting devices and recently as a material for orthopaedic implants due to its
biocombatibility and chemical resistance to physiological fluids. However, there are not
many published papers on the use of Nb as a coating material, which might be related to
the difficulties involved with the deposition of Nb. The deposition technologies used to
produce Nb coatings include electrodeposition in molten alkali halides or organic
solvents, vacuum plasma spraying, thermal evaporation and sputtering. Disadvantages
arise from the toxic nature of the electrolytes and the high temperatures involved in
electrodeposition, the high reactivity of Nb with residual gases in the case of plasma
spraying and the high melting point of the metal (Ty=2500°C) in the case of thermal
evaporation processes.

The present work inveétigates the propeﬁies of PVD Nb thin films with main emphasis
on the corrosion resistance. The coating equipment used for film deposition is a Hauzer
ABS (Arc Bond Sputter) coating unit, which combines the two PVD techniques of
steered cathodic arc evaporation and unbalanced magnetron sputtering. The industrial
scale of the equipment would allow direct transfer from research to potential
commercial applications. The major part of the work (chapter 4.1.) is focused on the
corrosion behaviour of the coatings on austenitic stainless steel substrates. Stainless
steel as well is characterised by a comparatively high corrosion resistance due to the

formation of a passive oxide layer. However, the stability of the protective layer is
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restricted, as stainless steel is susceptible to pitting and crevice corrosion, especially in
the presence of chloride anions and in physiological fluids. A thin Nb film could act as a
protective barrier against pitting and corrosive attack of the steel substrate. The
corrosion behaviour is monitored using potentiodynamic polarisation measurements in a
3%NaCl solution. Additionally, other coating properties are investigated including
microstructure, hardness, crystallographic orientation and residual stresses.

In the second part of the thesis (chapter 4.2.) first results are obtained from deposition of
Nb coatings on brass substrates. PVD coated brass is mainly used for decorative
applications such as bath fittings, writing tools, door handles, watches etc. The PVD
coatings used are for example ZrN, TiN, TiCN or TiAIN. However, these top-coatings
are normally thin and a corrosion resistant interlayer is often necessary to prevent
corrosive failure. At present, these interlayers are mainly electroplated coatings such as
Ni/ Cr. It would be desirable to replace the electrodeposit by a corrosion resistant PVD
interlayer such as Nb for two reasons. Firstly, PVD is a “cleaner” i.e. environmentally
more acceptable technology and secondly, the whole coating system could be deposited
in one single process step. A problem arising from direct film deposition on brass
substrates in vacuum technology is the high vapour pressure of zinc. Outgassing of Zn
from the alloy during the initial stages of film deposition and diffusion through barrier-
and top-coating restrict the maximum deposition temperature to 250°C at a typical
operational gas pressure of 2.5%¥107 mbar in PVD [3]. Hence, a main incentive
throughout the research work was to investigate whether Nb could successfully be
deposited under process conditions allowing low operating temperatures of around

250°C.

Section 4.1.1. compares deposition of Nb coatings by the two different techniques i.e.
steered cathodic arc evaporation (SCAE) and unbalanced magnetron sputtering (UBM).
In principle, the high melting point of Nb is regarded as a disadvantage in PVD
deposition, as it becomes increasingly difficult to produce dense film morphologies with
increasing melting point of the coating material, as described by the structure zone
models shown in section 2.5. In terms of corrosion protection, a largely underdense or
voidal coating morphology naturally would be detrimental. An advantage of SCAE over
UBM is the high degree of ion flux and ion energies towards the growing film i.e. the
presence of multiply charged metal ions. This can influence the coating morphology by

decreasing the minimum homologous temperature necessary to produce dense films.
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However, disadvantages of the arc technique can arise from the instability of the arc
discharge on Nb and a low deposition rate, both factors again originating from the high
melting point of the metal and from its low vapour pressure. Furthermore, the
generation of macroparticles and ‘higher coating temperatures due the increased ion
bombardment during arc evaporation might have to be taken into consideration. It will
be shown that UBM is the favourable deposition technique to produce Nb coatings
compared with SCAE. The subsequent research work was therefore focused on UBM

deposition.

The work presented in section 4.1.2. was carried out to investigate whether it is possible
to successfully sputter deposit Nb coatings at low deposition temperatures and under
reduced ion bombardment. The ABS coating unit allows control of the ion flux reaching
the substrate by adjusting the unbalancing effect of the magnetrons via electromagnetic
coils. The deposition temperature is influenced, regardless of additional heating
elements, by (i) the ion flux i.e. the unbalancing coil current, (ii) the ion energy i.e. the
substrate bias voltage and (iii) the cathode power. As it was not desirable to change the
two latter parameters [4], adjustment of the unbalancing coil current was used to reduce
the coating temperature from 420°C to 250°C. It will be shown that under the employed
process conditions, a deposition temperature of 250°C and an unbalancing coil current
of 3A are sufficient to produce corrosion resistant Nb coatings on stainless steel

substrates.

In section 4.1.3. the influence of the ion etching pre-treatment of the substrate on the
properties of subsequently sputter-deposited, low temperature Nb coatings is
investigated. Substrate sputter cleaning with Nb ions from the cathodic arc source, as
used in the previous coating processes, is compared to cathodic arc Cr ion etching and
inert Ar ion etching utilising an ion-enhanced glow discharge. The incentive behind Cr
ion etching was its proven qualities to promote excellent adhesion in hard coating
systems and its characteristics to form the smallest sized droplets, in relatively low
concentration, of refractory metals [5], [6]. Furthermore, the lower melting point and
higher vapour pressure of Cr leads to an increase in stability of the arc discharge
compared with Nb. Inert Ar ion etching was chosen due the absence of droplet or
macroparticle generation, possibly resulting in a reduction of growth defects and hence

improved corrosion resistance. Additionally, the relatively low ion bombardment
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generated during glow discharge sputter cleaning compared with cathodic arc metal ion
etching, results in greater controllability of the substrate temperature. However, it will
be shown that Nb ion etching is superior to the two other etching modes in terms of the
corrosion resistance of the stainless steel/ Nb coating system. This will be related to the

differences in the nature of the interface regions.

As bombardment of the stainless steel substrate with Nb ions from the cathodic arc
source had proved to have a beneficial influence on the corrosion properties of the
substrate/ coating system, the interface region was further investigated. In section 4.1.4.
the effect of substrate bias voltage and working gas pressure, during the substrate
cleaning stage, on the nature of the interface region and corrosion properties is
investigated. A possible reduction in the substrate bias voltage from the previously
used, standard value of —1200V to lower values would allow greater controllability of
the substrate temperature as it results in a reduction of the ion energy and substrate bias
current and hence energy dissipation on the substrate. Lowering of the working gas
pressure was performed to investigate whether enhanced substrate ion bombardment,
stemming from a decrease in charge exchange events between the Nb ions and the
working gas Ar, might possibly further influence the corrosion resistance. However, a
higher working gas pressure was always desirable due to a greater stability of the arc
discharge and, again, easier control of the process temperature. To clarify the influence
of the interface region further, the coating thickness of the subsequently sputter
deposited Nb coatings was reduced from over lum to 300nm. Additionally, the
corrosion resistance of “as etched” substrates with no additional coating is discussed,
again as a function of the substrate bias voltage. It will be shown that the influence of
the interface region on the corrosion resistance is significant and that the nature or
“architecture” of this region can be controlled via the substrate bias voltage to optimise

the corrosion properties.

Due to the beneficial effect of Nb ion bombardment found in the substrate ion etching
step, it was assumed that interruption of the coating growth in UBM deposition by short
term Nb ion etching from the cathodic arc source might have similar effects. Chapter
4.1.5. lists results obtained from Nb coatings subjected to two “intermediate” etching

steps during sputter deposition under variation of the substrate bias voltage.



The last paragraph in chapter 4.2. investigates the etching or removal rate of substrate
material by Nb ion bombardment from the cathodic arc source. This was done by
etching a NiCr coating, as an imitation of stainless steel substrate material, and
comparing the thicknesses of etched and non-etched coating areas. The latter was

achieved by masking a part of the coating during the etching trial.

In the second part of chapter 4 results afe presented from UBM deposition of Nb based
coatings on brass substrates. It will be shown in section 4.2.1. that the beneficial effects
of substrate bombardment with Nb ions prior to deposition could not be transferred to
brass. Therefore Ar ion etching was chosen as the etching mode prior to coating
deposition due to easier control of the substrate temperature as compared with metal ion
etching and the high sputter yields of Cu and Zn.

One way to avoid outdiffusion of Zn in the PVD chamber, is to deposit a Cu- based
diffusion barrier prior to deposition of Nb [3]. Three different interlayers were
compared, i.e. Cu, CuAlFe, and CuAlFe/ NiCr, as shown in section 4.2.2. The incentive
behind CuAlFe bronze is its well known corrosion resistance as bulk material. The NiCr
layer was added due to its proven ability to act as an electrodeposited “buffer” layer
between brass and PVD coatings [7]. Section 4.2.3. investigates whether Nb ion etching
of the Cu based interlayer rather than the brass substrate can result in any improvement

of the corrosion resistance.

Finally, in chapter 4.3. the corrosion performance of the Nb- based PVD coatings on
stainless steel and brass is compared to commercially used electroplated coatings,

deposited on the same substrate materials.
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2. Literature Review

2.1. Niobium and its Properties

Niobium, formerly known as columbium, was discovered in 1801 by Hattchet and first
prepared in 1864 by Blomstrand by reduction of niobium chloride [1]. Its properties are
very similar to those of tantalum, caused by lanthanide contraction, which lead to
controversy about the identity of the two metals in the years of their discovery. The
element is found in niobite, niobite-tantalite, pyrochlore and euxenite [2]. Niobium
belongs to the family of the refractory metals, which constitute the fifth and sixth group
of the transition elements. It is a shiny, silvery- grey metal.

The most common application for niobium is as an alloying addition to steels and
superalloys for elevated temperature service, particular in aerospace applications. Due
to its excellent chemical stability it is often used in areas where protection is needed
from corrosive environments i.e. from aqueous corrosion, hot gas corrosion or liquid
metal corrosion. Although Ta exhibits even better corrosion behaviour, Nb is preferred
for many applications due to its lower melting point, lower density and greater
availability and therefore its lower cost. Further applications of Nb as a metal or as an
alloying addition can be found in cathodic protection systems, heat exchangers,
electronic components, superconductors, nuclear industry and more [3], [4]. There is
also growing awareness of Nb for use as a biomaterial because of its chemical resistance

and considerable biocompatibilty [5], [6], [7].

2.1.1. Physical and Mechanical Properties

Niobium has a density close to that of copper, but only about half the density of
tantalum and tungsten. As a member of the group of the refractory metals, it is
characterised by a high melting point (Ty=2500°C). The metal exhibits good thermal
conductivity.

Niobium is a tough, ductile metal, which undergoes ductile to brittle transition below
147°K. It has moderate strength and can be work hardened to a certain degree. It can be
rolled, drawn and extruded. Nb has a body centred cubic crystal structure. The physical

and mechanical properties are summarised in table 1.



Atomic Weight 92.0946
Density 8.66 g/cm’
Melting Point 2468°C
Boiling Point 4297°C
Coefficient of Thermal Expansion _ 7.110°/°C
Electrical Resistivity 15.22 uQ/cm (T=0°C), 19.18 uQ/cm
(T=100°C)
Thermal Conductivity 52.3 W/(m*K) (T=0°C), 54.4 W/( m*K)
(T=100°C)
Crystal Structure bcc A2,a=3.294 A
Atomic Diameter 0.294 nm
Hardness 60 HV (annealed), 150 HV (cold worked)
Elastic Modulus 103 GPa
Poisson’s Ratio 0.38
Ductile Brittle Transition Temp. <147 °K

Table 2.1. Physical and mechanical properties of Nb [1], [3], [4]
2.1.2. Chemical Properties and Corrosion Resistance

As an element of the fifth group of the transition elements, Nb has five valence
electrons. The electron configuration of Nb is [Krl4d35s? or [Kr]4d*5s!, where one of
the s electrons had been demoted in an attempt to help the d-subshell approach the more
stable half-filled condition [8]. Its maximum and most important oxidation number is
+5. In this oxidation state niobium forms practically no cations but does form some
anion complexes, a behaviour very similar to non-metals [9]. Other oxidation states are

=+2, +3 and +4.

2.1.2.1. Reaction with Gases

The oxidation resistance of Nb at elevated temperatures is poor. Below 300- 400°C the
first stages of oxidation are determined by chemisorption and diffusion of oxygen in the
Nb lattice and the formation of sub-oxides [10], [11]. The onset of accelerated or
“breakaway” oxidation [11] at higher temperatures is associated with the formation of a

porous, non-protective scale of Nb;Os which offers little protection against further
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oxidation. The formation of this scale is often regarded as a result of cracking of an
initially adherent and protective scale. This is associated with the high oxide to metal
volume ratio (Nb,Os/ Nb: 2.69 [12]), inducing high compressive biaxial stresses, which
lead to breakdown of the protective scale [8], [12], [13].

Niobijum absorbs hydrogen and nitrogen at temperatures above 300°C [3], [14]. Even a
small amount of absorbed hydrogen markedly reduces the ductility of the metal. The
crystallinity of the formed hydrides depends on the hydrogen amount; above a certain
concentration the one phase solid solution (c-phase) segregates into two brittle phases
(a-phase and [(3-phase), characterised by different hydrogen amounts. The a-phase
possesses the bcc lattice of the pure metal, being expanded to accommodate the
hydrogen atoms. The f3-phase phase has a slightly distorted cubic symmetry with
orthorhombic symmetry characteristics [10]. At higher hydrogen concentrations,
approaching NbH, g, the system becomes homogenous again [8], [10]. The reaction of
Nb with nitrogen also leads to embrittlement of the metal with phase separation at the
approximate concentration of Nb;N into two phases, a-phase and (3-phase. The a-phase
again being the interstitial bcc solid solution, while the (3-phase possesses a hexagonal
structure [10]. Further increase in the nitrogen content leads to the formation of a series
of different phases. However, the amount of both, hydrogen and nitrogen, necessary to
embrittle Nb is below their limit of solubility [8]. The low oxidation resistance of
niobium and the high. susceptibility to :embrittlement makes it necessary to place the
metal in protective atmosphere or vacuum when processed even at moderate

temperatures [2].
2.1.2.2. Reaction with Liquid Metals

Niobium is resistant to attack in most liquid metals: Li<1000°C, Na, K<1000°C,
Mg<850°C, U<1400°C, Zn<450°C, Pb<850°C, Bi<500°C and Hg<600°C, which makes

it a good candidate in applications in liquid metal cooled nuclear reactors [3].

2.1.2.3. Aqueous Corrosion

Niobium is characterised by its excellent corrosion resistance in most aqueous media.

This corrosion resistance is not based on the nobility of Nb, i.e. a wide range of



chemical immunity or a noble standard dissolution potential, but rather on its strong
tendency to passivate in most environments. Pourbaix [15] classifies the range of
nobility effectively as the combination of the regions of immunity and passivation. Only
the latter justifies classing Nb as a noble metal, as shown by the Pourbaix diagram in
fig.2.1. The range of immunity is not very large with a calculated equilibrium potential
of immunity of —1.14 V vs. SHE (Standard Hydrogen Electrode) at pH7 [16]. However,
there is no area of active corrosion but passivation of the metal in all areas of the
Pourbaix diagram, i.e. at all pH values. Due to this extended range of passivity, Nb is
ranked as the second most noble metal as shown in fig.2.2. The figure gives a
classification of metals in order of their nobility based on immunity only (column a) and
based on immunity and passivation column (b).

The passivity of Nb is based on the formation of a protective oxide film as can be seen
from fig.2.1. The tendency of Nb to form stable oxide compounds is related to its
negative standard potential, e.g. ~0.64 V (SHE) [9] for the Nb/ Nb,Os equilibrium,
which lies well below the H,O/ H, and O,/ H,O equilibria potentials [17]. At all pH
values, the metal tends to form an oxide layer, which is extremely stable to complexing
specimen.

The known oxides of the metal are niobium pentoxide (Nb,Os), niobium dioxide
(NbO;), a homologous series of Nb3n41Ogs.2 (With n=5,6,7,8) and niobium monoxide
(NbO) [9], [10], [16]. NbO has a sodium chloride-type cubic structure, which may be
described as having eight niobium vacancies at the corners and one oxygen vacancy at
the centre. NbO; has a distorted rutile structure. The most stable oxide, Nb,Os presents
an extended polymorphism giving rise 'to a homologous series of structurally related
phases of the general formula Nb3,.1Ognz (n=5-8) [17]. Below 500°C Nb,Os is
amorphous [18]. It is an oxygen-deficient oxide with n-type semiconductor properties.
The lower oxides, NbO and NbO, are thermodynamically unstable in the presence of
water, acids and alkalies at all pH values as can be seen from the Pourbaix diagram. The
diagonals @ and @ in fig.2.1. represent the following reactions:

O] Nb + H;0 - NbO + H;

@ NbO+H,0 - NbO; + H;

NbO, is oxidised to Nb,Os at potentials and pH values defined by diagonal ®;

® 2NbO; + 6 H,0 - Nb,Os + 6H;

Nb,Os is stable in the presence of water and most acids and alkalis at all pH values.

Depending on the “quality” of the oxide layer, i.e. homogeneity, density and
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thermodynamic stability in the given environment, Nb will behave as a noble (non-

corrodable) or non-noble (corrodable) metal [16].
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Fig. 2.1. Voltage/ pH diagram of the Nb/ water system at 25°C [16]

Column A Column B
(Immunity) (Immunity and Passivation)
Noble Metals
1 Gold Rhodium 1
. Niobium 2
3 Platinum Tantalum 3
4 Rhodium Gold 4
Platinum 6
7 Mercury Titanium 7
10 Selenium Mercury 10
19 Lead Aluminium 19
20 Rhenium Indium 20
21 Nickel Chromium 21
Selenium 22
29 Germanium Nickel 29
33 Niobium
34 Tantalum Lead 32
35 Chromium R Rhenium 35
39 Aluminium Germanium 39
41 Titanium Magnesium 41

42 Magnesium
Non-noble Metals

Fig.2.2. Classification of metals in order of thermodynamic nobility (after [15])
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Anodic polarisation of Nb can be used to produce dense, homogenous films of Nb,O5
with controllable thickness [19]. The metal is polarised as the anode in an electrolytic
cell and the applied current sets up an electrostatic field, which enhances the ionic
movement through the oxide, hence causing continuous growth of the oxide layer. The
thickness of the oxide film can be expressed, at a first approximation, as thickness/
electrode potential, which is 2.25 nmV™! for Nb [17]. Anodic oxide films of Nb show
bright interference colours, which are a function of the oxide thickness and can hence be

accurately controlled via the applied current or potential.

The corrosion resistance of Nb is excellent at room temperature but deteriorates above
100°C. The metal is not attacked by most inorganic acids at low temperatures,
irrespective of the acid concentration. Nb is however attacked by some hot concentrated
mineral acids such as sulphuric acid and its anhydrides which lead to embrittlement of
the metal and partial dissolution [1], [20]. Corrosion in these concentrated solutions is
probably due to reduction of the water activity, which leads to a stabilisation of Nb(V)
complexes by reduced hydrolysis action and hence increased corrosion [17].
Hydrofluoric acid and solutions of its salts as well as a mixture of hydrofluoric acid and
nitric acid are detrimental and dissolve the metal, especially when hot [1]. Again, this is
related to the formation of a stable, non-hydrolysable fluor-complex. Similarly, other
halide acids attack Nb but only when very concentrated, probably due to a similar
mechanism. Halide acids in low concentrations, except HF, form much less stable
complexes, which undergo hydrolysis and hence do not attack the metal [17].

Niobium resists attack of most organic acids, including acetic, oxalic, tartaric and lactic
acid. The metal is readily attacked by strong alkaline solutions e.g. solutions of sodium
hydroxide and potassium hydroxide which cause severe embrittlement of the metal [1],
[21]. The corrosive attack at high pH values is related to the formation of niobates (e.g.
NaNbOé) and polyniobates [17]. The phase responsible for the embrittlement was
identified as 3-niobium hydride with the formula NbHy 7 [1]. Table 2.2 summarises the
corrosion behaviour of Nb in acids and alkaline solutions.

Hydrogen embrittlement also takes place when Nb is subjected to water steam over a
longer time period. Similar to corrosion by alkaline solutions NbHp 7 was identified in

the metal.
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Corrosive Medium Temperature Weight Loss Condition after
[°C] [g* m?* 24n"] test
HC120% 21 25%10° No change
HCI conc. 21 6*10™ Slightly etched
HCI conc. 100 2.3%10° Brittle
HNO; conc. 100 nil No change
Aqua regia 22 nil No change
H,S0,4 25%,4:. 21 nil No change
H,SO, conc. 21 5.6¥10° Partial
Embrittlement
H,SO, conc. 100 1.1*¥10 brittle
H,SO4 conc. 175 1.2%10™ Compl. dissolved
H3PO, 85% 21 0.7%¥10™ No change
H3PO4 85% 100 1.9%10™ Brittle
NaOH 5% 21 6.6¥10°" Brittle
NaOH 5% 100 1.3*10° Brittle
KOH 5% 21 4.4%¥107° Brittle
KOH 5% 100 2.7%107 Brittle

Table 2.2. Corrosion of Nb in aqueous media ([1] after [22])
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2.2. Metallic Coatings for Corrosion Protection

Metallic coatings for corrosion control usually serve two functions. Firstly, the coating
has a more active corrosion potential than the base material. In this case the coating is
anodic to the substrate and will corrode sacrificially. Secondly, the metallic coating has
a less active i.e. nobler corrosion potential than the base material. In this case, the
coating is cathodic to the substrate and will act as a corrosion resistant barrier to the
environment [23]-[27]. In both cases, cracks or pores in the coating lead to galvanic
coupling between the coating and the substrate material with the following well-known

effects:

i) Anodic coating:

ity 2L 4\ % % \%
AN\ N\
(a) (b) {c)
7 s
N % \g&{\%g
(f)

(d) {e)

ii) Cathodic coating:

Cathodic
coating /
Anodic
substrate

ﬁ\ﬁ

Fig. 2.3. Galvanic effects on coating/ substrate systems [23]

Simplified, the anodic and cathodic reactions involved can be expressed as follows:
i) Anodic reaction:

M- M'+e (e.g. metal dissolution)

ii) Cathodic reaction:

H,0 +2e — H, + 20H" (e.g. hydrogen evolution)

0;+2H;0 +4e > 40H  (e.g. reduction of dissolved oxygen)

In the case of an anodic coating, the coating corrodes and cathodically protects the
substrate at breaks in the coating (fig.2.3. (a), (b)). Cathodic reactions take place at the

substrate surface such as hydrogen evolution or oxygen reduction. The anodic current
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density is low as the surface area ratio between anode and cathode is large and the
anodic current i, equals the cathodic current i. as defined by the mixed potential theory
[24]. If the process progresses too far the coating will loose its cathodic protection
(fig.2.3. (c)). In the case of a cathodic coating, exposure of the substrate to the corrosive
environment can be detrimental (fig.2.3. (d), (e)). The anodic substrate can corrode
severely as a result of the high anodic current density i.e. small anode to cathode surface
area ratio, finally leading to blistering or uplifting of the protective coating (fig.2.3. (f)).
However, the above mechanisms are rather general and simplified and other aspects
have to be considered in “real life” corrosion. These include the formation of non- or
slowly soluble corrosion products, which can accumulate in the breaches of the film and
add another barrier to attack of the substrate or the formation of passive oxide films. If
for example a fresh Nb surface is coupled with a fresh stainless steel surface, Nb will
behave anodically with respect to the steel; it will however not “corrode freely” as
stated above but the anodic reaction will result in the formation of a protective oxide
layer.
A variety of processes exist to produce corrosion protective metallic coatings, which
cover a wide range of techniques and film properties. A broad classification is given
below [23]
(i) Mechanical applications (e.g. cladding, extruding)
(i)  Molten applications (e.g. hot dipped zinc, aluminium)
(iii)  Electrodeposition (e.g. electroplated chromium, nickel, copper, zinc)
(iv)  Chemical deposition (e.g. electroless nickel, copper)
(v)  Diffusion coatings (e.g. chromium diffusion coating)
(vi)  Spray applications (e.g. plasma spraying, arc spraying)
(vii)  Vapour deposition (chemical vapour deposition, physical vapour deposition)
The following criteria are important for the choice of coating technique as well as
coating material:
@ Economic and environmental aspects
(1D Performance of the coating/ substrate system, determined by

(i) galvanic action between coating and substrate in a given environment

(ii)  formation of suitable corrosion products

(iii)  adhesion of the coating

(iv)  coating thickness

(v)  microstructure of the coating
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2.3. Niobium Coatings

The properties of niobium, such as its high melting point, reduce the number the
possible deposition techniques to produce Nb coatings. The only three deposition
techniques commonly used are electrodeposition, vacuum plasma spraying and physical

vapour deposition.
2.3.1. Electrodeposition

Successful electrodeposition of Nb is regarded as difficult owing to the earlier

mentioned properties of the metal, which are [28]:

(@ its rather negative reduction potential, which leads to interference by hydrogen
evolution in aqueous media

(i)  the tendency to react with oxygen to form electrically inactive compounds, even
in certain non-aqueous media

(iii)  the tendency of Nb to form stable cluster-compounds at low valence states [9]

The initial work on Nb'plating was carried out in the 1960’s by [29]. Electrodeposition

of Nb is based on the reduction of Nb(V) from Nb salts e.g. K,NbF; in appropriate

electrolytes, typically molten alkali fluorides (KF, LiF) (e.g. [29-33]), alkali chlorides

[34],[35] or organic solvents [28]. However, high operating temperatures (typically

above 700°C) and the toxic nature of the employed electrolytes, make electrodeposition

a rather impractical technique to produce Nb coatings.

2.3.2. Vacuum Plasma Spraying

Nb coatings with a thickness of 250um were deposited on steel substrates for corrosion
protection using low-pressure vacuum plasma spraying [36]. Polarisation measurements
in hydrochloric acid indicate that the coatings are resistant to general and localised
corrosion with no significant substrate effect. However, the anodic current densities
were higher for the coated samples compared to bulk Nb. Similar results were obtained

by Lugscheider et al. who also produced 250um thick Nb coatings by low-pressure

vacuum plasma spraying [37].
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2.3.3. Physical Vapour Deposition
2.3.3.1. Thermal Evaporation

Deposition of niobium by evaporation techniques such as arc evaporation yields in
general low deposition rates owing to its high evaporation enthalpy and low vapour
pressure. Mainly thin films of Nb for superconductive devices were produced by arc
evaporation (e.g. [38],[39]).

Nb coatings with a thickness of 0.2um were deposited on silicon substrates by electron-
beam-evaporation with an additional ion source (IBAD) [40]. The authors investigated
the influence of the deposition temperature and low-energy ion bombardment on the
stress behaviour in the coatings and found that the stress state of Nb films can be
substantially modified, i.e. tensile to compressive, using 100eV Ar ion bombardment.
The obtained stress values range from approximately +0.8 GPa to —0.3 GPa.

Hsieh et al. deposited Nb coatings at room temperature with a thickness of ~3um on
stainless steel substrates also by ion-beam assisted deposition (IBAD) using electron-
beam evaporation [41]. It is reported that bombardment of the growing film with 250eV
Ar jons and an Ar’/ Nb ratio of 0.68- 0.80 produces coatings with a dense
microstructure (investigated by SEM), which behave in a similar manner to bulk Nb
when tested in potentiodynamic polarisation measurements in 3% NaCl. No current
densities are reported. The authors extended their studies to co-deposited Nb/ Cr
coatings using IBAD and investigated the corrosion behaviour as a function of the Nb/
Cr ratio [42].

Ji et al. investigated the texture, surface morphology and microstructure of thin Nb
coatings (<1um) deposited by IBAD as a function of the ion bombardment [43]. The
authors found that ion channelling in easy channel directions in a grain causes
differential sputtering and hence influences texture development, microstructure and
surface morphology by preferential growth and shadowing effects.

However, sputtering appears to be the preferred PVD technique to produce Nb coatings,
as it is a non-thermal vaporisation technique, in which the deposition- i.e. sputter rate is
foremost a function of the surface binding energy of the cathode material and
independent of its thermal properties. The following section gives an overview of recent

literature describing deposition of Nb and Nb/ metal alloys by sputtering.
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2.3.3.2. Sputtering

(i) Pure Nb coatings

Only a few studies have been published on the corrosion resistance of sputtered pure Nb
coatings. Datta et al. first reported about the potential of Nb coatings on stainless steel
substrates, deposited by magnetron sputtering/ ion plating, for biomedical implants in
1988 [5]. The authors investigated the corrosion performance by polarisation
measurements and the microstructure (SEM) of 3-9um thick magnetron sputtered
coatings on stainless steel substrates as a function of the substrate bias voltage, the Ar
gas pressure and the coating thickness [5], [7], [44], [45]. The best corrosion resistance
is reported for Nb coatings deposited at substrate bias voltages of —1000V and —2000V,
which is related in the studies to the dense, pore-free nature of the coatings. However,
the corrosion performance of all the coated substrates is poor compared with bulk Nb
and the substrates corrode actively. The corrosion currents measured at a potential of
+1000mV are 2%10° Acm™ for the coated samples compared with 1¥10* Acm™ for
bulk Nb. The fact that the coatings deposited at low bias voltages with an open
columnar structure still exhibit better corrosion resistance than uncoated stainless steel
is related by the authors to the formation of a thin, extremely dense amorphous layer
during the initial stages of film growth [5]. However, no further explanation about the
origin of this layer is given. With regard to the Ar pressure and coating thickness, an
increase in corrosion performance was found with decreasing Ar gas pressure and
increasing coating thickness. The morphologies of the sputtered films are characterised
as zone 1 structures at low bias voltages (-200V to —400V), zone T structures at 0V bias
voltage and zone 2 and 3 structures at —1000V and —2000V.

The deposition of 1um thick Nb films on stainless steel by the combined steered
cathodic arc evaporation/ unbalanced magnetron sputtering technique is reported [46].
The corrosion resistance or rather macroporosity of the films, investigated by the
ferroxyl test, was determined as a function of the substrate bias voltage and an optimum
performance was found at a bias voltage of —75V. The interfacial region and the coating
morphology were investigated with regards to the mode of sputter cleaning pre-
treatment of the substrate. It was found that etching with Nb ions from the cathodic arc
source generates a sharp interface with a Nb-rich interlayer, approximately 5nm thick.
The coatings deposited after Nb ion etching showed a strong preferred {110}

orientation while a nearly random distribution of crystallographic planes was found for
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the film deposited after Ar ion etching. The texture was independent of the substrate
bias voltage, whereas a minimum lattice strain is reported for a substrate bias voltage of
-75V.

Wu conducted a systematic study on the effect of the substrate bias voltage and the Ar
gas pressure on the morphology (SEM) and residual stresses in magnetron sputtered Nb
coatings, with a thickness of 0.3um [47]. An increase in substrate bias voltage (-100V to
-300V) lead to a decrease in column size and smoother coating surfaces, while
increasing the Ar content and compressive stresses in the film. Low Ar gas pressures
also lead to an increase in Ar content, refined coating morphologies and a shift from a
tensile to a compressive stress state. The reported stress values range from
approximately +0.4 GPa to —1.5 GPa.

The stress behaviour in r.f.sputter deposited, 0.1um thick Nb coatings, which were
under compressive stresses, was investigated as a function of post-deposition high-
energy ion bombardment (300keV and 600keV Xe-ions) [48]. Bombardment with
300keV merely expanded the distorted as-deposited Nb unit cell, while bombardment
with 600keV ions lead to a stress relaxation in the film. The results were obtained by
means of lattice parameter measurements; no absolute stress values are presented.

The effect of off-normal, low-energy ion bombardment on the crystallographic
orientation of ion-beam sputtered Nb coatings with a thickness of several hundreds of
nanometers on amorphous silica substrates was investigated [49]. It was shown that
glancing angle ion bombardment can have a pronounced effect on the texture due to ion
channelling and preferential re-sputtering i.e. preferential growth of grains oriented in
easier channelling directions.

The microstructure, hardness and the scratch test adhesion of 6 to 8um thick magnetron
sputtered coatings was investigated as a function of the Ar gas pressure during °
deposition [50]. The morphology of the coatings is described as zone 1 structures with
average column diameters at the surface of 0.15um to 0.6um. An increase in critical
load values from 0.2N to 0.4N was observed with decreasing Ar gas pressure, while the
hardness of the coatings was not influenced by the change in pressure with an average
value of HVy 05 = 400. The crystallographic orientation of 6 to 8um thick magnetron
sputtered Nb coatings was evaluated as a function of various process parameters [51].
Predominantly {111}, {211} and {100} preferred orientations were found in the films.
The thermodynamically favoured {110} orientation was never dominant. A study on the

wear and fatigue behaviour of the same coatings on stainless steel substrates for
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biomedical implant applications was conducted [7]. The results obtained by pin on disc
tests with a polyethylene counterpart indicate improved wear behaviour of the coated
specimen compared to stainless steel by a factor of =2 in terms of % weight loss. There
was no improvement in the fatigue behaviour compared to uncoated stainless steel.

In a recent study the influence of the deposition temperature on 1.5um thick Nb |
coatings deposited by magnetron sputtering on Cu substrates for superconducting
technologies is investigated [52]. The films exhibit the preferred {110} orientation,
independent of the deposition temperature. Increasing the substrate temperature resulted
in a decrease in the Ar content together with a decrease in the compressive film stresses.

No concrete stress values are presented but rather lattice strain values.

(ii)  Co-sputtered Nb/ Metal coatings

The microstructure of Nb/ Cr alloys deposited by magnetron sputtering on steel
substrates was investigated by scanning electron microscopy [53], [54] However, no
comparison was made to pure Nb coatings. A number of authors report about the
corrosion behaviour of co-sputtered Nb/ Metal coatings, where metal = Cr [55], [56], Zr
[57], Mo [58], Cu [59] and Fe-Cr-Ni [60]. The coatings exhibit corrosion behaviour
similar to or better than that of the alloy constituents in terms of anodic current densities
and the stability of the passive layer. However, in most cases inert substrates such as
glass were used, such that an evaluation of the “real-life” corrosion performance of

these coatings is not possible.

2.4. Coating Technology

2.4.1. Cathodic Arc Evaporation

The cathodic arc is a state of a discharge at low pressures with high current/ low voltage
characteristics, which produces high velocity jets of mostly ionised atomistic material.
The arc is struck on the surface to be evaporated (the cathode), while the chamber wall,
which is usually operated at ground potential, acts as the anode. Arcing is initiated by
the application of a high voltage pulse to an electrode placed near the cathode. Electron
emission, resulting from thermoionic and field emission mechanisms, is concentrated in
a small area of the cathode. The concentrated electron flow generates a very high

temperature locally, resulting in explosive evaporation of a minute liquid pool of molten
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cathode material. This local region of electron emission and metal vaporisation is the
cathode spot. The cathode spot is characterised by a small spot size (10 to 10 m),
extremely high current densities (10° to 10"> Am™®) [61] and temperatures (4*10° to
10°K [65]). Simultaneously to evaporation, the spot migrates to another location to
repeat the process. With a velocity in the order of 10% ms™ the cathode spot and hence
the arc move rapidly across the surface of the cathode [61].

A dense, hot local plasma is generated above the cathode spot by collision of the
emitted electrons with the evaporating metal atoms, resulting in ionisation of the latter
(Fig.2.4.). The electrons are accelerated away leaving behind a space charge, which is
positive to the surrounding area. Due to the space charge a potential hump is formed,
which, in a dynamic equilibrium, retards the electrons and accelerates the positive ions
away from the cathode; a high velocity plasma jet is formed with ion energies in the
range of 50 to 150eV [62], [63]. Some of the positive ions are also accelerated back
towards the cathode thus assisting in the local heating of the cathode. The high local
temperature of the cathode spot and the field generated by the metal vapour plasma
support thermoionic and field emission of the electrons, sustaining high electron current
flows [63].

Once initiated, the arc is self-sustaining owing to the generated metal vapour plasma,
which, in the absence of a gas background, serves as the sole conducting medium for
the vacuum arc. However, sometimes an inert gas is used to help sustain the arc. The
discharge characteristics of the vacuum arc are in the range of 10-50V for the cathode

potential and 50- 400A for the discharge current.
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Fig.2.4. Cathode spot region (stationary model) (after [65])

The flux emitted from an arc source consists of ions, neutrals and macroparticles [62],

[64] (fig.2.4.). A major characteristic of the cathodic arc is the high degree of ionisation
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of the emitted material up to approaching 100%, depending on the distance to the source
[61], [65]. Furthermore, the ions exist in multiple charge states. The average charge
state for e.g. Nb is 2.79 [66] or 3.00 [67] and for Cr is 1.99 [66] or 2.09 [67]
respectively. The ion energy can be increased by applying a negative bias voltage to the
substrate, accelerating the generated ions. The events on the substrate surface are
influenced by the energy of the arriving ions, i.e. by the charge state of the ion and the
applied potential difference, and range from condensation at low ion energies to re-
sputtering of surface atoms and ion implantation at higher ion energies. Hence, the
highly energetic ion flux from a cathodic arc source can be used to produce dense
coatings as well as to sputter clean and penetrate the substrate prior to coating
deposition, resulting in superior film adhesion [68], [69].

However, a disadvantage of the cathodic arc is the generation of liquid droplets or
macroparticles. The mechanism of droplet formation can be described as follows [70]:
(i) formation of a comparatively large molten pool of material, (ii) transport of liquid
metal to the periphery of the molten pool by impinging ions and plasma pressure
resulting in macroparticle emission and (iii) droplet extraction by a strong local
electrical field. The size of the droplets can be in the sub-micron range up to several
tens of micrometers, their size and number depending on the melting point of the
cathode material, the discharge current and the cathode temperature [71]-[75]. Droplets
are undesirable in coating deposition as they can affect the coating quality by generating

growth defects.
2.4.1.1. Random Arc/ Steered Arc

In the absence of any constraining magnetic field, the cathode spot migrates randomly
on the surface of the cathode (Random Arc) and shows a tendency to dwell in certain
areas, producing relatively large molten pools [72], [76]. Rapid motion of the cathode
spot will in prinéiple force the spot to burn in a “virgin” area, resulting initially in a
relatively low local surface temperature and hence a reduced volume of molten material
in the vicinity of the active spot. This leads to a reduction in macroparticle erosion
compared to a stationary cathode spot [72], [77]. A magnetic field can be used to
confine or steer the arc (Steered Arc), allowing control of the arc velocity and the arc
path, preventing local overheating. The steered arc method was invented by

Ramalingham in 1987 by placing a permanent magnet array directly behind the target of
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the arc cathode [78]. This magnet array was subjected to a special movement adjusted to
the geometry of the target. The magnetic field lines penetrate the cathode and exert a
Hall force on the arc as a current carrying conductor. However, the Hall force is also
exerted on the positive ions from the plasma cloud, which are attracted back to the
cathode, resulting in a circular deflection of the ions in the vicinity of the arc spot
(Fig.2.5.). This new impact point is heated locally, emits electrons and prepares a new
location for the cathodic arc spot [77]. Furthermore, the arc spots sits preferentially at
the point where the vertical component of the magnetic field is zero [79], resulting in an
arc track as shown in fig.2.5. Due to the Hall effect, the arc will travel along this track at
high velocity. The spot velocity increases with increasinig magnetic field and saturates at
a certain field (V = 10-100ms™) [70]. The direction of the arc motion is known as
“retrograde”, as it is opposite to the Ampere rule. This arises from the fact that the
current is mainly carried by the positive ions, hence reversing the direction of the Hall
effect.

It has been shown, that steering the ar¢ with magnetic fields results in the following
effects compared to the random arc [77]:
(1) smaller average size of the erosion craters

(ii) the craters are positioned directly one behind the other, resulting in:

(iii)  reduced overlapping of the craters and

(iv)  reduced presence of large molten areas
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Fig.2.5. Arc spot motion in a steered cathodic arc
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2.4.2. Sputtering

Sputtering is a non-thermal vaporisation process in which surface atoms are physically
ejected from a surface by momentum transfer from an energetic bombarding species of
atomic/ molecular size [80]. Main uses of sputtering are (i) Coating deposition, in which
the sputtered atoms are re-deposited onto a substrate and (ii) Sputter etching, in which
the removal of surface atoms is used as a cleaning pre-treatment of the substrate prior to
coating deposition. The simplest arrangement of sputtering is dc glow discharge

sputtering.

2.4.2.1. Glow Discharge Sputtering

In glow discharge sputtering, a plasma is generated by introducing an inert gas and
applying a high potential between two electrodes, where the target material to be
sputtered normally constitutes the cathode and the chamber wall, operated at ground
potential, acts as the anode. Initially, at a low potential, a small current will be observed
which stems from movement of the naturally occurring charge carries. With increasing
voltage, ionisation in the gas begins and the current rises. With even higher voltages, the
current becomes large enough to establish a glow discharge, which is accompanied by a
considerable drop-in voltage and rise in current. Positive ions are accelerated towards
the cathode and their impingement on the cathode surface causes a variety of effects,
which are discussed in more detail below, including the liberation of secondary
electrons. It is these secondary electrons that are primarily responsible for sustaining the
glow discharge.

The architecture of the glow discharge is composed of several regions as shown
schematically in figure 2.6 [80]-[82]:

Directly in front of the cathode is the cathode glow region, which is luminous due to
recombination events at the cathode surface. Next to the cathode glow region is the
cathode dark space, across which most of the voltage is dropped. Electrons emitted from
the cathode surface are accelerated by the electric field and cause ionisation of gas
atoms and creation of further electrons by multiple collision events. The large number
of positive ions produced creates a positive space charge across the dark space, which

causes the large voltage gradient and provides the accelerating force for the positive
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ions towards the target surface. The energies of most electrons in the dark space lie far
beyond the maximum of the excitation functions, hence little visible light is emitted
from this region. At the end of the cathode dark space, the current is nearly all carried
by the electrons, whose number is then so great, that they considerably reduce the
positive net space charge. The negative glow region begins. With little acceleration
forces, the energy of the electrons is mainly adsorbed by intense excitation and
ionisation events, resulting in the brigh‘tness of the negative glow. When the negative
space charge reaches its maximum, the energy for excitation and ionisation is
exhausted, resulting in the Faraday dark space. After the Faraday dark space the positive
column begins. In the positive column, the concentration of electrons and ions is equal
and the net charge space is zero. The voltage gradient is very low, merely to maintain
sufficient ionisation to compensate for losses by recombination. The energy of the
electrons is sufficient for excitation and ionisation events and the positive column is
hence luminous. With decreasing pressure and cathode to anode distance, the positive
column and the Faraday dark space can be “consumed”, i.e. the substrate becomes

immersed in the negative glow region [81], [82].

Cathode Faraday
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Fig.2.6. Glow Discharge characteristics ‘

The type of discharge used in sputtering is the “abnormal glow discharge”. At low
applied voltages and low resulting currents the discharge is characterised by constant
voltage and constant current density (“normal glow region”). Increasing the power

increases the current carrying area (current increases, while voltage and current density
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remain constant) until the whole cathode surface is utilised by the discharge. The glow
is now “abnormal” and any increase in power results in an increase in current, current
density and voltage [82]. The cathode potential in glow discharge sputtering, without
application of any external magnetic fields, is in the order of 1-5 kV. It is that large
potential drop that accelerates the ions towards the cathode, causing sputtering of target

material and other events as described below.

A variety of interactions can occur when the target surface is bombarded by ions. These
interactions include [80],[82]:

(@ Reflection of the incident ion as an ion or neutral

(ii) Liberation of secondary electrons

(iii)  Ion implantation

(iv)  Radiation damage (creation of vacancies, interstitials or gross lattice defects)

(v)  Local heating

(vi)  Ejection of an atom or ion (Sputtering)

Which of these events occur and to what extent is a function of various parameters such
as the ion energy, target characteristics, angle of incidence etc. Sputtering is the result of
a collision cascade within the target, independent on the thermal properties of the target
material. The incident ion knocks, in a primary collision event, target atoms from their
equilibrium position. The atoms then move through the material and undergo further
collisions and so forth, resulting in a collision cascade, which either heads off to the
interior of the target or leads to sputter ejection of a surface atom. The sputter ejection is
rather ineffective with only 1% of the incident energy being transferred to the sputtered
atoms. The probability of the sputter event happening can be described by the sputter
yield S, which is defined as the number of target atoms (or molecules) ejected per

incident ion. The sputter yield can be obtained from [82]:

_ 30 4mm, E
4% (m; +m,)* Ug

where m; and m, are the incident ion and target atom mass, E is the energy of the

S

................... equation 2.1.

incident ion, Uy is the surface binding energy of the target material and ¢ is a function

of my/ m;, which increases with increasing values [82]. The expression 4m;m,/(m;+m,)?
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describes the energy transfer in a binary collision. In contrast to arc evaporation, more

than 90% of the sputtered material are neutrals with low kinetic energies (5 to 20eV).

2.4.2.2. Magnetron Sputtering

Magnetron sputtering is a special sputtering technique in which magnetic fields are used
to make more efficient use of the electrons by minimising their loss due to
recombination at the anode, i.e. the chamber walls. Most of the plasma is confined to
the near target region by magnets behind the cathode, hence, ionisation and sputter rates
are increased by a factor of up to ten, leading to a typical discharge voltage of —-500V.
An electron leaving the target surface at an angle to the magnetic field lines will be
subjected to the Lorentz force. As a result, the electron will describe a circular motion
around the magnetic field line and return to the surface, hence being trapped in the near
cathode region (fig.2.7.). The addition of an electric field, as is the case in magnetron
sputtering, changes the orbit of the electron from circular to cycloidal [82]. For the
magnetic fields used in sputtering, mainly the electrons will be affected, while the ions
are too heavy (ma/ me = 10°).

Rhode [80] summarised the advantages of magnetron sputtering over conventional
sputtering as (i) increased sputter i.e. deposition rates, (ii) reduced sputtering from the
substrate and the chamber walls, (iii) reduced substrate heating from electron and ion

bombardment and (iii) reduced working gas pressure requirements

E

Erosion Track

Cathode B
- Magnetic
Field Lines
~ Hopping
Permanent — Electrons
Magnet S

Fig.2.7. (Planar) Magnetron sputtering configuration
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2.4.2.3. Unbalanced Magnetron Sputtering

However, the use of conventional magnetrons is restricted by the sharp decrease in
ionisation with increasing distance from the target to the substrate and shadowing
effects, which make coating of large three-dimensional parts difficult and can lead to
inferior coating quality by the reduced ion bombardment during deposition [80], [83].

An improvement was achieved with the invention of the unbalanced magnetron in 1986
[84]. In a narrow sense, an unbalanced magnetron is understood to be a magnetron with
strengthened outer poles [84]. Strengthening the outer poles, which can be achieved
with additional or larger magnets or electromagnetic coils, leads to the outer magnetic
filed lines to be merged deeper into the space of the chamber. A considerable portion of
the secondary electrons and hence the positive ions will follow the magnetic field lines.
Therefore, the plasma glow is no longer confined to the front of the cathode but expands
outwards resulting in increased ion bombardment of the substrate (fig.2.8.). Beneficial
effects of this arrangement are [80],[83],[84] (i) increased “throwing distance” of the
depositing species, (ii) high ion to neutral ratios (up to 6— 10), characteristic of a typical
ion-plating technique [83], (iii) increase in the substrate bias current density by
approximately two orders of magnitude compared to a conventional balanced
magnetron, (iv) high bias current densities even at larger target to substrate distances,
(v) controllability of ion energy and ion flux almost independently of each other, (vi)
less dependence of the coating properties on deposition parameters and (vii) all of the

above resulting in superior and easier controllable coating properties.

Conventional Unbalanced

rate

4

Electromagnetic
Coils~_

Fig. 2.8. Unbalanced Magnetron (after [83])

28



2.4.2.4. Closed Field — Unbalanced Magnetron Sputtering

The extended target-to-substrate distances achieved by unbalanced magnetron
sputtering make it possible to produce coatings in large multi-cathode systems. Linking
the field lines between the north and the south pole of two adjacent cathodes in a multi-
cathode system results in a closed field arrangement (Fig.2.9.). The closed field
configuration reduces the loss of secondary electrons to the anode and distributes them
and the plasma evenly around the multi cathode system i.e. the substrate region, hence

enhancing deposition conditions.

(a) (b)

Fig.2.9. Closed-Field configuration: Two opposing cathodes (a), Quadruple

arrangement (b)
2.4.3. Arc Bond Sputter (ABS) Technique

The Arc Bond Sputter technique, employed in the present study, combines the two PVD
techniques of Steered Cathodic Arc Evaporation (SCAE) and Closed Field- Unbalanced
Magnetron Sputtering (UBM) [85]. The idea behind this arrangement is the
combination of the advantages of each technology into one system [85], [86]. The main
advantages can be summarised as follows:

(i) Steered Cathodic Arc Evaporation :

- Superior film adhesion obtained by bombardment of the substrate with multiply
charged metal ions from the steered cathodic arc source prior to coating deposition due
to high etching rates and less influence of residual gases [68], [69]

(ii) Unbalanced Magnetron Sputtering :

- Versatility of materials selection

- Droplet-free coating deposition

- High and controllablendegree of ion bombardment of the growing film
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As a result of these characteristics a “typical” ABS process employs the arc source for
the substrate sputter cleaning step prior to coating deposition, while the film deposition
is carried out using unbalanced magnetron sputtering. The ABS coating technology is

described in more detail in chapter 3.

2.5. Structure Zone Models

The microstructure of sputter deposited coatings is influenced by a number of
deposition and process parameters including substrate temperature, gas pressure, ion-to-
neutral ratio, the substrate bias current density and the ion energy i.e. substrate bias
voltage [83-84],[871,[90-91]. All of these factors influence the energy delivered to the
growing film and influence the coating morphology by controlling the adatom surface
mobility and the reactivity of the condensation process. The first structure zone model
was developed by Movchan and Demchishin (Fig. 2.10.) [88]. The MD model applies to
vacuum-evaporated coatings and describes the influence of the substrate temperature
(i.e. the ratio of substrate temperature Ts to the melting point of the material Ty) on the
film morphology in absence of any ion bombardment during film growth. The model
distinguishes between three discrete zones. Zone 1 at low temperatures is characterised
by an open columnar or “porous” structure arising from insufficient atom surface
mobility and dominant shadowing effects. An increase in temperature in zone 2 leads to
an increase in adatom surface diffusion and densification of the still columnar structure.
High temperature deposition in zone 3, i.e. temperature close to the melting of the
material, allows bulk diffusion and recrystallisation resulting in fully dense, equiaxed

grain structures.

Temperd{ure

Fig.2.10. Structure Zone Model after Movchan and Demchishin [88]
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The structure zone model was further déveloped by Thornton [89] and Messier [90] for
sputtered coatings to include the effect of gas pressure and ion bombardment on the
coating microstructure (Fig. 2.11). The effect of the working gas pressure is added in
the Thornton model, accounting for gas phase scattering, as well a fourth zone, the
transition zone T. Zone T consists of densely packed fibrous grains, grown under
bombardment of high-energetic neutrals reflected from the sputtering target at low
pressures. Messier replaced the pressure axis with a substrate bias voltage axis to
include the influence of the ion energy during film growth. An increase in energy of the
bombarding ions enhances adatom surface mobility and suppresses the formation of
zone 1. Similar results were reported earlier by Mattox and Kominiak [91] who found
considerable densification of dc sputtered Ta coatings with increasing negative substrate
bias voltage. Freller et.al. investigated the influence of bias current density rather than
bias voltage on the coating morphology and found that a minimum threshold current
density (i.e. 2mA/ cm? is necessary to sputter deposit dense TiN coatings on

geometrical complex substrates [92].

TRANSITION STRUCTURE COLUMNAR GRAINS

CONSISTING OF
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‘CONSISTING OF TAPERED
CRYSTALITES SEPERATED
BY VOLDS

ARGON x

PRESSURE SUBSTRATE

TEMPERATURE (T/Tm}

(a) (b)
Fig.2.11. Structure Zone Model after Thornton (a) [89] and Messier (b) [90]

Recently, Kelly and Arnell developed a new structure zone model for the special case of
closed field unbalanced magnetron sputter deposition (Fig.2.12.) [87]. The model
describes the coating morphology as a fuﬁction of the temperature, the ion flux (i.e. ion-
to-neutral ratio) and the ion energy (i.e. substrate bias voltage). The formation of zone 1
is completely suppressed and the minimum temperature necessary for the formation of

zone 2 and 3 is shifted towards lower values compared to the earlier SZMs These
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findings were related to the high ion-to-neutral ratios obtainable by the closed field

unbalanced magnetron deposition process.
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Fig.2.12. Structure Zone Model after Kelly/ Arnell [87]
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3. Experimental

3.1. Coating System

All samples considered in this study were produced in an industrial sized Hauzer
Techno Coating (HTC) 1000-4 Arc Bond Sputter (ABS) PVD unit [1], [2].

The unit is a four-cathode system with an octagonal cross-section as shown in fig. 3.1.
The vacuum chamber consists of stainless steel and has a volume of approximately 1m>.
The substrate table is located in the centre of the chamber. Samples are mounted on
satellite assemblies, which are designed to allow one-, two-, or three-fold planetary
rotation of the substrates, depending on their geometry and size. Two doors on either
side give access to the inside of the vacuum chamber. Radiant heating is accomplished
by one heater on each door and one heater under the substrate table. The walls of the
chamber are water cooled during operation. The pumping system consists of two
Balzers TPH 2200 turbomolecular pumps with a nominal pumping speed of 4400 L s?
in combination with a roots pump and a rotary vane pump. The turbomolecular pumps
are connected to the vacuum chamber with two gate valves and can hence be kept at full

speed when the system is open to air.

Fig. 3.1. Cross-section of ABS coating chamber [2]

The cathodes are designed to integrate the functions of both, the cathodic arc evaporator
and the unbalanced magnetron, into one single unit. The magnetron discharge is

achieved by positioning a set of permanent magnets directly behind the target.
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Unbalancing of the magnetron is accomplished by electromagnetic coils, which are
concentrically mounted to the cathodes as shown in fig.3.2., generating a magnetic field
of up to 10000 ampere turns [2]. The unbalancing effect and hence the ion
bombardment or substrate bias current density can be precisely adjusted by the magnetic
field generated by the electromagnetic coils. This allows control of coating properties or
the deposition temperature independently of e.g. the cathode power or the substrate bias
voltage. Fig.3.3. shows the ion flux, as determined by Langmuir probe measurements in

the ABS coating machine, as a function of the unbalancing coil current [3].

Vacuum - . - Permanent
Chamber - . Magnet
:\ - Target / —

LIRSS

]
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Fig. 3.2. UBM cathode with permanent magnets and electromagnets [2]
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Fig.3.3. Substrate ion flux vs. unbalancing coil current (Langmuir probe measurement,

3 kW Cr UBM discharge) [3]
The closed field configuration is accomplished by linking the field lines between the

north and the south pole of two adjacent cathodes (fig. 3.1.). In the unbalanced

magnetron sputtering mode, average values of 4 mAcm for the bias current density and
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2-3 for the ion to neutral ratio can be reached with this system. Both parameters were
measured at a target/ substrate distance of 50 cm [2].

The UBM cathode is converted to an arc cathode by moving the permanent magnet
array away from the cathode, which weakens the magnetic fields at the surface of the
target (Fig. 3.4.). The steered arc moves along a racetrack defined by the zero of the
normal component of the magnetic fields. Sweeping of the arc across the target surface
for higher target utilisation can be accomplished by moving the zero of the normal field
component, which is done by periodically changing the current in the electromagnetic
coils. The power supply of the cathodes provides values of up to 40A/ 750V in the
magnetron mode (low current/ high voltage) and values of up to 100A/ 80V in the arc
mode (high current/ low voltage). The maximum power for each cathode is 20kW.

H H

UBM Mode

w
Z ] d4—p
7]

§ Arc Mode

Fig. 3.4. Arrangements of magnets for alternative UBM and Arc mode

3.2. Deposition Procedure

3.2.1. Substrates and Substrate Preparation

Table 3.1. summariSes the substrate materials used and the condition, respectively the
pre-treatment, of the substrates prior to the coating process. A consistent surface finish
was important for the stainless steel coupons used for evaluation of the corrosion
resistance, as the surface roughness can have a marked effect on the microstructure of
thin films. The polished substrates, high speed steel, stainless steel and brass, were
cleaned in an ultrasonically agitated acetone bath for 10min, rinsed with methanol and
dried under hot air before coating. The bright-annealed stainless steel substrates used for
XRD and TEM were cleaned in an industrial sized cleaning line. This consisted of a

series of cleaning tanks namely two alkaline baths with ultrasonic agitation, a city water
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rinsing bath and de-ionised water with and without ultrasonic agitation. Finally, the

substrates were dried in hot air before they were mounted in the coating chamber.

Substrate Condition Analytical Use
Material prior to coating
M2 High speed steel Ground and polished to 1um Hardness
(@30mm x 8mm discs) diamond paste mirror finish Roughness
304 L austenitic stainless steel| Ground and polished to 1um Corrosion

(25mm x 25mm x 0.8mm ) | diamond paste mirror finish

304 L austenitic stainless steel Bright annealed X-ray Diffraction
(25mm x 25mm x 0.8mm ) TEM
Brass 90/ 10 Ground and polished to 1um Corrosion
(@30mm x 3mm) diamond paste mirror finish

Table 3.1. Substrate preparation and analytical use

3.2.2. Deposition Parameters

A typical coating process consists of the following steps:
(i)  Heating and pump down '

(ii)  Target sputter cleaning

(iii)  Substrate sputter cleaning

(iv)  Coating deposition

(v) Cool down and vent

(@) Heating and pump down

Prior to coating deposition the vacuum chamber is evacuated and heated until the
required base pressure and temperature are reached. The chamber is evacuated in two
stages. Firstly, the pressure is reduced to 1¥10'mbar via the rotary vane pump and the
roots pump. At this point, the fine pumping system is opened, consisting of the two
turbomolecular pumps, and the pressure is further reduced to the required base pressure,
typically < 8%10” mbar. The required temperature, typically 250°C, is reached via
radiant heating during the fine pumping stage.
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(ii)  Target sputter cleaning

The targets are sputter cleaned in a glow discharge to remove surface contamination
such as oxides. During this stage shutters are moved in front of the targets to avoid pre-
coating of the substrates. In the case of severe target contamination, the targets were

cleaned in a separate process.

(iii)  Substrate sputter cleaning

The substrates are sputter cleaned to remove surface contaminants prior to coating
deposition. A high negative substrate bias voltage, typically —1200V, is applied and the
substrates are sputter cleaned by ion bombardment. The ions can be either singly
charged, inert Ar* ions from the glow discharge or multiply charged, highly energetic
metal ions such as Nb** from the steered cathodic arc source. Steered cathodic arc
evaporation is normally used as the ion source in the ABS system for reasons of
superior adhesion as described in section 2.4. If not otherwise stated in the following, all
substrate ion etching steps were carried out using a bias voltage of -1200V and a gas

pressure of 2%¥107 mbar.

(iv)  Coating deposition

Coating deposition is carried out from one Nb target using unbalanced magnetron
sputtering or steered cathodic arc evaporation in a non-reactive Ar atmosphere.
Additional radiant heating can be used during coating deposition to maintain the desired
operational temperature. UBM deposition was carried out at 420°C with an unbalancing
coil current of 6A and at 250°C with an unbalancing coil current of 3A. The first will be
denoted “high temperature” and the latter “low temperature” deposition process in the
following. If not otherwise stated, all process steps were carried out using a substrate

three-fold rotational mode.

(v) Cool down and vent

After each process the vacuum chamber is allowed to cool down below 170°C.

The different processes are shown schematically below. The detailed process

parameters are listed in the Appendix L. -
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I) Comparison of Nb Coatings deposited by UBM and SCAE

Nb coatings were deposited by the two different techniques of unbalanced magnetron
sputtering and steered cathodic arc evaporation, both in high temperature processes.
During SCAE, the substrates were additionally rotated in a 2-fold rotation mode to

allow an increase in coating thickness.

Pump down and Heating
1

Target Sputter Cleaning

1
Substrate Sputter Cleaning
Nb- ion etch, SCAE

I 1
Nb Coating deposition Nb Coating deposition NbCoating deposition
UBM SCAE, 2-fold rotation SCAE, 3-fold rotation
l |

Cool Down and Vent

II) Influence of Temperature and Ion Bombardment on UBM Nb Coatings
Two Nb coatings were deposited under variation of the coating temperature and the ion
bombardment, i.e. unbalancing coil current, during UBM deposition (low and high

temperature deposition).

Pump down and Heating
1

Target Sputter Cleaning

1
Substrate Sputter Cleaning
Nb- ion etch, SCAE

Nb Coating deposition Nb Coating deposition
UBM UBM
T=420C T=250C
Coil Current=6A Coil Current = 3A

Coo! Down and Vent
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III) Influence of the Jon Etching Pre-Treatment prior to UBM Deposition

The substrates ion etching pre-treatmeni prior to Nb UBM deposition was varied. The
different ion species were Nb and Cr ions from the steered cathodic arc source and inert
Ar ions from a glow discharge. All three coatings were produced in low temperature

deposition processes.

Pump down and Heating
1

Target Sputter Cleaning

I ]
Substrate Sputter Cleaning Substrate Sputter Cleaning Substrate Sputter Cleaning
SCAE, Nb lon Etch SCAE, Crlon Etch GD, Arlon Etch

Nb Coating Deposition, UBM

Cool Down and Vent

IV)  Nb-Ion Etching prior to Sputter Deposition : Influence of Working Gas
Pressure and Substrate Bias Voltage

Two sets of samples were Nb ion etched using different working gas pressures and
substrate bias voltages in the range of —200V to —1200V. The samples were then sputter
coated with a 300nm thick Nb coating in high temperature deposition processes.
Another set of samples was Nb ion etched under variation of the substrate bias voltage

with no additional Nb coating.

Pump down and Heating
1

Target Sputter Cleaning

Substrate Sputter Cleaning Substrate Sputter Cleaning Substrate Sp:Jtter Cleaning
SCAE, Nb lon Etch SCAE, Nb lon Etch SCAE, Nb lon Etch
Pressure = 2E-3mbar Pressure = 8E4mbar Pressure = SE-4mbar
Substr. Bias Voltage: Substr. Bias Voltage: Substr. Bias Voltage:
400V, -600V, 800V, -200V, 400V, 600V -400V, 600V, 800V,
-1000V, -1200V -800V, 1000V, -1200V ~1000V, -1200V

Nb Coating Deposition, UBM
1

Cool Down and Vent
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(V) Intermediate Nb Ion Etching
Sputter deposition of high temperature Nb coatings was interrupted twice by

intermediate etches from the Nb arc, using two different bias voltages.

Pump down and Heating
1

Target Sputter Cleaning

1
Substrate Sputter Cleaning
Nb- ion etch, SCAE

Nb Coating Deposition, UBM
]

I
Intermediate Etch:
SCAE, Nb lon Etch
Sub.Bias Volt=-600V

|
Intermediate Etch:
SCAE, Nb lon Etch
Sub.Bias Volt=-1200V

Nb Coating Deposition, UBM
|

| I
Intermediate Etch:
SCAE, Nb lon Etch SCAE, Nb lon Etch
Sub.Bias Volt=-600V Sub.Bias Volt.=-1200V
l I

Nb Coating Deposition, UBM
I

l
Intermediate Etch:

Cool Down and Vent

(V1)

Steel substrate was coated with a Ni/Cr coating in UBM mode. This coating was used to

Etching Rate

“imitate” stainless steel substrate material of a defined thickness One half of the coating
was subsequently masked with a single-edge razor blade as shown below. The sample,
masked and unmasked area, was then subjected to a 12min SCAE Nb ion etch, using a
substrate bias voltage of —1200V and three-fold substrate rotation. Comparison of the
coating thickness of the masked, i.e. etched and the unmasked, i.e. non-etched, coating

area will yield the etching rate, i.e. the rate of removal of coating material.

NiCr Coating

Substrate

Fig.3.5. Determination of etching rate
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(VII) Niobium Coatings on Brass Substrates: Substrate Ion Etch

The brass substrate was subjected to a Nb ion etch using a bias voltage of —600V with

no additional coating.

Pump down and Heating
1

Target Sputter Cleaning

1
Substrate Sputter Cleaning

SCAE, Nb lon Etch
Sub.Bias Volt.= -600V

1
Cool Down and Vent

(VIII) Niobium Cbatings on Brass Substrates : Zn-Diffusion Barrier

Brass substrates were coated with different Cu-based diffusion barriers prior to sputter
deposition of Nb, i.e. Cu, CuAlFe (target composition: 8%Al, 3%Fe), and NiCr (target
composition: 80%Ni) plus CuAlFe. All deposition steps were carried out in low

temperature processes.

Pump down and Heating
1

Target Sputter Cleaning

Substrate Sputter Cleaning
GD Ar lon Etch

I : ]
Zn Diffusion Barrier Deposition, | |Zn Diffusion Barrier Depasition, | | Zn Diffusion Barrier Deposition,
UBM: Cu UBM: CuAlFe UBM: NiCr + CuAlFe

| |

Nb Coating Deposition, UBM
1

Cool Down and Vent

(IX) Intermediate Nb Ion Etching of Cu Baselayer
The Cu baselayer was subjected to a Nb ion etch using a substrate bias voltage of —

600V prior to deposition of the Nb top coating
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Pump down and Heating
1

Target Sputter Cleaning

Substrate Sputter Cleaning
GD Ar lon Etch

I
Cu Layer Deposition, UBM

I
Intermediate Etch:

SCAE, Nb lon Etch
Sub.Bias Volt.= -600V

]
Nb Coating Deposition, UBM

Cool Down and Vent

3.3. Evaluation Techniques

3.3.1. Hardness

Hardness measurements are based on the resistance of a material to penetration by
another body under load [4]. In the present study, the hardness of the PVD coatings was
determined using a Knbop indenter, which consists of diamond ground to a rhombic-
base pyramid with a ratio between the long and short diagonals of about 7:1 [5]. By
applying a defined load the hardness of the coating can be calculated from the

dimensions of the pyramid-shaped indentation by the following equation.

HK =C*P/d%® e equation 3.1.

where C is a constant, P is the applied load in Kg and d is the length of the longest
diagonal in mm. All measurements were taken on a Mitutoyo MVK-G1 tester using a

load of 3g.
3.3.2. Roughness

The surface roughness of the coatings was determined by means of the R, value, which

is the arithmetic mean of the departures of the roughness profile from the mean line.
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The instrument employed was a UBM Laser Profilometer. Here, an infrared beam is
focused on the sample and the reflected beam is detected by varying the position of the
objective lens in the instrument. The surface roughness is then calculated by the

displacement of the objective lens necessary to focus the reflected beam.
3.3.3. Transmission Electron Microscopy

The microstructure of the sputtered coatings was investigated by cross-sectional
transmission electron microscopy (X-TEM). In principle, a TEM consists of an electron
gun and an assembly of lenses, all enclosed in a vacuum column. A schematic
presentation is given in fig. 3.6. [6]. The condenser lens system collimates the electron-
beam onto the thin specimen. The transmitted and scattered electrons will then be
recombined by the objective lens system to form a first focused image in the
intermediate image plane and a diffraction pattern in the back focal plane of the
objective lens. The intermediate projector lens system magnifies the image, formed in
the intermediate image plane, or the diffraction pattern, formed in the back focal plane,
onto a fluorescent screen or photographic plates. Image formation in TEM is based on
the intensity distribution of the electrons leaving the bottom of the thin specimen.
Images can be generated either by the primary transmitted electron beam, or zero order
spot, (bright field imaging) or by one the diffracted beams (dark field imaging) by
suitable placement of the objective aperture. In bright field imaging, dark areas indicate
that diffraction has occurred. The diffraction pattern, formed in the back focal plane by
focusing rays that were deflected at the same angle into single spots, gives
crystallographic information such as lattice spacing or crystallographic orientation.

The TEM used in these studies was a Philips CM20 STEM microscope with a LaBg
filament using an acceleration voltage of 200KV.

TEM studies require electron-transparent specimen with a thickness of approximately
200nm. The coated samples were cut with a cutting wheel into cross-sections (3mm x
1mm x 0.8mm). They were subsequently mounted onto glass slides and mechanically
ground and polished on both sides to a 1um diamond finish and a thickness of not more
than 20 to 30um. Finally, the samples were placed in an ion beam thinner (Gatan PIPS
691) and thinned from the back side with argon ions (5keV) until the first occurrence of

perforation in the coating area was observed. The angle of incidence of the ion beam on
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the sample was kept between 3° and 5° to maximise the amount of electron-transparent

area and to minimise the damage induced by the ion bombardment.

Electron Gun

Condensor

Thin specimen

‘ Objective
w —Cem— Back focal plare
Inage plane

Projector

Fluorescent
Screen

( 5 Z ) Plates

Fig.3.6. Transmission electron microscope

3.3.4. Scanning Electron Microscopy (SEM)

In a typical SEM an electron beam is focused by two electromagnetic lenses to a fine
spot on the sample. At the same time, the beam is scanned in x- and y-direction on the
sample. A series of signals and detectors can be used for SEM imaging. Secondary
electrons leaving the sample are used to visualise topographic images. The
backscattering coefficient is element specific, therefore back scattered electron images
show atomic number contrast. Energy dispersive X-ray spectroscopy (EDX) coupled
with a SEM can give information about the elemental composition and the elemental
distribution on the sample.

The SEM used in these studies was a Philips XL40 instrument.
3.3.5. X-Ray Diffraction

X-ray diffraction (XRD) can be used to investigate a series of structural characteristics
of thin films. Some major uses of XRD are: Determination of lattice parameter, crystal
structure, texture, lattice strains, identifiéation of phases and estimation of superlattice
wavelengths. X-ray diffraction is based on the phase relationship of two or more rays

from an incident X-ray that have been scattered by periodically repeating planes of
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atoms. Interaction of the rays results in constructive or destructive interference. In order
for two rays, ray 1 and ray 2, scattered from two parallel planes of atoms with the
interplanar spacing d, to interact constructively, they must be in phase, i.e. their path

difference must be equal to a whole number n of the wavelength A (Fig. 3.7.) [7].

/

ray 1

ray 2

Fig.3.7. Diffraction of X-rays by a crystal

This is described by Bragg’s law :

nA=2dsm6 . equation 3.2.

where 0 is the Bragg angle and n is the order of reflection, normally taken as one. In a
diffractometer a monochromatic source of X-rays of the wavelength A is incident on the
surface of the specimen under examination. In Bragg-Brentano geometry, the rotating
specimen is maintained at an angle 6 while the detector is kept at an angle of 20 relative
to the incident beam to maintain the Bragg conditions (fig.3.8.). Thus, the only planes to
diffract are those parallel with the surface [8]. The intensity of the diffracted beams is

recorded as a function of the diffraction angle 26.

Detector

X-Ray tube

Fig. 3.8. X-ray diffractometer in Bragg-Brentano geometry
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3.3.5.1.Texture

The texture or preferred orientation in a thin film, i.e. the non-random distribution of
crystal orientations, can be determined by the Inverse Pole Figure technique [9], [10]. In
Bragg-Brentano geometry, the technique is used to determine the crystallographic
orientation of the planes parallel to the substrate/ coating interface. The texture value P
represents the proportion of grains with a specific orientation relative to a randomly

orientated powder material:

I hkl

R
P= l—hkl— .............. equation 3.3.

s

n’y Ruy
where Iy are the intensities from the hkl reflections in the specimen and Ry are the
intensities of the hkl reflections from a random powder. Thus a P value of one signifies
a random orientation whilst a P value greater than one signifies a preferred orientation.
The Inq values were determined from the peak integral of each reflection. The Ry
values can be taken from a random powder as stated above, where the tﬁickness of the
specimen is infinite relative to the depth of penetration of the X-rays. However, the
reflected intensity is a function of the penetration depth, due to absorption of the X-rays,
and becomes a function of the coating thickness and of 9 in the case of thin films, as the
thickness of the specimen, i.e. the coating thickness, is finite relative to the penetration
depth. Hence, in the present study, the Ry values were calculated according to equation
3.4. 9], ‘
The reflected intensity I3 from a coating of the thickness t is given by :

-2ut

_ 1 sin@ {—g sind

2uw equation 3.4.

Iy

where Iy is the intensity of the incident beam (I = 1) and p is the absorption coefficient
(u = 148.8 cm’ for Nb). Ry = I, but beside absorption the following factors influence
R :
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th[ =]d *_}E_*X *FZ *LP *M *e-—Zm .............. equation 3.5.
V
where :
V= Volume of unit cell (V =24.005 A for Nb)
X = Irradiated volume (X = S * (sin®)™! and S = irradiated area = 1)
F=  Structure Factor

The structure factor F takes into account that the scattering intensity is a function
of the scattering angle. In the case of a simple cubic cell (e.g. Nb bcc), the
scattering intensity is equivalent to the sum of the atomic scattering factors f :
Fia = 2f (for h+k+! = even), (f values for Nb were taken from [7])

LP = Lorentz Polarisation Factor
The Lorentz polarisation factor, LP, takes into account the deviation of the
reflection angle from Bragg’s law as well as polarisation of the beam by the

specimen and the monochromator.

_1+cos?‘ 2. *cos® 28

T e equation 3.6.
sin“ 0 *cos06

LP

where a is the incidence angle of the beam to the monochromating crystal

M= Multiplicity Factor
The multiplicity factor takes into account that several sets of the same plane can
contribute to the reflected intensity (M{hkl1}=48, M{hkk=24}, M{hk0=24},
M{hh0=12}, M{hhh=8}, M{h00=6}

¢?™ = Temperature Factor (¢*™ was assumed =1 for lack of available data)

3.3.5.2. Residual Stresses

Stress measurements using X-ray diffraction are based on the change in interplanar
spacing or strain in the specimen [11]. An unstressed isotropic body can be considered a
sphere with the coordinates x, y and z. Stresses in thin films are considered to be
biaxial, i.e. the stresses perpendicular to the surface are zero. The sphere becomes an
ellipsoid under the action of a equi-biaxial compressive stress with contraction in the x

and y direction with expansion along the z-direction. Without rotation, the stress system
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is two-dimensional in XRD and can be considered a cross-section through the ellipsoid.
The diffracting planes are parallel (in z-direction), perpendicular (in x-direction) or at an

angle 1 (in 1-direction) with respect to the coating surface (fig.3.9.) [8].

h " Cozting

g y Substrate

Fig. 3.9. Planar section through an ellipsoid

Residual film stresses were calculated with the sin’ method in these studies [11],[12].
For this technique the diffractometer is set in the “theta offset” position as shown in fig.
3.10. The offset angle 1 is fixed and the sample and the diffractometer rotate by 6 and
20 respectively to maintain Bragg-Brentano conditions. In this arrangement the
diffracting planes are at an angle 1\ to the coating surface [8]. Thus, the lattice

deformation can be observed as a function of 1 i.e. a strain distribution can be obtained.

Incident beam

Diffracted Beam

Fig. 3.10. “Theta Offset” configuration for stress measurements

The measurement is based on the following relation :

--------------

il e g 1V [y 2 hkd
dy =[0 *d, %TjI*SIH VP +d =0 equation 3.7
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where :

dlﬁkl is the lattice parameter at angles ¢, d {)'kl is the stress - free lattice parameter
and d{'ld: 0 is the lattice parameter at { equals zero, i.e. in the planes
parallel to the coating surface. '

E is Young’s modulus (E=103 GPa for bulk Nb) and v is Poisson’s ratio (v=0.38 for
bulk Nb). The stress free lattice parameter was taken from the value of bulk Nb i.e.
di220= 1.165A. All stress measurements were taken from the {220} reflection with the
offset angle v varying from 5° to 30° in 5° increments. The lattice parameter d was
substituted by the lattice constant a in all measurements. The a, values were plotted
against sin* according to equation 3.6. and the residual stress values were calculated
from the gradient of the linear function.

Residual stresses o in thin films combine intrinsic stresses oj, i.e. growth induced
stresses, and thermal stresses oy : Or = 0; + Op. [11]. The thermal stress component
arises from differences in the expansion coefficients between the coating and the
substrate material. oy, was calculated according to equation 3.8. for the two different
deposition temperatures used in the present study. The intrinsic stresses were calculated

from the difference in the measured residual stresses and the calculated thermal stresses.

E
Om= (OCc ’"O‘s) * (T, —Tl) *ﬁ ........... equation 3.8.
[

where :

a. = Thermal expansion coefficient of the coating (o= 7.24 pm * m™ * °C™! for Nb)

as = Thermal expansion coefficient of the substrate (o= 17.55 um * m™ * °C™' for 304
stainless steel)

T, = Coating temperature

T; = Room temperature

E. = Young’s modulus of the coating

v, = Poisson’s ratio of the coating

The X-ray diffractometer used in the present studies was a Philips powder

diffractometer with Cu Ko radiation.
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3.3.6. Corrosion Measurements

Evaluation of the corrosion resistance of the coated substrates was carried out by
potentiodynamic polarisation measurements in a 3% NaCl solution open to air. In these
measurements, the coated sample is polarised as the working electrode (WE). The
current I is supplied to the working electrode via two auxiliary carbon electrodes in
parallel (AE) placed on each side of the WE. The potential E of the working electrode is
measured with respect to the reference electrode (RE) and adjusted via the current to the
nominal potential value En. A saturated Calomel electrode (SCE) was used in the
experiments as the RE, which was placed within 1mm distance to the WE via a Luggin
probe. The potential is increased continuously and the current i.e. current density is
recorded as the dependent variable. Schematic drawings of the experimental set up are
shown in fig.3.11. Below the free corrosion potential E,,, defined by the mixed
potential theory, the sample is polarised cathodically i.e. an excess of electrons causes
the electrode potential to shift from E,,, to E. The negative potential shift increases the
rate of cathodic reaction and suppresses the rate of anodic reaction until it is
insignificant. The difference between the anodic and the cathodic current is the applied
current. Polarisation in the anodic direction is analogous. Electrons are drawn out of the
WE and the current flows in opposite direction from the cathodic currents. The
deficiency of electrons cause a potential shift to a more positive value with respect to
E.or» and the anodic oxidation rate is increased while the cathodic reduction rate is

suppressed [13].

Potentiostat

I

DC Power

Coated
Sample (WE)

Fig.3.11. Schematic of experimental setup
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The exposed surface area of the samples was 0.78 cm?, defined by masking the whole
coated sample with a beeswax/ resin mixture except a circular area of 1 cm diameter.
The advantage of the beeswax/ resin mixture is that it does not lead to crevice corrosion
as is the case for other masking media such as lacquer. Before each polarisation
measurement, the solution was aerated and the samples were cathodically cleaned at a
potential of typically —1500mV (all potentials versus SCE) followed by a 40 min period
to allow stabilisation of the free corrosion potential. The samples were then polarised
from typically —800mV to +900mV/ +1000mV or until a maximum recordable current
density of 0.1 Acm™ was reached. The scan rate was 0.5 mVs™ All experiments were
carried out in a non-agitated, naturally aerated 3% NaCl solution at room temperature.
Metals that exhibit passivation, such as niobium or stainless steel, are characterised by
very distinctive polarisation curves in the anodic region as shown schematically in
fig.3.12. At low potentials, the anodic current density increases with increasing applied
potential. Above a certain potential, the passive potential Ep, the passive film becomes
stable and the current density drops to low values or stabilises around a constant value
due to the limited ionic mobility in passive films. The metal is now in the passive state
and the corrosion rate is extremely low. Above the pitting potential Ep;;, the passive film
can break down and the corrosion rate increases in the transpassive region as indicated
by the increasing anodic current density. The corrosion resistance of the Nb coated
stainless steel substrates were judged by (a) the range of passivity i.e. the pitting
potential and (b) by the anodic current density at a certain potential, typically +700mV.
The potentiostat used in these studies was an EG&G Potentiostat/ Galvanostat 263A.

Transpassive

— ¥
a4

Anodic region

Epass{ — — — — — — — =
Ecorr - —

Cathodic region

Potential

b

0

Current density ——>

Fig.3.12. Schematic of polarisation curve
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4. Results

4.1. Niobium Coatings on Steel Substrates
4.1.1. Comparison of Nb Coatings deposited by UBM and SCAE

The following section describes the results obtained from Nb coatings deposited by
unbalanced magnetron sputtering and steered cathodic arc evaporation at 420°C as

described in 3.2.2. (I).
4.1.1.1. Physical Properties

The thickness of the films is approximately 1.3um for the UBM coating, 0.6pum for the
SCAE coating (3-fold rotation) and 1um for the SCAE coating deposited in 2-fold
rotation. The deposition rates are 0.74 umh™? for UBM deposition and 0.15 um*h™ (3-
fold rotation) and 0.25 pm*h™ (2-fold rd'tation) for arc evaporation of Nb.

The microhardness values of the coatings are HKgo3= 600 for the UBM coating and
HK 003= 560 for the SCAE coating with a thickness of 1pum.

The roughness values of the coatings on polished HSS are R,= 0.065um (UBM), R.=
0.108um (SCAE 0.6um) and R,= 0.132um (SCAE 1.0pm).

4.1.1.2. Microstructure

Figure 4.1. shows optical micrographs of the surface morphology of the different Nb
films. It is apparent that the number and size of macroparticles or ‘droplets’ is higher in
the case of arc evaporated films compared with the sputtered coating where droplet
generation only occurs during the substraté ion etching stage in the cathodic arc mode.
When comparing the two SCAE coatings, it is evident that using two-fold rotation as
opposed to three-fold rotation further increases the droplet size and density, as a result
of the longer effective deposition time. When droplets become detached during or after
coating deposition they can cause defects in the film as shown in the SEM migrograph

of the arc evaporated coating in fig.4.1.(d).
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(a) UBM: BF image

(c) SCAE: BF image
Fig.4.2. Cross-sectional TEM images

%

(¢)) SCAEDF image

4.1.1.3. Texture and Residual Stress

High angle XRD traces of the different coatings are shown in figure 4.3. The
corresponding texture values, determined by the inverse pole figure technique (section
3.3.5.1.), are compared in figure 4.4. The sputtered coating shows a strong preferred
{110} orientation with a texture value P approaching six, i.e. the highest possible value
as six reflections are considered. The {110} texture is less pronounced for the SCAE
coatings, whose crystallographic orientation is defined by mixed texture components

with a major {110} component with P-values of 4.1 (SCAE 0.6pm) and 3.7 (SCAE
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1.0um) and a minor {111} component with P values of 1.7 (SCAE 0.6um) and 1.65
(SCAE 1.0um) respectively.
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Fig.4.3. High angle XRD traces: UBM (a), SCAE 0.6um (b) and SCAE 1um (c)
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Residual stresses, calculated by the sin®y method (section 3.3.5.2.), were determined

only for the coatings with comparable coating thicknesses. The corresponding sin®y

plots are shown in figure 4.5. The intrinsic and thermal stress components, calculated

according to equation 3.8., are both of compressive nature (table 4.1

.). The intrinsic

stress in the UBM deposited Nb coating is approximately three times higher than that in

the arc evaporated film. It is interesting to note, that although the stress is higher, the

lattice parameter is smaller in the UBM film with a value of a = 3.349A compared to a =

3.355A for the SCAE film.
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UBM SCAE (1pm)
Residual Stress -2.10 -1.15
[GPa]
Thermal Stress -0.68 -0.68
Component [GPa]
Intrinsic Stress -1.42 -0.47
Component [GPa]

Table 4.1. Residual Stresses
4.1.1.4. Corrosion Resistance

The corrosion resistance of the different films on stainless steel as well as of bulk
niobium and uncoated stainless steel substrate, evaluated by potentiodynamic
polarisation measurements, is compared in figure 4.6. The corrosion potential.Ecorr Of
bulk Nb is -400mV, while that of stainless steel is nobler with a value of ~220mV. Bulk
Nb exhibits the typical behaviour of a passivating metal. The polarisation curve is
characterised by a low and constant current density (around 10 Acm™) in the anodic
region indicating passivation, i.e. the formation of a stable oxide layer of Nb,Os. The
oxide film protects the metal against any corrosive attack, i.e. pitting and anodic
dissolution, throughout the whole range of the scan. Passivation is also evident in the
case of stainless steel between —200 and +200mV, which is related to the formation of
an chromium-rich oxide film. The passive current density is similar to that of bulk Nb.
However, the stability of the passive layer on stainless steel is restricted by the presence
of chloride anions, which eventually leads to film breakdown. This breakdown occurs
at about +200mV and leads to nucleation of pits (pit initiation), pit growth (pit
propagation) and finally severe corrosion of the steel substrate as indicated by the steep
increase in current density up to the maximum recordable value of 107 Acm™.

The corrosion behaviour of the sputtered Nb coating on stainless steel is shown in figure
4.6.(b). The polarisation curve in the passive region as well as the passive current
density (around 10% Acm®) are very similar to that of bulk Nb. The coating passivates
over the whole range of the scan and fully protects the stainless steel substrate against
pitting or any form of corrosive attack. No pits were observed on the surface of the

coated sample after the corrosion test as shown in figure 4.7.(b).
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4.1.2 Influence of Temperature and Ion Bombardment on UBM Nb Coatings

This section reports about two different Nb coatings deposited by UBM with variation
of the coating temperature (T=250°C and T=420°C) and the ion bombardment i.e.
unbalancing coil current (I.oi = 3A and Iy = 6A) during deposition, as described in
3.2.2. (II). The increase in unbalancing coil current from 3A to 6A resulted in an
increase in the substrate bias current density, i.e. ion flux, by a factor of approximately

two (section 3.1., fig.3.3.).
4.1.2.1. Physical Properties

The thickness of both coatings is approximately 1.3um. The microhardness values are
HKg 003= 520 for the film deposited at 250°C with a coil current of 3A and HKg go3= 600
for the coating deposited at 420°C with a coil current of 6A.

The roughness values on polished HSS are R,= 0.092 (250°C, 3A) and R,= 0.065 '
(420°C, 6A)

4.1.2.2. Microstructuré '

TEM cross-sections of the two coatings on stainless steel are shown in figure 4.8. Both
coatings show a clear columnar coating morphology with no apparent porosity. The low
temperature film grown under reduced ion bombardment (fig.4.8.(a),(b)) is
characterised by pronounced competitive growth, a coarse, irregular columnar
morphology and rounded column tops. The average column diameter is 90nm measured
at 0.5um from the substrate/ coating interface

The Nb coating deposited at 420°C under higher ion bombardment (I,y = 6A)
(fig.4.8.(c),(d)) also exhibits some competitive growth, however, less pronounced than
the low temperature film. The columnar coating structure is more regular and refined |
with smaller column diameters (average diameter = 65nm at 500nm from the interface).
The dark field images were taken from the {110} diffraction spot, parallel to the growth
direction, from diffraction patterns with a <111> (high temperature coating) and a

<311> (low temperature coating) zone axis respectively.
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3.349A compared with a = 3.331A for the low temperature/ reduced ion bombardment

film.
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T =250°C, T =420°C,
T =3A Ioit = 6A
Residual Stress -1.15 2.1
[GPa]

Thermal Stress -0.39 -0.68
Component [GPa]

Intrinsic Stress -0.76 -1.42
Component [GPa]

Table 4.2. Residual Stresses
4.1.2.4. Corrosion Resistance

Potentiodynamic polarisation plots of the two coatings on stainless steel are shown in
figure 4.12. The corrosion behaviour of the two coated samples in the anodic region is
very similar and apparently not influenced by the deposition temperature and ion
bombardment during film growth. Both coatings passivate and fully protect the stainless
steel substrate throughout the range of the scan. No corrosive attack of the steel
substrate could be observed after the polarisation scan. The passive current densities are

in the range of 10 Acm™, similar to that of bulk Nb.
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4.1.3. Influence of the Ion Etching Pre-Treatment prior to UBM Deposition

The influence of the mode of substrate ion etching prior to deposition on the properties
of sputter deposited Nb coatings is outlined in the following paragraph. The substrates
were treated using metal ions from the cathodic arc source i.e. multiply charged Nb- and
Cr-ions as well as inert, singly charged Ar ions from a glow discharge as described in

3.2.2.(110).
4.1.3.1. Physical Properties

The coating thickness is 1.3um for all three fiims. Hardness values were measured as
HK g03= 520 for the coating deposited after a Nb ion etch, HKg go3= 560 for the coating
deposited after a Cr ion etch and HKg g93= 650 for the Ar ion etch sample.

The surface roughness values of the Nb coatings are R,= 0.092um (Nb-etch), R,=
0.099um (Cr-etch) and R,= 0.042um (Ar-etch).

4.1.3.2. Microstructure

Cross-sectional TEM micrographs of the films and of the interface regions are shown in
figure 4.13. In general, the morphology of the three coatings is similar with a broad
columnar structure, pronounced competitive growth and no apparent inter- or intra-
columnar porosity in the films. The average column diameter is approximately 90nm in '
all three coatings, measured at 0.5um from the interface. However, the column size
seems to differ in the early stages of.fiim growth i.e. it appears to be smaller for the
coating deposited after the Ar ion etch a}ld possibly also after the Cr ion etch compared
with that of the Nb ion etch coating. Significantly different features can be found in the
interface regions arising from the different mode of substrate treatment prior to
deposition. The sample produced using Nb ions from the steered cathodic arc discharge
as the etching species is characterised by an approximately 8nm thick, sharp ribbon (fig.
4.13.(b)). This ribbon is a very fine crystalline, Nb-rich layer grown under the impact of
the heavy high energetic Nb ions (Eio, = 3.6 keV, assuming an average charge state of

+3 as described in section 2.4.1.). The nature of this interface layer will be discussed in

70



6!- 8 # B ?M
6- 8 #B2M
)
9
6- 8 # B2M

M &( N(13(

8

0

8

0

8



Fig. 4.14. Void formation at the interface (Ar-etch)

more detail in paragraph 4.1.4. A very different interface is generated during
bombardment with Cr ions from the arc discharge as can be seen from fig. 4.13.(d). The
impact of Cr ions with average ion energies of 2.4keV (assuming an average charge
state of +2, section 2.4.1.) on the stainless steel substrate generates an abrupt interface
with a structurally altered, approximately 20nm thick, region below the substrate/ film
interface. There is no evidence of the very fine crystalline region that was observed in
the case of Nb ions as the etching species. Substrate sputter cleaning in the glow
discharge mode using inert, singly ionised Ar ions (Eion, max. = 1.2keV) generates a
diffuse substrate/ film interface with clear evidence of underdense regions and local

voids at the interface as can bee seen from figures 4.13.(f) and 4.14.
4.1.3.3. Texture and Residual Stress

High angle X-ray diffraction traces and the corresponding texture values are given
below (fig.4.15, fig.4.16.). All coatings show a preferred {110} orientation. However,
the degree of preferred orientation differs. The Nb-etch coating is strongly textured with
a texture value P of 5.9 for the {110} reflection. The coating deposited after a Cr-etch
shows a less pronounced {110} orientation (P = 5.4) with minor {211} (P = 0.3) and
{321} (P = 0.15) texture components. The Ar-etch film exhibits a shift towards a more
mixed distribution of crystallographic orientations, with preferred {110} (P = 3.25),
{211} (P = 1.3) and {321} (P = 1.0) texture components. Intrinsic stresses, determined
by the sin®y method (fig.4.17) are of compressive nature in all three films (table 4.3.).
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Nb-etch Cr-etch Ar-etch
Residual Stress -1.15 -1.45 -1.74
[GPa]
Thermal Stress -0.39 -0.39 -0.39
Component [GPa]
Intrinsic Stress -0.76 -1.06 -1.35
Component [GPa]

Table 4.3. Stress values
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The stresses are highest for the Ar-etch coating, followed by the Cr-etch film and the
lowest compressive stresses occur in the coating deposited after a Nb-etch, which also is
reflected in the smallest lattice parameter with a value of a = 3.331A. Despite the lower
stress value in the Cr-etch coating compared with the Ar-etch film, the measured lattice

parameter is larger (Cr-etch: a = 3.338 A, Ar-etch: a = 3.334 A).
4.1.3.4. Corrosion Resistance

The corrosion resistance of the Nb coatings is compared in figure 4.18. The Nb-etch/ Nb
coating exhibits passivation throughout the whole range of the scan with an anodic
current density in the range of 10 Acm™. The coating fully protects the stainless steel
substrate against corrosive attack during the polarisation measurement as described in
4.1.2.4. The films deposited after etching with Cr and Ar ions respectively show very
different corrosion behaviour. The films do not remain passive; between +200 and
+300mV the onset of pitting can be observed for both the coated specimens as indicated
by the increase in anodic current density. The degree of exposure i.e. of active corrosion
of the stainless steel substrate through defects in the coating or pits, represented by the
anodic current density, is higher in the case of the Ar-etch specimen (2%10Acm™

@+700mV) than in the case of the Cr-etch coating (5¥10*Acm™ @+700mV).
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Fig. 4.18. Potentiodynamic polarisation curves in 3% NaCl solution
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4.1.4 Nb Ion Etching prior to Coating Deposition: Influence of Working Gas

Pressure and Substrate Bias Voltage during Etching

The following paragraph outlines the influence of the working gas pressure and the
substrate bias voltage, i.e. the ion energy, during SCAE Nb ion etching on:

i) the interface region

(ii)  the properties of subsequently deposited thin Nb sputter coatings

(iii)  the substrate

The results are presented with main emphasis on the microstructure and corrosion
resistance. The stainless steel substrates were etched applying substrate bias voltages in
the range of -200V to -1200V at two different pressure conditions, namely 8.3*10™
mbar and 2.3*¥10”mbar, and subsequently coated with a 300nm thick Nb film as
described in section 3.2:2.(IV). Additionally, stainless steel substrates were etched -

under variation of the bias voltage (-400V to —1200V) with no additional coating.

4.1.4.1. Microstructure

Cross-sectional TEM images (BF) of the interface and initial growth region are shown
in fig.4.20. (P = 2.3%10mbar) and fig.4.21. (8.3*10™). No significant differences in the
overall UBM grown coatings’ morphologies were observed with regard to the etching
pressure and ion energy. All coatings show the typical columnar morphology,
characterised by competitive growth and no apparent inter-or intracolumnar porosity.
However, significant differences were found in the interface regions generated under
bombardment with Nb ions from the cathodic arc source. The samples etched using
substrate bias voltages in the range of 2600V to -1200V (i.e. average ion energies of
1.8keV to 3.6keV) are all characterised by a sharp interface with a clear interfacial layer -
(fig. 4.20.a-d., fig. 4.21.a-d). Convergent-beam/ selected area diffraction patterns shown
in figure 4.22. were taken from the interface region of one sample (Upias=-800V,
P=8.3*%10" mbar) covering an area in the range of a few nm. The patterns were taken
from a thicker (fig.4.22.(a)) and a thinner sample area (fig.4.22.(b)) The diffraction
patterns reveal that the layer is of an extremely fine crystalline nature, i.e. “micro-

crystalline” which will be denoted as amorphised in the following.
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Fig. 4.20. X-TEM images of interfacial region (P=2.3*10"mbar)
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identified as “Nb arc” on the micrographs. This layer is approximately 15nm thick and
is characterised by a disrupted, fine-grained structure, grown during the etching stage
under lower energetic ion bombardment, i.e. 1.2keV. This deposition layer increases in
thickness when the ion energies are further decreased to 0.6keV i.e. using a substrate
bias voltage of -200V (fig. 4.21.f). The Nb deposition layer now extends approximately
30nm into the coating and is again of a fine-grained nature. The interface is less sharp
and there is no evidence of the typical sharp ribbon characterising the amorphised layer

at the substrate/ coating interface.
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Fig. 4.23. Apparent thickness of interface layer

4.1.4.2. Texture

High angle XRD traces of the coatings are shown in fig.4.24. The corresponding texture
values are given in figure 4.25. All coatings deposited after ion etches using bias
voltages in the range of -600V to —1200V show a very pronounced {110} preferred
orientation with texture values ranging from P = 5.9 (Upias = -600V) to P = 6.0 (Upias = -
1200V). This strong texture can be observed in both series, i.e. at low- and high etching
pressures. Lower substrate bias voltages during the etching stage lead to a significant
change in the preferred orientation of the coatings. In the case of Upips=-400V,
P=2.3*10" the crystallographic orientation is defined by a major {110} (P =2.9) and a
minor {111} (P = 2.1) texture component. When the substrate bias voltage is further
reduced to —200V (P=8.3*10™ mbar) the {111} texture component becomes
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dominant with a texture parameter of P = 4.4. The coating deposited after ion etching at
Upias=-400V, P=8.3*10" does not follow this trend but rather shows a more mixed
distribution of crystallographic planes. However, despite that exception, it seems that
'the UBM coatings deposited onto a deposition layer, which was generated during low-
energy Nb ion etching (i.e. substrate bias voltages of ~200V and —400V), tend to shift

from a {110} to a {111} preferred orientation.
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Fig. 4.24. High angle XRD traces
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4.1.4.3. Corrosion Resistance

A potentiodynamic polarisation scan of one coated sample (Upias= -800V, P=8.3*10"
mbar), is shown representatively in fig.4.26. It can be seen from the polarisation curve
that, despite a coating thickness of only 300nm, the corrosion or pitting resistance is

greatly improved compared with uncoated stainless steel (section 4.1.1.4.). The sample
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passivates and the pitting potential is raised to around +1000mV (+200mV for uncoated
stainless steel) The anodic current density is similar to that of bulk Nb with a value of =
3*10° Acm™, as opposed to the maximum recordable current density of 107 Acm? for
stainless steel. The corrosion results obtained from the remaining samples are
summarised by comparing the pitting potentials and the anodic current densities taken at
+700mV (fig. 4.27.). It can be seen that generally the corrosion behaviour is improved
for all samples compared to uncoated stainless steel.

However, the corrosion resistance strongly differs with pitting potentials ranging from
+300mV to +1050mV and anodic current densities ranging from 10*Acm? to
10Acm™ There is a surprisingly strong influence of the ion energy, i.e. substrate bias
voltage, during Nb ion etching prior to coating deposition on the corrosion performance
of the coating/ substrate system. The best corrosion resistance, i.e. passivation up to
more than +1000mV and current densities approaching 10° Acm™, is achieved with
“medium” bias voltages i.e. -600V and -800V. The corrosion or pitting resistance is
significantly reduced when using bias voltages at the low and high end of the employed
scale, i.e. substrate bias voltages of —200V, -400V and ~1000V, -1200V. This tendency,
i.e. the influence of the etching bias voltage, can be observed for both Sample series, i.e.
at high and low etching pressure, while the etching pressure itself does not seem to have

any significant influence on the corrosion resistance of the substrate/ coating systems.

1200

1000
800
800
400

200

E{mY)

o -
«200
400

-600

-800 | ‘
13 12 <11 10 8 B T B -5 <4 3 .2 .1 O
tog(1)log(A/cmn2))

Fig. 4.26. Potentiodynamic polarisation curves in 3% NaCl (Upias=800V, P=8.3*10

mbar)
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Fig. 4.27. Pitting potentials and anodic current densities

In the case of substrate material that was etched applying bias voltages in the range of —
400V to —1200V, with no additional coating, a surprisingly similar behaviour can be
observed. A polarisation scan of one etched sample (Upias = -600V) is shown
representatively in fig.4.28.

The results are again summarised by means of the pitting potentials and the anodic
current densities (@+700mV) shown in figure 4.29. The bombardment with Nb ions
from the cathodic arc source significantly improves the pitting resistance of the stainless

steel. The corrosion behaviour in the polarisation test is very similar to that of the
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samples with an additional Nb sputter coating as discussed above. The pitting potentials
are raised to values of +600mV to +1100mV compared with +200mV for untreated
stainless steel. The current densities in the anodic region are in the range of 4*10™
Acm? to 1.5%10° Acm™. Again, there is a significant influence of the ion energy of the
Nb ions on the corrosion performance. In a similar manner to the samples with an
additional Nb film, the highest corrosion resistance is achieved with “medium” substrate
bias voltages i.e. -600V and -800V. The performance deteriorates slightly using a
substrate bias voltage of -400V and considerably when using -1200V.
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Fig.4.28. Potentiodynamic polarisation curves in 3% NaCl (Upizs=-600V)
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4.1.5. Intermediate Nb Ion Etching —

The following paragraph summarises results obtained from Nb coatings that were
subjected to two “intermediate” Nb ion etches during sputter deposition using substrate

bias voltages of -1200V and -600V respectively as described in 3.2.2.(V).
4.1.5.1. Physical Properties

The thickness of both films is approximately 1.3um indicating no significant re-
sputtering of Nb during the etching steps. The microhardness values are HKggo3= 1010
(Upias= -1200V during intermediate etching steps) and HKggp3= 980 (Upias= -600V
during intermediate etching steps). These values are nearly double as high as that of the
same coating deposited without intermediate etching steps (HKjgp3= 600, section
4.1.1.1.). Surface roughness values are R,= 0.063um (-1200V) and R,= 0.087um (-
600V) respectively.

4,1.5.2. Microstructure

Cross-sectional TEM images are shown in fig.4.30. Both films exhibit competitive
growth and a coarse columnar morphology with average column diameters of
approximately 80nm (measured at O.Spth from the substrate/ coating interface), which is
larger than the value of 65nm obtained for the same coating deposited without
intermediate etching (fig.4.2.(a)). The bombardment of the Nb film with highly
energetic Nb ions creates two discrete zones visible throughout the cross-sections. In the
case of ion energies of 3.6keV (i.e. Upiis = -1200V), this zone is characterised by a
relatively sharp ribbon with a thickness of approximately 10nm. Using ion energies of
1.8keV (i.e. Upjss = -600V) leads to the formation of a less sharp, diffuse modified area
with a thickness of a few tens of nm, visible as a lighter band in the TEM images. In
both cases, the nature of the modified areas appears different from the amorphised
layers created at the substrate/ coating interface during bombardment with Nb ions from
the cathodic arc (fig.4.20. and 4.21.) The columnar structure of the sputtered coatings is
not interrupted by the intermediate etchiﬁg stages but continuous growth of the columns
through the modified layers can be observed and even some broadeniﬁg of the columns

appears to take place, especially in the case of Upi,s= -600V.
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