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1 Introduction

The first PVD processes were identified in the 1800s, but due to lack of suitable
vacuum systems they were not used routinely until the 1930°s. [1] Bunsen and Grove
first documented the deposition of thin metal films in 1852 sputtering silver in an
experimental vacuum tube [1a]. Shortly after this Faraday reported vacuum
deposition using an exploding wire [1b]. In 1877 Wright devised an apparatus to form
metallic thin films and to study their properties [1c] and in 1887 Nahrwold developed
a thermal evaporation method with which it was feasible to produce thin film coatings
[1d]. T.A. Edison was one of the first to use sputtering in a commercial process, using
sputtering to deposit a seed layer for electro-deposition for his wax phonograph
masters [1e]. The first truly commercial uses of PVD coating appeared in early 1930°s
when the use of thin films for optical coatings, such as mirrors, began. The reactive
PVD process was first reported in 1933, though the term reactive sputtering was first
used by Veszi in 1953 [1f]. Magnetron sputtering was developed simultaneously by
several groups in the late 1960s [1g].

From the 1950°s silicon processes have led the new developments in PVD
technology, being the fundamental enabling technology in the manufacture of high
density microprocessors with complex designs. Thin film coatings are currently used
in numerous applications in manufacture of integrated circuits ranging from metal for

conduits to diffusion barrier films.

The rapid increase in the number of industrial applications led to intense research in
the field of thin films and thus the discovery of the key factors affecting PVD
processes between 1950 and 1980 [2]. The research has further advanced since then,
yet the understanding of the growth and the behaviour of the films is still incomplete.

In the early 1980’s PVD technologies were introduced for tool coating. Initially
coatings were relatively simple TiN coatings used for tools, such as drills and milling
bits, but as the knowledge of the tribology of the hard PVD coatings grew, more

complicated processes have been developed for cutting or milling of different



materials under lubricated or non-lubricated conditions [2-5]. Currently most
commercial coating providers have 20-30 standard coatings that have different
properties. Though detailed information on commercial coatings is scarce, most state-

of-the-art coatings utilise multilayer structures and advanced pre-treatments.

Tribological coatings were initially developed for space applications, where they
acted as dry film lubricants. Further development and the availability of industrial
coating machines and processes have brought these coatings into our day to day lives.
The reduced tolerances and increased wear and lubrication requirements has increased
the demand for tribological coatings in engines and drive trains as the higher
operating pressures and temperatures in modern engines require new methods for
sealing and lubrication that can only be provided by thin film coatings. The
commercial tribological coatings that currently focus on reducing friction and wear
are not suitable for use in corrosive environments. Prolonged exposure to corrosive
environments often lead to pitting corrosion of the substrate or in the worst case
delamination of the coating due to the large electrochemical potential difference that

exists between the coating and the substrate.

PVD coatings that can withstand simultaneous mechanical and chemical attack [6],
have become feasible in more and more applications as the coating facilities have
become more economical and readily available. New environmental and safety
legislation also forces industry to find new alternatives to traditional surface
treatments that use hazardous and environmentally unfriendly chemicals and
processes, such as is the case with electrochemical hard chrome. Sheffield Hallam
University participated in an European Commission funded BRITE-ERAM
Newcrome [6a] project with an objective to find environmentally friendly alternatives
to hard chrome. The approach chosen by the Sheffield Hallam University research
group to accomplish this goal was to study multilayered PVD coatings of chromium
and niobium and their nitrides as these materials are electrochemically stable. Good
wear results were quickly reached, but initially the corrosion resistance of the
electroplated coating remained superior. The CtN/NbN nanoscale multilayer coatings
were the result of this development work. Later, a pre-treatment with niobium metal
ion etching using the patented Arc Bond Sputtering (ABS) process was found to

improve the corrosion resistance further [7]. In the conclusion of the research report



the developed PVD coatings were found to be superior to hard chrome in performance

and also economically viable.

Further development of this coating has focused in surpassing the performance of
hard chrome in all performance aspects. The enhancement of the performance comes
from adding layers with specific function. For example, one can have an adhesion
layer of gradient hardness to reduce the shear stress at the interface, a barrier layer to
provide good corrosion resistance or a low friction topcoat. As the resulting family of
coatings are complex systems with numbers of layers and interfaces it was regarded
vital to be able to understand and optimise the parameters in each process step to meet
the specific demands of each application. This work comprises detailed
microstructural analysis of the coating after altering the key parameters of each layer
of the coating. The resulting changes in the microstructure of the coating are then
reflected in the coating performance in laboratory tests. When the interactions
between the layers and key parameters are understood it is possible to lay down the

best possible coatings for the requirements of the future.

The performance of a PVD coating should be regarded as a combination of the
properties of the substrate, the interfaces and the coating. A failure in any of these will
be seen as a failure of the coating. One can also combine PVD coating with other
types of coating, such as sol-gel or plasma enhanced chemical vapour deposition (PE-
CVD) coatings or other surface treatments, such as nitriding, creating a duplex
coating. It is however very important to understand the interactions of these different
layers/coatings as a chain is as only as strong as its weakest link. For coatings this
means that incompatible or poorly designed layers or treatments can cause
catastrophic failure of the coating and consequently the system relying on the coated

part.

The thin coatings do not have load bearing capacity and thus rely on the substrate to
provide the mechanical rigidity required to handle the mechanical loads to which the
coated part is subjected.. If the substrate deformation is larger than the coating can
tolerate then the coating will break and/or delaminate. The hard, wear resistant
coatings with high internal stresses are often brittle and thus cannot generally tolerate

large deformations and therefore require a hard substrate to function properly. This



issue can be alleviated by enhancing the surface hardness of the substrate using
surface hardening methods, such as nitriding. Generally these processes affect the
substrate deep enough (hundreds of microns compared with a few microns thickness
of the PVD coatings) to give good support to the coating while still retaining the
desired properties at the core, such as ductility, impact resistance and machinability.
The substrate material also affects the corrosion resistance. This is critical at the
defect locations where the solution can penetrate the coating and cause corrosion of
the substrate. In this work the use of commercial low-pressure pulse plasma nitriding
as the substrate treatment in a duplex coating was studied in order to enhance the
tribological performance of the CrIN/NbN coatings on soft steel substrates. When
using two separate processes special care must be taken to eliminate deposits or scale
that may reduce the adhesion of the PVD coating. In this work the treated test pieces
were mechanically polished. The resulting duplex coatings performed very well in the
mechanical and corrosion testing. The optimal microstructure of the nitrided layer,

and thus the process, was found to depend on the application.

The substrate-coating interface is critical to a number of aspects in a coatings
performance. Mainly it affects the adhesion of the coating, which has been directly
related to the performance of a cutting tool [7]. Further, any impurities, voids or
droplets at the interface can alter the local growth pattern of the coating. This leads to
formation of pinholes or growth defects in the coatings that degrade the overall
performance of the coating. Metal ion etching provides a tool to enhance the
performance of the coating by controlled interface engineering. As the interface
region is very thin (less than 100 nm) the identification of the microstructure is a
technical challenge. The latest transmission electron microscopes with sensitive
analysis tools can provide accurate information of the interface region. Niobium metal
etching has been shown to have a positive effect on the corrosion performance of the
CrN/NDN superlattice coating. The detailed investigation of the microstructure of the
interface, combined with its effects on the performance of the coating was done to
gain information on how to optimise the ion etching process for tribological coatings.
It was found that the optimal etching rate of the Nb-ions is rather limited below -
1000V bias voltage, yet a nanostructured Nb layer that deposits at the interface

improves the corrosion resistance. Thus a two-step approach was developed, where a



high bias voltage step provided the etching and a short lower voltage step created a

deposition layer.

Multi-layering has been shown to have a beneficial effect on the corrosion
performance of the coatings [8]. An additional layer of highly corrosion-resistant
material (Nb) was added to enhance the corrosion behaviour of the coating. The
effects of deposition parameters on the corrosion behaviour was studied in detail. A
thin Nb barrier enhanced the corrosion resistance, yet a thicker layer reduced the
corrosion to a fraction compared to the thinner one. However the mechanical

performance of the thinner layer was superior.

Finally, a topcoat to reduce the sliding friction was studied. Thin oxynitride topcoats
have been successfully applied to cutting tools, where the topcoat reduces friction and
enhances oxidation resistance [9]. Similar treatments were investigated for CrN/NbN
coatings along with the effects on the tribological properties of CrN/NbN superlattice
multilayer coatings. The friction was not significantly affected, but a significant

reduction of a counter-body wear was observed.
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Figure 1Voltage-current dependence of different plasma discharge regions

The transport of the coating material takes place through vacuum, gas or plasma. The
environment can be adjusted to allow a controlled chemical reaction thus producing
the desired compounds. The path of the atoms is more or less direct (line of sight)
depending on the initial kinetic energy and the pressure in the process chamber, as
collisions with other atoms will cause atoms to alter direction. If the vaporised
material is ions/ionised, electric and magnetic fields can be used to control the
transport.

Film formation depends on the vaporised and substrate materials, surface conditions,
available energy (temperature and ion bombardment) and atmosphere (chemical
reactions, i.e. reactive deposition). The basic principles of film formation are

explained in section 2.2



2.1.1 Sputtering and Unbalanced Magnetron Sputtering

In the sputtering process coating material is ejected from a solid surface (target) due
to momentum transfer from bombarding ions. Typically sputtering uses a glow
discharge or an ion beam to generate a flux of ions incident on the target surface [10].
In a simple glow discharge (dc sputtering, Figure 2) the positively charged ions are
accelerated towards the target by applying negative voltage to the target material
(cathode). Under the right conditions, with adequate voltage and appropriate gas
pressure, the gas will break down to form a plasma discharge. In this plasma the
potential is fairly uniform and close to the anode potential. Near the cathode is a dark
space with a large electrical field in which the positively charged ions are accelerated
toward the cathode. The impact of the ions on the cathode will cause sputtering if the
energy of the impacting ions is high enough [11]. In commercial systems the gas in

the system is generally argon, although other gases can also be used.
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Figure 2 Schematic diagram of DC sputtering and plasma regions in the glow
discharge

With low incident energies (< 50 eV) the ion impact causes very little effect. Only
when the momentum of the impacting ions is large enough, exceeding the energy of
the most weakly bound surface atoms, the collision cascade causes some atoms or
clusters of atoms to leave the surface, i.e. sputtering occurs. The number of sputtered
atoms and the energy of those emitted atoms depend on the target material,

bombarding ion momentum and impact angle. The heavier the impacting atom, the



more atoms are released from the cathode surface. The quantity of atoms released per
impacting atom is called the sputtering yield. This yield is a material property and
relative figures of these for most bombarding atoms can be found from literature [12].
The impacting angle also influences the sputter yield. At certain angles the yield can
increase by up to 3 times compared to the normal incidence angle [2].

At the ion impact there is also a chance that secondary electrons are released from the
target, typically being a few percent of the quantity of sputtered atoms. These
electrons are accelerated across the dark space toward the negative glow region where
they ionise gas atoms sustaining the process. Further ion-target interactions are
introduced as shown in Figure 3. The bombarding ions are generally from the inert

gas (working gas), most commonly argon.
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Figure 3 Schematic diagram of possible effects of ion bombardment

In conventional (diode, dc) sputtering the material removal is very slow due to low
ionisation density. In magnetron sputtering a magnetic array is added behind the
target so that the secondary electrons are not able to escape to the chamber walls, but
are confined to a spiral path near the target surface ionising a far greater number of
working gas atoms and generating an intense plasma in front of the target. This
greatly improves the efficiency of the sputtering process. The use of the magnetic
field is described in Figure 4. The downside of this process is uneven target
consumption as the intensity of the plasma is highest where the magnetic field is

parallel to the surface of the target.

10
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Figure 4 Schematic diagram of the magnetic confinement of the electrons in

magnetron sputtering

A further development of the magnetic confinement of the secondary electrons was to
unbalance the magnetic field so that part of the electrons can escape the magnetic
confinement ionising the working gas near the substrate. The magnetrons with weak
inner pole (type II) can provide up to 2:1 ratio of ions to deposited atoms at low
substrate bias potentials [13]. Applying a negative potential to the substrate (bias)
causes ion bombardment of the substrate that leads to changes in the coating
described in detail in section 2.2. By arranging a number of unbalanced magnetrons
that oppose one another, so that the magnetic field closes (closed field system,
described in Figure 5) and confines the electrons in the centre of the coating chamber

which further enhances the ionisation near the substrate [14].
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Figure 5 Schematic diagram of a closed field magnetron sputtering system

2.1.2 Cathodic Arc Evaporation

In cathodic arc evaporation an electrical arc (low voltage, high current) is generated
between closely spaced electrodes. On the cathode (target material) a “cathode spot”
with high current density (10*-10° A/cm®) is formed. This current density causes
explosive local melting at temperatures ranging from 4000°C to 7000°C that
vaporises the target material. A high percentage of the vaporised material is ionised in
the arc and the ions are often multiply charged [15,16]. Since ions move slower than
the electrons, positive space charge is generated in the plasma. In cathodic arc
deposition adding a negative bias voltage to the substrate accelerates the ions towards
the substrate, which leads to significantly higher ion energy of the arriving atoms (50-
150 €V) than in sputtering (< 10 eV). This leads to higher adatom energy (mobility)

and dense coatings.
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Figure 6 Schematic diagram of the vacuum arc evaporation process [2]

The current must be high enough to sustain and stabilise the arc. If the current is
further increased the cathode spot may split into two or more spots. The cathode spot
is not stationary and will move randomly if no external magnetic field is applied. The
speed and the direction of the arc movement is affected by the gas composition and
pressure, target material and magnetic fields. If an external magnetic field is used, the
arc moves around the target in the region where the magnetic field is parallel to the
surface (thus the name steered arc). Due to the increased cathode spot velocity the

emission of macro-particles is lower with a steered arc [17,18].

The main downfall of the cathodic arc is “droplets” or “macros”. These “droplets”
are tiny solid or liquid particles that are generated at the arc spot when the target
material is abruptly melted. As these droplets land on the substrate they generate local
growth defects that are generally detrimental to the wear properties of the coating.
Low melting point materials and slow (random) arc movement generate more and
bigger droplets. The method commonly applied to eliminate droplets is a 90° arc
(‘duct’) with a magnetic field steering the charged particles (ions) toward the
substrates. The obvious drawback of this approach is that only the ions with the
correct charge are used in the deposition reducing the deposition speed and efficiency.

This method is called filtered arc deposition.
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2.1.3 ABS Technology

Arc Bond Sputtering (ABS) is a hybrid of Unbalanced Magnetron Sputtering (UBM)
and Steered Cathodic Arc (CA) combining the benefits of those technologies. A
steered arc is used to generate a highly ionised metal plasma, which is utilised to etch
the substrate before coating is deposited with UBM. This technology was developed
by D. Miinz et. al. at Hauser Techno Coating NV [19]. The magnetrons are arranged
in closed field configuration in which the unbalancing can be adjusted using external
electromagnets. The layout of the ABS machine is shown in Figure 4. In order to
utilise CA and UBM using the same source the magnetic fields need to be modified
between the two process steps. The outer poles of the magnetic array are retracted in

arc mode as shown in Figure 7.
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Figure 7 Schematic diagram of the magnetic array in ABS system

In the steered arc mode metal vapour is highly ionised and thus can be accelerated
towards substrate using a bias voltage. At low ion energies (bias voltage) the
ion/atoms deposit on the surfaces. As the energy is increased the metal ion
bombardment starts sputtering the substrate. Highly ionised ions will gain enough
energy to implant several nanometres into the substrate. The metal ion etching with
high bias voltages provides efficient cleaning of the substrate. The ion implantation

has been shown to enhance the adhesion, thus the performance of the coating [20].
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The downside in the use of cathodic arc is the increase of the growth defects caused

by macro-particles inherent in the CA process [20-23].

Coating in the ABS process is generally carried out in magnetron sputtering mode as
it provides flexibility in material choice and improved process control. The control
over the unbalancing and bias voltage gives the ability to adjust the ion bombardment

of the substrate.

2.2 Film Formation and Structure Zone Models

The structure evolution of thin films can be described by three processes [2]:

1. Nucleation
2. Growth of nuclei
3. Film growth

2.2.1 Nucleation

When the atoms arrive at a surface they can be:

1. Reflected immediately
2. Re-evaporate after a residence time

3. Condense permanently

If atoms do not immediately react with the surface they have a degree of surface
mobility. The surface mobility depends on the energy of the arriving atom, together
with the chemical composition and crystallographic planes of the surface. If the atom
does not condense within a certain time it will re-evaporate. Residence time is a
function of the bonding energy between atom and the surface, the substrate
temperature and the number of mobile adatoms. The larger the free energy of the

surface, the bigger probability there is for an atom to re-evaporate.

15



The adatoms condense on a surface by:
1. Making chemical bonds
2. Locating at preferential nucleation sites

3. Colliding or reacting with adsorbed surface species

Chemical bonds can be metallic (homopolar), electostatic (ionic) or electrostatic
attraction (van der Waals). If the bonding force is strong the atom is said to be
chemisorbed. On the other hand if the adatom-surface interaction is weak the atom is
likely to adsorb at preferred nucleation sites. Such sites can be:

- Morphological discontinuities (steps, scratches)

- Lattice defects (dislocations or grain boundaries)

- Foreign atoms or change in chemistry
Mobile atoms can also nucleate by collisions with other mobile atoms. Thus the
nucleation can depend on the arrival flux of the atoms. At high flux there are a large

number of collisions and therefore a higher nucleation rate.

2.2.2 Growth of Nuclei

After the nucleation step, the grains will start to grow as more and more atoms arrive
at the surface. Three different types of nuclei growth mechanisms have been

determined [23a]:

1. van der Merwe (monolayer by monolayer growth)
2. Volmer-Weber (3D nucleation and growth)
3. Stranski-Krastanov (altered surface layer)

The nuclei grow as they collect atoms that diffuse over the surface. Initially isolated
nuclei grow on the surface until they eventually form a continuous film. In van der
Merwe mechanism the films forms one molecular layer at a time. This is not common
for engineering coatings but can be utilised in silicon processing. The Volmer-Weber
mechanism can be characterized by three dimensional growth and nucleation. The

Stranski-Krastanov (S-K) growth is the most common for metal on metal deposition
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and at low temperatures, where the adatom mobility is low. In the S-K mechanism an
altered interfacial layer with pseudomorphic structure forms first, followed by
nucleation of the grained structure on this layer. The initial grains then grow in size
until they meet one another. It is important to realize that at low adatom energies the
growth can result in voids at the interface if the nuclei growth is fast and nucleation is
difficult as the growing grains meet before the surfaces are fully populated. Ideally an
epitaxial growth, in which the growing film aligns itself to the underlying crystal

structure, should be aimed for.

2.2.3 Film Growth

The details of the condensation processes that determine film morphology at low
temperatures are not well understood, but the following factors have been identified

as contributors:

- Angle of incidence of adatom flux

- Ratio of the deposition temperature to the melting temperature
- Energy released on condensation

- Adatom surface mobility

- Surface roughness

- Deposition rate

- Void coalescence

- Mass transport and grain growth during deposition

- Adsorption of inert and/or reactive gases

- Gas scattering of vaporised particles

- Bombardment by high energy particles

As can be seen the morphology of the films depends on multiple items. Some of them
can be easily controlled, like the atmosphere and the adatom energy and flux, some
are material properties, and some are determined by the limitations of the practical
applications. Generally the surface roughness increases as the film thickness grows
because some features and crystallographic planes grow faster than others. Strong ion

bombardment of the substrates can be used to level the grains out.
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Particulates on the surface induce local changes in the microstructure. These local
features can grow at a higher rate than the rest of the coating as is shown
schematically in Figure 8. They are also often poorly bonded to the film and the
substrate and can easily come off leaving pinholes in the coating. Figure 9 shows an
SEM image of such a defect on a Nb-CrN/NbN coating.

Figure 8 Schematic diagram on how a droplet on the surface affects local film growth
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2.2.4 Structure-Zone Models

Typically the substrate material influences the film growth near the interface and it
takes a substantial thickness before the film establishes its particular growth mode.
The growth mode can be described by a Structure-Zone model.

The best known vacuum deposition stucture-zone models have been developed by

Movchan and Demchishin (1969) [24], Thornton (1977) [25] and Meissier (1984)

[26]. Figure 11 shows Thornton’s structure zone model.

TRANSITIONSTRUCTURE ~ COLUMNAR GRAINS
CONSISTING OF

DENSELY PACKED
FIBROUS GRAINS

POROUS STRUCTURE
CONSISTING OF TAPERED
CRYSTALLITES SEPARATED
BY VOIDS

RECRYSTALLIZED
GRAIN STRUCTURE

05 syBSTRATE

ARGON TEMPERATURE (T/T),)

PRESSURE
(m TORR)

Figure 11 Thornton’s structure zone model

Thomton et al. studied the effects of the relative substrate temperature (temperature
divided by melting temperature of the coating, which relates to thermal energy, thus
adatom energy on the surfaces) and argon pressure (relating to incoming ion energy,
due to collisions with inert argon atoms) to the microstructure of the thin films. He
observed 3 different zones that he named Zone 1, Zone T and Zone 2. He concluded
that the roughness of the depositing film affects the structure since the peaks receive
flux coming from all directions and if the mobility of the adatom is low the peaks
grow faster than the valleys. In Zone 1 of the model the surface mobility of the
adatom is not sufficient to generate sufficient flux of atoms to the valleys and thus the

shadowing effects lead to columnar structure with open boundaries and voids between
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the columns. High gas pressures extend this zone to higher temperatures due to the
increased probability of collisions to the gas atoms that reduce the energy of the
arriving atoms. The columns are generally not single grains and can be either large or
small. If the angle of incidence is small the columnar growth is exacerbated as the
valleys get even less flux.

In Zone T of the Thornton model the coating has fibrous morphology. This zone in
often considered as a transition between Zones 1 and 2. The fibrous morphology is
caused by bombardment with high energy atoms and ions that erode peaks and fill
valleys.

In Zone 2 the adatom has enough energy to diffuse into the valleys. The resulting
structure is still columnar but there are no voids at the grain boundaries. The grain
size is also larger and the surface tends to be faceted.

In zone 3 the bulk diffusion is high and thus re-crystallisation and grain growth can

occur. The resulting grains are large, though the structure can still be columnar.

Messier altered Thornton’s model by replacing the pressure axis with an adatom
energy axis, as shown in Figure 12. An increase in the bias voltage, for example,
results in an increased average energy and enhanced the adatom mobility. The model
illustrates that zone T microstructure can be achieved at lower temperatures as the

energy of the adatom is increased.

Figure 12 Messiers structure zone model
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Kelly and Arnell developed the model further as higher ionisation rates became
possible in closed field systems. This model describes the coating structures in terms
of homologous temperature, bias voltage (or ion energy) and ion-to-atom ratio. They
observed that the structure of the film can be altered by changing the incoming ion
energy, the ion flux or by bombardment of the substrate with ions (mainly argon) by
applying negative bias voltage to the substrate. Kelly’s and Arnell’s investigation
revealed that the structures of coatings were either fully dense (Zone 3) or dense-
columnar (Zone 2). Structures corresponding to zone 1 of Messier’s model were not
produced in their investigation, as shown in Figure 13.

The investigation shows that with the closed field sputtering systems “high
temperature” structures can be achieved at relatively low temperatures while the
formation of the “low temperature” zone 1 and zone T structures is suppressed. A
high ion-to-atom ratio enables the production of dense high quality films even at low

temperatures.
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Figure 13 Kelly’s and Arnell’s structure zone model
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2.2.5 Modification of the Microstructure and Morphology

The earlier studies, as described in the previous sections, have shown that the

microstructure and the morphology of the coating can be affected by altering

deposition conditions. The commonly used methods include [5]:

IS O o

Bulk or surface heating
Changing angle of incidence
Changing deposition rate
Changing ion/neutral ratio in the flux
Changing gas pressure
Affecting bombardment by energetic particles by
a. Changing potential of the substrate (bias voltage)
b. Modifying magnetic fields in the deposition chamber (ionisation near
the substrate)
Changing coating composition by
a. Alloying target material (impurities, dopants)
b. Changing power ratio between cathodes made from different materials
(co-deposition)
c. Changing gas composition (in reactive sputtering)

Post deposition heat treatment

The most effective way to alter the microstructure is through changing the energy of

the adatoms via an increase/decrease of thermal or kinetic energy, thus

increasing/reducing the mobility of the adatoms. Further, bombardment with energetic

particles can also cause resputtering and/or point defects that may act as nucleation

sites. A large flux of atoms is generally regarded as beneficial as it increases

nucleation and the ratio of contamination versus arriving atoms is smaller. PVD

coatings deposited at low temperatures generally exhibit large internal stresses that

may be relieved with post deposition heat treatment.
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2.2.6 Growth related film properties

Films deposited using PVD invariably have properties that differ from bulk materials
[27]. Columnar morphology and residual film stress are influencing many properties
of the deposited film.

The residual stress that is characteristic of atomically deposited films can be either
tensile or compressive. It can also be very high approaching the yield strength of the
material. Generally tensile stress is present in coatings deposited at high gas pressures.
They tend to develop when the growth does not allow the deposited atoms to find
thelowest energy positions (adatom energy is small). Compressive stress is common
under high energy particle bombardment. The origin of the stress is poorly
understood, though there are models suggesting mechanisms [28]. It has been shown
also that mechanical properties of the deposited metal and incorporation of impurities
play a large role in the residual stress. With films deposited at high temperature the
thermal shrinkage stresses due to mismatch of thermal expansion coefficients of the
coating and the substrate can put the film in tension. Film stress also tends to change
with the film thickness. Commonly stress builds up as the film thickness increases,
but changes from tensile to compressive have also been observed. Local stresses can
also build up at discontinuities in the substrate, such as steps and edges. High
isotropic compressive stresses can produce “worm track™ patterns in the failure areas
while tensile stress can produce micro-cracking. As a rule of thumb high-modulus
materials such as chromium are difficult to deposit due to extreme tendency for

residual stress.
The density of the deposited films is often less than the bulk material due to voids and
pinholes in the coating. The porosity will affect films mechanical and barrier

properties as well as the surface area of the coating.

Both of the afore-mentioned items, along with the crystallographic structure influence

the electrical properties of the coatings.
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The atomistic methods can also be used to deposit material which can not otherwise
exist. These amorphous or metastable coatings can have unique material properties

that are still waiting to be discovered.

2.3 Multi-component and multi-layer, superlattice structured
coatings

The PVD process facilitates the use of a number of different materials in the coating.
Sputtering is the most versatile process since it is possible to use a number of
cathodes with different target materials simultaneously. In addition to that, alloy
targets can be also used to deposit metallic or ceramic compound materials. Further,
different coating parameters (i.e. atmosphere/reactive gases and bias voltage) greatly

affect the structure and properties of the coating.

2.3.1 Reactive deposition

Reactive deposition is the formation of a film of a compound either by co-deposition
and reaction of a deposited species or by the reaction of a deposited species with the
ambient gaseous environment [6]. Generally, in low temperature deposition, one of
the components is condensable and the other is gaseous. Most common reactively

deposited coatings are nitrides, oxides or carbides [2, 3].

The chemical reactions occur on surfaces, where deposited adatoms (metal) react with
gas atoms that impinge on the surfaces (N, O or alkanes, such as methane). The
reaction occurs also on the cathode (target) surface. In the stable state the target
remains metallic due to continuous sputtering of its surface. If the partial pressure of
the reactive gas is increased beyond certain point a reactive film starts to form on the
cathode. This is a critical control point in the process, since it starts an irreversible
poisoning process. As the film forms on the cathode the sputtering rate of the target
material drops as the compounds have lower sputtering speeds. Further, some

compounds, i.e. most oxides, are insulators reducing the electrical field in the dark
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space. A lower deposition rate means a lower consumption of the reactive gas and
thus increased partial pressure of the reactive gas. If the reactive gas pressure is
reduced the system does not convert back to normal mode at the same pressure, but at

a significantly lower one [2-5].
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Figure 14 Deposition rate as a function of reactive gas pressure in reactive

deposition (hysteresis effect)

This hysteresis effect (Figure 14) causes a control problem in reactive coating
systems, since the “knee” in the curve is often the desired and most economical point

in the coating process. There are several approaches to fixing this problem [2].

a) Feedback loop of reactive gas flow utilises optical emission
measurements to control gas flow to keep the process in the desired
position on the process curve.

b) Increased pumping speed reduces the size of the hysteresis loop as the
vast majority of the gas goes to the pumping system instead of the
deposited films.

¢) Dual cathode setup where one of the pair is used as the anode for the
half of the cycle and as the cathode for the other half provides stable
operation in most difficult conditions as there is always an unoxidised

anode surface.
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d) Gas/cathode separation can function in a laboratory system where
baffles and direct injection of the gas can be utilised to keep the reactive

gas from the cathode

The Hauzer ABS coater at SHU relies on very high pumping speed and accurate
pressure monitoring with a feedback loop to control the reactive deposition processes
[19].

2.3.2 Multi-layer coatings

Most commercial coatings have a number of distinct layers. The most common reason
for layer structure is to provide a gradient in hardness to reduce shear stresses at the
interfaces of hard coatings. Layering can be used to enhance adhesion or to make
more complicated diffusion paths. Layering can be also used to reduce intrinsic stress

by using alternating layers of high and low stress.

In the CrN/NDN coatings this approach is exploited with the use of a CrN base layer.
This layer is softer and has lower stress than the superlattice thus it provides a
gradient into the interfacial stress. It has also very good adhesion to the substrate

especially after Cr ion etching.

By adding an additional barrier layer between the CrN layer and the superlattice the
corrosion properties of the coating on low alloy steels can be significantly enhanced.

A niobium layer has been used due to its superior corrosion properties.

2.3.3 Nanoscale multilayer coatings

Nanoscale multilayer coatings are an extreme case of layered coatings. Nanoscale
multilayer coatings (also often called superlattice coatings) refer to coatings, which
have ultrafine (period, 4 < 10 nm) layer structure of two distinct materials. The peak
hardness is normally measured with the bi-layer thickness between 3-5 nm [29]. The

period can be controlled by rotation rate of the turntable onto which the substrates are
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fixed or by varying the target powers or by applying moving shutters in front of
different targets [30]. A number of similar nanostructured coatings using a variety of

material combinations are currently in commercial use.

The increase in hardness of the nanoscale multilayer structure was measured to be
greater than expected from the "rule of mixtures" of the constituent materials [31,
31a]. More than thirty years ago, Koehler suggested that the fabrication of a layered
structure of two materials with the same crystal structure results in a high strength
material. He explained that the interfaces between the layers of materials with
different shear moduli would act as barriers to the motion of dislocations [32]. A more
detailed model about the dislocation movement in superlattices was developed by Xi
Chu and Bamett [33, 34]. This model includes the fact that the interfaces are not
usually abrupt and that interfaces wider than 1nm tend to reduce the effect of having
alternate layers with different shear moduli. Their work revealed that for TIN/NbN
coatings the hardness value has a maximum at an intermediate value of the
superlattice period, 4. This was shown in practice by U. Helmersson et. al. for the

TiN/VN superlattice coating (Figure 15) [29].
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Figure 15 Hardness of the superlattice depends on the superlattice period
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If A is very small, the layers easily become too inter-diffused thus eliminating the
shear modulus at the interfaces. Also if the interfaces are too close together the stress
needed to move a dislocation is lowered due to the fact that interfaces can exert
opposing forces on a dislocation at an interface. Although the nature of the enhanced
hardness is still not fully understood, single crystal (TiN/NbN) and polycrystalline
nitride (TIN/VN, TiAIN/CrN, TiAIN/ZrN, AIN/TiN) films have been successfully
developed and brought into practice [35].

XTEM investigations of the wear mechanism of monolithical and nanoscale
multilayer coatings revealed that the individual grains of columnar and monolithically
grown coatings suffer severe plastic deformation when exposed to external shear
forces. This deformation can be the source of mechanical failure. The depth of these
failures is in the range 50 to 75 nm. Due to a chipping or a micro-delamination
mechanism in the nanoscale multilayer coatings the failure depth was noted to be
around 6-8 nm due to disruption of the crack propagation at the layer interfaces, as
described in Figure 16 [36].

Force

-
i

a) ] b)
Figure 16 The wear mechanism of a) monolitical and b) nanoscale multilayer

coatings
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2.3.4 Duplex Coating

A combination of a conventional surface treatment, such as nitriding, and PVD
coating is often referred to as a duplex coating. The surface treatment prior to PVD
deposition will give enhanced surface properties to the substrate to a depth that far
exceeds the thickness of the PVD coating. The effectiveness of the treatment varies
largely depending on the substrate material. On highly alloyed steels, such as HSS,
the aim has been to produce a thin, hard and well adherent layer as a gradient
hardness layer, with the ultimate goal of improving adhesion and thus wear resistance
of the tool. On low alloy steels the aim has generally been to improve the surface
properties of these tough, impact resistant alloys as shown by Hock et al. in Figure 17
[37].

Low alloy steel | ——- Nitriding — Harcoating

U

*low hardness *high surface hardness *very high hardness
*tough core *high case depth(>0.3mm) *high heat resistance
- supports the coating *high resistance to wear
*internal compressive stresses and corrosion

- resistant to volume and
contact fatigue
*tempering resistance
- allows hardcoating up to 600°C

v

Composite material with a functional sharing
between hard surface, hardened case
and tough core

Figure 17 Combination of properties of duplex coating on low alloy steel

If the substrate cannot adequately support the forces it is subjected to, the coating will
fail as shown by Zlatanovic, et al.. If the normal load that applied on the coated
substrate is larger than the load bearing capacity of the substrate the substrate yields
causing the hard coating to crack and fail as shown in Figure 18 [80].
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Figure 18 Coating failure due to insufficient support for the hard coating

Tribological coatings have been generally developed for very hard substrates such as
high speed steel or cemented carbide. Such materials cannot always be used due to

cost and manufacturing considerations.

The mechanical properties of the substrate near the interface affect the fatigue wear
properties of the coated parts as the maximum shear stress occurs just beneath the
surface (explained further in the section 2.5.3.). This stress can generate sub-surface
cracks that propagate through the coating causing sudden failure of the coating as
outlined in Figure 19. Duplex treatment of the near surface region can be used to

improve both load bearing capacity and to reduce the crack formation.
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process with any conventional method or in conjunction with the PVD process using
low-pressure plasma nitriding [47]. Nitriding provides increased surface hardness (in
excess of Hy=1000), providing the support that is required by the coating. It also
reduces the stress gradients at the interface caused by dissimilar properties with the

PVD coating (over Hy = 3500). This is schematically presented in Figure 20.
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Figure 20 Schematic of the hardness profiles of duplex coatings, CZ refers to
Compound Zone, DZ to Diffusion Zone and PN to Plasma Nitriding [48]

The compound layer (FesN or Fe;N) has often been regarded to be detrimental to
adhesion and is thus often avoided or removed mechanically [39,43], yet it has been
shown in some instances to improve wear resistance [38,40, 46]. The compound layer
is generally thought to be problematic due to the porous top layer and instability at
high temperatures (> 500°C). It can however be beneficial due to its high hardness
and improved corrosion resistance. The work by Nayal et al. [46] demonstrated that
metal ion etching prior to PVD coating may be required to achieve acceptable
adhesion.

The biggest concern in the nitriding is the FexN compound layer also called the “white
layer”. This FesN layer may become unstable at elevated temperatures (ca. 500°C)
converting back to soft a-Fe, also called the “black layer”, causing a adhesive failure
in any subsequent layer. A brittle or cohesive failure within the compound layer has
been often identified as a cause of premature failure and many groups are determined

to avoid it, even to the extent of removing it mechanically. It is also possible to avoid
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the compound layer and perform the nitriding step in a PVD coating machine as

demonstrated by Kammingaa et. al. [47].

Nitriding

Nitriding is a surface hardening process used to improve the wear, fatigue and
corrosion properties of a wide variety of metals. Nitriding is generally done in
partially dissociated ammonia at temperatures above 500°C. Nitrogen from ammonia
diffuses into the metal yet it also forms compounds with the iron that make a very
hard surface layer. The traditional nitriding process takes a very long time, 20-90 h
which has led to the development of faster processes like plasma nitriding. In plasma
nitriding a nitrogen plasma is formed in vacuum (100-1000 Pa) with a DC glow
discharge. The treated surfaces are bombarded with positively charged nitrogen atoms
that heat the surfaces to 400-600°C depending on the discharge power. Since the
diffusion at low temperatures is very slow a higher power is used when a thicker case
depth is needed. Plama nitriding is done in ammonia or nitrogen atmosphere with or
without the presence of hydrogen or argon. Argon can be used to sputter the surfaces
clean of impurities. The biggest advantages of plasma nitriding is reduced treatment

time and energy usage as well as improved process control [3, 49].

The nitrogen initially forms FeN on the steel surface. Since this compound is not
stable it decomposes into lower nitrides Fe;N, Fe;N and Fe4N while the liberated
nitrogen diffuses further into the steel lattice. An abundant supply of nitrogen creates

a steep concentration gradient into the work-piece.

The characteristics of these compound layers, like phase composition and thickness,
can be easily changed by varying the working parameters. For example, using low
nitrogen concentration (15-30 vol.%) in the treatment atmosphere means that a
compound layer consisting only of the FesN (y’-phase) will be produced, while
increasing the nitrogen concentration, both iron nitrides are obtained. Further, a
compound layer comprising only the Fe;N (e-phase) can be produced by adding a low
amount of CH (usually 1-3 vol.%) in the treatment gas mixture. A y’-phase layer is

tougher and shows better wear and fatigue properties under severe loading conditions,
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while an e-phase layer increases anti-scuffing properties and is suitable for

applications relatively free of shock loading or high localised stresses [50-53].
Carburizing

In carburising, steel is heated to 900°C in the presence of a carbon-containing gas
such as methane or CO. Carbon then diffuses into the surface of the steel hardening it.
The high temperature (as well as phase changes) used for this process often cause
minute dimensional changes which limit the usability of this process for high
accuracy components [3].

Carbonitriding

Carbonitriding is a hybrid of nitriding and carburizing. Ammonia is added to the

carburizing gas, causing the formation of carbonitride film on the surfaces [3].
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2.4 General Corrosion Theories

Corrosion is defined as “a chemical or electrochemical reaction between a material,
usually a metal, and its environment that produces a deterioration of the material and
its properties” [6]. Thus corrosion is closely related to the materials and the
environment. Though corrosion can also occur in a gaseous environment corrosion

experiments are mostly done in aqueous or aggressive humid environments.

Corrosion is driven by thermodynamics through a principle that reactions occur to
achieve lowest possible energy. An investigation of the relevant thermodynamic
equations will reveal which reactions can occur in a certain environment. However in
practice the corrosion is normally limited by kinetics. Kinetics determine how fast
corrosion reaction occur. For practical consideration, when the corrosion reactions

happen at rates that are acceptable, corrosion is not occurring.

In respect to coatings the coating-substrate interactions should be taken into account
since all coatings have/are susceptible to defects and the environment eventually
penetrates the coating. Generally, good barrier properties can be provided only by a

coating with a relatively pore-free structure and good adhesion.
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2.4.1 Electrochemical reactions

Corrosion is an electrochemical reaction with four steps as described in Figure 21 [54,
55].

1. Anodic reaction (e.g. Metal dissolution: Me - M + ne-)

2. Cathodic reaction (e.g. Hydrogen evolution: ~ 2H20 - H2 + 20H-)

3. Ionic path between anodic and cathodic locations (electrolyte in aqueous
environment)

4. Electronic path between anodic and cathodic locations (normally through

metallic contact)

“ j Electrons (¢)
Anodic Cathodic

Figure 21 Schematic diagram of aqueous corrosion of steel

Since the reactions form a closed electrical circuit, all of the reactions have to be able
to occur simultaneously, with the slowest of the reactions determining the rate of the
reaction. Thus a common way to control corrosion is to limit the kinetics of one of the

four components.

The driving force of any chemical reaction is a reduction in the free energy. Since
corrosion products commonly have lower free energy than metals corrosion occurs.
The change of the free energy consists of the sum of the potentials of the cathodic and

anodic reactions. There are two ways to control corrosion through thermodynamics.
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The first is to set the conditions so that the corrosion reactions cannot occur. The
alternative to this is to offer a controlled reaction that is thermodynamically preferable

to the detrimental corrosion reaction.

Many metals rely on passivation, i.e. formation of a stable oxide, for corrosion
resistance. This works in an environment where the oxide can reform once broken.
With such metals, like stainless steel, the predominant corrosion form is localised
corrosion, i.e. pitting, where the corrosion is very fast in small active (anodic) areas,
from where the passive film is broken, while the majority of the surface is passive
(cathodic). Areas where the local conditions are dissimilar to the bulk can also cause
localised corrosion. Such areas can form for example in crevices where limitations to
material transfer cause differences in oxygen and metal ion concentrations. High
temperatures and wear/flow conditions may also prevent a passive film from forming

also resulting in localised corrosion [54-55].

2.4.2 Coating-Substrate System

In principle, the corrosion resistance is determined by the surface in contact with a
corrosive medium. PVD coatings are generally chemically very stable and/or noble
materials with very good corrosion resistance. Practically, however, the majority of
these coatings, prepared by any PVD technique, behave to a less satisfactory extent
with respect to their theoretical corrosion resistance. This is due to the presence of
solution-path defects within these coatings, leading to galvanic and crevice corrosion
between the coating and the substrate via the defects [56]. In these locations (and in
locations where the coating has been damaged) the interaction depends on the

chemical potential of the substrate with respect to the coating as shown in Figure 22.
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Figure 22 Corrosion of a) cathodic and b) anodic coating at defect location

If the chemical potential of the coating is higher than the substrate in a given
environment (coating is more noble than the substrate, Figure 22 a) the coating
becomes the cathode and the substrate the anode. This leads to the corrosion of the
substrate, while the coating remains mostly intact. The ratio of the cathode/anode area
is very high leading to situation where the anodic reaction or diffusion (ionic path)
will determine the rate. This generally leads to rapid localised corrosion at the defect
locations. The larger the potential difference between the coating and the substrate the

higher the driving force thus leading to higher corrosion rate.

On the other hand if the coating is less noble than the substrate (Figure 22 b) the
coating will be the anode and thus protect the substrate until the coating has corroded
to an extent that separate anodic and cathodic regions can form on the substrate. If the
coating is an insulator or there is an electrically insulating layer between the coating

and the substrate such interactions will not occur.

The corrosion performance of PVD coatings is not very easily measured because the
films are often very thin and electrochemically stable and/or noble. In such cases the
coating porosity is a good measure of these defect densities and, if the porosity is
sufficiently low, the sample will behave initially like the coating, i.e. it passivates or
pits if the coating passivates or pits. If the porosity is high, a significant galvanic
corrosion (with generally the substrate being the anode and the coating being the
cathode) will make the coated sample behave like the substrate material, regardless of
how noble the coating may be. In the ABS process the ion etching is done using a

steered cathodic arc, which ejects micro droplets that generate growth defects like the
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ones shown in Figure 9. These growth defects have been found to act as the location
where the environment can easily penetrate the substrate and initiate localized
corrosion. A schematic of the corrosion at the defect locations is shown in the Figure
23 [20-23,57-61].

I 1

\

@

g o

z droplet columnar L

S pinhole Me grain

»n pit d
< (substrate Me)

(D anodic:Me —-»Me +e (a) cathodic: 2H + 2e — H, (S,)
(® anodic:'Me —»'Me + ¢ (b) cathodic: 2H + 2e — H; (S,)
® anodic:'Me —»'Me + e (c) cathodic: 2H + 2e —p H, (1)
@ anodic: Me —»Me +e (d) cathodic: 2H + 2e —» H,(S,/S,)

a: substrate at interface; b: droplet rim; c: droplet interior;
d: pit substrate; S;: adjacent coating grains; m: droplet top.
Figure 23 Schematic diagram detailing corrosion mechanisms at pinhole and growth

defect locations [23].

Once the environment has reached the substrate a galvanic cell forms between the
coating and the substrate. This generates an electrochemical reaction that causes rapid
localised corrosion (pitting) at the defect locations. These pits eventually grow and the
voluminous corrosion products form below the coating. If the adhesion of the coating
is not good or the coating has strong intrinsic stress, the pressure at the interface may

cause delamination of the coating, leading to total coating failure.
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2.5 General Wear Theories

Wear happens when surfaces meet or move in respect to one another. The modelling
of wear is very complicated, since there are many factors that determine the wear rate,

as is shown in Figure 24 [62].

INPUT |_OUTPUT

Velocities
Normal force
Materials
Lubricant
Temperature
Geometry
Environment

‘ Friction

Wear

S B

'L

Figure 24 Key parameters that determine friction and wear in sliding contact

The general design appraisal of the tribological requirements on contact surfaces can

be formulated. The following must not exceed design values:

1. Initial coefficient of friction
The wear of the coated surface

The wear of the counterpart

bl S

Fatigue during the designed lifetime
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Thin film coatings have been successfully applied to number of tribological
applications due to their extreme hardness, low friction and high oxidation resistance.
Figure 25 lists the tribologically important properties of different zones in the coated
surface [63].

Shear strength
Chemical reactivity
Roughness

Hardness
Elasticity
Fracture toughness
Thermal stability

Thermal conductivity

Adhesion
Shear strength

Thermal expansion
Elasticity
Fracture toughness
Hardness
Thermal conducti\M

Figure 25 Different properties of surface affecting the wear rate

Basic mechanisms of wear can be categorised as
1. Adhesive wear
2. Abrasive wear
3. Fatigue wear
4

Chemical wear

The schematic presentation of wear modes can be seen in Figure 26 and are further

discussed in the following sections [62].
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c)

d)

Figure 26 Basic wear mechanisms are a) adhesive, b) abrasive, c) fatigue and d)

chemical wear

2.5.1 Adhesive wear

When asperities of one surface come into contact with asperities of counterpart they
may adhere strongly together. Once the surfaces move in respect to one another the
asperities will separate from the bulk resulting in material loss in one or both surface.
It is suggested that adhesive wear is the dominating wear mechanism in un-lubricated

sliding contacts.

2.5.2 Abrasive wear

Abrasive wear occurs in contacts where one of the surfaces is considerably harder

than the other or where hard particles are introduced into the contact. The harder
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surface asperities are pressed into softer surface. When the surfaces move against one
another the softer material is removed resulting in wear scratches and grooves. The

action of metal cutting has been described as abrasive wear on a large scale.

The effect of asperity deformation depends on the roughness and waviness of the
contacting surfaces. It has been suggested that in the pin-on-disk wear tests the

fractured coating asperities act as hard particles that result in abrasive wear.

2.5.3 Fatigue and delamination wear

Fatigue crack growth is a phenomenon resulting from cyclic loading and unloading at
the stress level the material can sustain once but not if repeated number of times. In
rolling, where the stress field moves repeatedly over a surface, fatigue of the near
surface takes place, because the maximum shear stress occurs about one third of the
contact length beneath the surface. The maximum stress moves towards the surface
when the friction increases. For a friction coefficient exceeding 0.32 the maximum
stress will be found at the surface. This fatigue forms subsurface voids or cracks that

can easily propagate, thus liberating material.

Delamination wear occurs on a microscopic scale in contacts between asperities.
Small cracks are nucleated below the surface. Further loading cycles can propagate
the cracks that are parallel to the surface which eventually leads to delamination of the

surface.

2.5.4 Chemical wear

In chemical wear the wear process is dominated by detrimental chemical reactions,
initiated by the influence of the environment, in combination with contact
mechanisms. A rubbing action can result in an environment that is favourable to
chemical attack. Oxidation wear is the most common chemical wear process. The
oxidation of material forms a thin, soft, oxide layer on the surface that is easily

removed in sliding contact resulting in wear. In certain cases wear can be due to
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chemical instability of the materials in the local environment during use. In cutting
operations the local temperatures can exceed 700°C, which may lead to rapid

oxidation wear of an unprotected tool.

2.6 CrN/NbN Nanoscale Multilayer Coatings

The chromium based hard coatings produced using PVD coatings, though highly
successful, were found to have insufficient properties in situations where both
corrosion and wear co-exist. Thus a nano-scale modulated structure was developed
[64]. Niobium was selected in order to have a chemically stable combination with
chromium as well as to enhance the corrosion resistance. An extensive research
project, supported by the European Union funding (BRITE-EURAM project
NEWCHROME no: BE-96-3305) was involved in developing a solution for replacing
electrolytic hard chrome. This project focused on CrN/NbN coatings with the
objective of finding the most appropriate coatings for numerous practical applications.
The results have been published in numerous papers during and after the project [8,
23, 23a, 30, 36, 57, 59-61, 64-67]. In the following sections the results are organised
according to sections corresponding to the following chapters presenting results of
this research. This material provided the body of work on which the research in is

thesis is built.

The process of preparing the CrN/NbN nanoscale multilayer coatings consists of
multiple steps that are presented schematically in Figure 27. In the first stage metal
ion etching is implemented to ensure the cleanliness of the surface and provide a good
adhesion. Metal ions are generated using a steered arc discharge on one cathode and
high bias voltage on the substrates, generating a strong electrical field which
accelerates the metal ions towards the substrates. This metal ion bombardment can
produce very intensive ion etching as well as ion implantation up to a depth of 10 nm.
This is followed by depositing a base layer of CrN by magnetron sputtering that acts

as a gradient hardness layer between the hard superlattice layer and the substrate.
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Table 1 Correlation between etching‘ ion species and adhesion, L.[HSS] refers to a
critical load in a pin-on-disk test with High Speed Steel substrate and L.[cc] to
critical load on cemented carbide. The appreciations e and c for microstructure stand

for epitaxial and ccolumnar respectively [20]

Ion | U; | Time | Pressure L.[HSS] | Lefee] | Microstr.
in V | in min | in Pa

Ar | 1200 |20 0.06 27T+4| 35+2 ¢
Cr |1200 {5 0.06 364 6743 e+c
Cr | 600 |20 0.06 37+£3| 38+£3 cte
Cr | 600 |20 0.06 475 68+£3 cte
Nb | 1200 | 20 0.06 30+£4| 92+4 ¢
Vo [1200 | 20 0.06 62+3 113 +4 e
Cr | 1200 | 20 0.06 99+4 | 97T£5 e
Cr | 1200 | 20 0.06 63+£3|141+£3 e
Cr | 1200 |8 +2 |0.09+6x107* 85+ 3 - e

The study also revealed a good correlation between the measured adhesion and tool
life. On the other hand the etching step was found to have a great impact to the
adhesion as is shown in Table 1. Two-step etching using Cr ion for the etching was
found to be most suitable for TiAIN tool coatings leading to the best adhesion and the

longest tool life.

Etching time

A short exposure time is desirable for various reasons. As plasma density varies with
the substrate geometry, the areas that have the slowest etching rate determine the
minimum duration that achieves uniformly clean surfaces. On the other hand at the
positions of dense bombardment the damage can be excessive if the etching time is
long. Also the number of droplets on the surfaces is related to the etching time; longer

etching time resulting in more droplets, thus more localised defects to the coating. As
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no significant microstructural differences between different samples (5-20 min etch
time) was observed [20], the shortest etching time to a) remove the natural oxides at
given oxygen partial pressure and b) achieve sufficient implantation on the etched

metal, gives the best result.

Argon pressure

The etching rate was found to be almost linearly dependent on the Ar pressure in the
pressure range used as can be seen in the Figure 29. A higher Ar pressure leads to
more efficient etching. However, higher argon pressure has been shown to reduce the
implantation of the ions as the gas collisions will reduce the average ionization state

of the bombarding metal ions [87-88].
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Figure 29 The influence of the argon pressure on the etching rate [20]

Bias Voltage

The etching rate was found to depend on bias voltage in accordance with Figure 30.
As the bombarding energy dropped beyond a certain level no more etching was
observed. For Cr that was around U, = -800 V, depending on the geometry (edge
effects). As the sputtering efficiency of Nb ions is lower this voltage can be assumed

to be lower still.
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Figure 30 Schematic drawing of processes involved in Cr ion etching [20]

The conclusion from the aforementioned results was, that two-step etching; using first
high argon pressure for a fast etching speed and the second part at low argon pressure
to enhance implantation, would produce better results as the same result can be
achieved in less time thus reducing the droplet induced growth defects. This was

indeed shown to be true in the subsequent work [67].

2.6.2 Barrier layer

Barrier layer refers to a layer that is designed to prevent transport of ions or molecules
from one side of the coating to another. In this work the barrier is generally
preventing the electrolyte from reaching the substrate, and thus preventing corrosion.
Niobium has been used in this application due to its electrochemical stability which
arises from the formation of a stable Nb,Os oxide layer [68]. Metallic niobium
physical vapour deposited (PVD) coatings have been successfully deposited on
various substrates and they have been shown to increase the corrosion resistance of
stainless steels considerably [66, 69, 89-91]. Niobium has also been used successfully
for the barrier layers in multilayered corrosion and wear-resistant CrN/NbN
superlattice coatings. The properties of those coatings, when deposited on mild steel

substrates, that are comparable or superior to that of 25 um thick hard chrome
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order of magnitude better than that of hard chrome. The high bias voltage (U, = -120
V) during the deposition of the nanoscale multilayer has been shown to be beneficial
to the corrosion resistance of the coating [8, 35, 64, 71].

A thin CrN base layer was also found to be beneficial as and adhesion
promoter/primer layer.. The CrN/NbN was initially deposited at high temperatures
(450°C), but further work has also developed a low temperature version (250°C) of
the coating [65].
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3 EXPERIMENTAL

3.1 Sample Preparation Prior to Coating Deposition

The coatings were deposited on polished steel disks ca. 30 mm in diameter. Four steel
grades were used: Corrosion resistant AISI 316 austenitic stainless steel, hardened M2
tool steel, low alloy mild steel and S154 high strength construction steel.

The sample disks were ground and then polished to R, =5 nm surface finish using
1um diamond paste in the final stage. Prior to coating all samples were cleaned on an
automated cleaning line comprising of a series of ultrasonically agitated cleaning and
rinsing baths and a vacuum drier. Cleaning process consisted of nine immersions
starting with degreaser, followed by alkaline and acidic cleaning solutions and series

of rinses in de-ionized water.

3.1.1 Nitriding

The nitriding was done in a commercial low-pressure pulse plasma nitriding process
by Eltro Ltd., UK using three different nitriding parameter sets. The atmosphere
during the process was a 3:1 hydrogen/nitrogen gas mixture using three different
processes described in Table 2 below. After nitriding the samples were mechanically
polished to remove the porous surface layer and cleaned using the aforementioned

cleaning process.

Table 2 Nitriding parameters

Sample 1 Sample 2 Sample 3
Nitriding process | 6h at 520°C 3h at 480°C 40h at 530°C
+14h at 520°C
Case depth 170 pm 290 pm 400 pm
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3.2 Coating Deposition Procedure

The coatings were deposited at 450 °C using an industrial sized multi-cathode HTC
1000-4 ABS combined cathodic arc/ unbalanced magnetron sputtering coating
system, manufactured by Hauzer Techno Coatings BV. The height of the cathodes is
approximately 0.6 meters and the distance between opposing cathodes is
approximately 1.0 meter.

The processes followed the process diagram below (Figure 32). However, not all
processes included all the process steps. The relevant processes are introduced at the

beginning of each section.

Pumpdown
To 400°C and <7*10°Pa

L Target Cleaning

e

Ion Etching
Nb steered arc with high bias voltage
—

P
Barrier Layer

Metallic Nb for enhanced corrosion resistance

f Base Layer
0.3-0.5um CrN for gradient hardness
g and improved adhesion
CrN/NbN
Hard CrN/NbN with superlattice structure
~—
Topcoat

Thin topcoat for lower friction and
improved corrosion resistance

Figure 32 Generic process diagram for the coatings used in this work
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All processes were performed using a configuration with two niobium and two
chromium targets arranged as shown in Figure 33. The samples were subjected to 3
fold rotation in the X-Y plane during deposition, which ensures uniform coating
thickness even for 3 dimensional parts. The speed of the primary rotation is

controllable, but it was kept at 7.5 rpm for this work.
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Figure 33 Schematic diagram of the process chamber (from above) of the Hauzer
PVD coater showing the target arrangement, 3 fold rotation system and the

adjustable (using electromagnetic coils) closed field magnetic arrangement.

3.2.1 Process parameters

This chapter provides a brief introduction to the most important process parameters

and to the fundamental effects of those parameters.

Deposition temperature:

The deposition temperature strongly affects the film growth. At elevated temperatures
the surface energy is higher, enabling the adatoms to move longer distances and find

better (lower energy) nucleation sites leading to denser, better, films as shown in

section 2.2.4. The higher temperature also reduces the intrinsic compressive stresses
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that often cause adhesive and cohesive failures in the films. The high temperature
(400-500°C) processes cannot be used on temperature sensitive materials that may
have microstructural or dimensional changes at such temperatures. High deposition
rates with high ion bombardment (bias voltage) often maintain the high temperature

without the need for additional heating.

Cathode Power / Current

Each cathode has its own power supply that can be controlled by voltage, current or
power. In UBM mode the set value was power. In steered arc mode the power supply

is controlled by the current as the voltage (thus also the current) is not stable.

Gas flow

The control of the gases in the reactive process is critical to the deposition reactive
processes as described in the section 2.3.1. In the Hauzer deposition system the gases
can be controlled using flow and pressure data. The standard pressure controlled
mode uses pressure measurement to drive a feedback loop on the mass flow
controllers to maintain the desired pressure. In reactive processes the working gas
(Ar) was set to a fixed flow rate while the reactive gas (N7) was controlled using
pressure feedback.

The working gas pressure affects two independent processes, ion bombardment and
collision frequency (mean free path). Increasing the working gas pressure increases
the ion bombardment on both the target (increasing the deposition rate at given
voltage) and the substrate. On the other hand the added amount of gas molecules in
the vacuum increases the probability of collisions between the atoms and gas
molecules that will cause a reduction in both the kinetic energy and the ionisation
state of the atoms/ions. These collisions also increase the amount of scattering of the
depositing atoms.

The reactive gas partial pressure at a given deposition rate will affect the composition
(stoichiometry) of the depositing film. Some processes/compounds are sensitive to the
correct ratio of reactive gas to the metal on the surfaces, while some tend to form the
preferred stoichiometry even with a notable excess of reactive gas. Such processes are

easier to control and are thus preferable.
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Bias Voltage

The ion bombardment of the substrates is controlled primarily by adjusting the bias
voltage. The negative bias attracts ions that bombard the substrate thus increasing the
energy of adatoms on the surface. The increased ion bombardment during the
deposition also tends to smooth out the peaks/valleys of the growing columnar grains
leading to smoother surfaces. The increased bombardment also causes re-sputtering of
the adatoms thus causing thinner films. It should also be noted that the bombardment
is not uniform over the surface of 3 dimensional parts such as sharp corners, edges
and protrusions which face a higher electrical field and thus more intense
bombardment. Excessive ion bombardment will lead to the working gas being buried

into the coating.

Coil current / Unbalancing

The electromagnets surrounding each cathode can be used to adjust the balancing of
the magnetrons. When the electromagnets are off, the magnetrons are balanced and
the electrons are trapped close to the cathodes, thus very little ionisation occurs close
to the substrate. Applying current to the coils causes the magnetron to become
unbalanced and more electrons are released to ionise the working gas (Ar) close to the
substrates. Therefore the coil current affects the ion bombardment of the samples
together with the bias voltage.

In the steered arc mode the coil current can be used to adjust the position of the arc
track as the arc has the highest probability of forming where the magnetic field is

parallel to the target surface.

3.2.2 Pump-down and heating

The Hauzer PVD coating machines uses high speed pumping system consisting of a
two-stage mechanical pump, a 1000 m*/h roots blower and two 1600 m*/h turbo

pumps to quickly evacuate the chamber and to minimise the hysteris effect of reactive
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deposition. The substrates were preheated to ca. 400°C in vacuum using radiation

heaters. A vacuum of 7x10” Pa was attained before proceeding to the coating stages.

3.2.3 Target cleaning

The first stage of the coating process was target cleaning. The purpose of this step is
to remove contamination from the target surfaces prior to coating, so that the
contaminants will not be deposited into the interface region. The target cleaning is
performed in balanced magnetron sputtering mode (argon atmosphere, p = 0.2 Pa)
with mechanical shutters in front of the cathodes to prevent deposition onto the

substrates.

3.2.4 lon etching

The next stage of the process was ion etching. In this stage one target is operated in
steered cathodic arc discharge mode with a high bias voltage applied to the substrates.
The cathodic arc process provides a highly ionised metal plasma that is accelerated
towards substrates with high bias voltage. Upon impact on the substrates, ions with
high kinetic energy cause sputtering to occur, thus removing possible surface
contamination. Further, these high energy ions can implant several nanometres into
the substrate.

The bias voltage can be used to control the energy of the ions hitting the surface. The
effect of ion energy and species on the etching has been described in detail in the
work of Schonjahn [20]. The high bias voltage leads to efficient etching and some ion
implantation yet causes significant heating of the substrates. An increase in argon
pressure increases the number of Ar* ions hitting the substrate leading to faster
etching. On the other hand it leads to more collisions between metal ions and Ar
atoms leading to loss of ion energy and reduced ionisation conditions, ultimately
leading to lower average energy of the metal ions hitting the substrates. Correct
etching time is also important since too short an etching time will not remove all
contaminants, yet too long an etching time increases the number of localised defects

due to droplets generated in the cathodic arc discharge process. All coatings were
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done using either Cr or Nb as target material, i.e. etching ion. The etching time used

for this work was generally 15-20 minutes.

Cr etching has been the standard etching process for CtIN/NbN coating thus it was
used for coating tests where the standard coating was used as a reference. Cr etching
generally provides better adhesion, thus leading to superior mechanical performance.

The standard parameters for Cr" etching were:

e Step duration: 15 min

e Arccurrent: 1=100 A

e Bias Voltage: U,=-1200 V
e Ar flow: 65 sccm,

e Coil current: I.=0.7 A

Nb etching was used to enhance corrosion performance via a thin nano-grained
deposition layer that forms at the interface as described by Schénjahn et. al. [66]. The
effects of the changes in the interface region and the effects on the performance of the
coating was studied with an experiment using different bias voltages (U, =-800 V >
-1200 V) and different etching pressures (p = 0.004 Pa > 0.2 Pa). The work of
Schonjahn et al. [66, 67] also showed a 2 step etching process in which the first step
was etching with high bias voltage and high gas pressure and the second

wasimplantation/surface modification with low pressure and lower bias voltage.

3.2.5 Barrier layer

A barrier layer of metallic niobium was deposited to improve the corrosion resistance
of the coating. Niobium was used as it is one of the most corrosion resistant materials
available due to its extremely stable oxide Nb,Os [68]. The layer should protect the
underlying material from corrosion if it was totally defect free.

The barrier layer was deposited in unbalanced magnetron sputtering mode using
different bias voltages U,=-75 V -> -120 V. The low bias voltages should lead to
thicker coatings exhibiting lower stress. The coating stress has been associated with

corrosion behaviour with low stress leading to better performance [69]. On the other
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hand a higher bias voltage should lead to higher ion bombardment, thus denser
coating that should prevent voids at the crystal boundaries and at defect locations. It
should also lead to smoother layers as the tops of the columnar grains should then
become flat instead of dome-like. High ion bombardment has also been shown to
facilitate the “healing” of the local defects as shown in the Figure 10 in the page 17
[112].

The deposition time was also altered from 1 hour to 3 hours, thus changing the layer
thickness. For dense void-free films the layer thickness should not affect the corrosion
behaviour. However it has been observed that as the layers grows, under high ion

bombardment, some voids and point defects may be closed [118].

3.2.6 Base layer

A base layer of CrN was deposited in order to provide a layer of intermediate
hardness between the relatively soft substrate and hard superlattice coating. This
enhances the adhesion as the stresses at the interface are reduced [70]. The layer was
deposited using two Cr targets operated in UBM mode with high power and the other
two targets sputtered with low power to prevent target cross-contamination. The
atmosphere was controlled by a pressure feedback loop where argon was flow
controlled and nitrogen flow was controlled with an active feedback loop pressure
controller. This argon/nitrogen control system has been shown to provide uniform
results and with the correct parameters leads to a stoichiometric CrN coating.

The parameters used for the base layer were generally standard yet a higher bias

voltage of U,=-100 V was sometimes used. The standard parameters were:

e Step duration: 30 min

e Power: 2 chromium targets with 5 kW and 2 niobium targets with 0.5 kW
e Bias Voltage: U,=-75V

e Ar flow: 200 sccm, N, flow pressure controlled, p=3.6 x 10" Pa

e Coil current, I. = 6A
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3.2.7 CrN/NbN nanoscale multilayer

The main part of the coating was the CrN/NbN nanoscale multilayer. The properties
and parameters related to this layer have been extensively studied for the “New
chrome” EU funded research project [8, 64, 71]. The deposition parameters were
generally not altered from the ones that the previous work found to be the best. The

standard parameters were:

e Step duration: 150 min

e Power: 2 chromium targets with 5 kW and 2 niobium targets with 10 kW
e Bias Voltage: U, =-75 Vor U, =-120 V

o Ar flow: 200 sccm, N, flow pressure controlled, p =3.8 x 10" Pa

o Coil current, I;.=6 A

3.2.8 Top coat

A thin topcoat on a wear-resistant PVD coating can be beneficial to the tribological
performance of the coating as it can alter the surface properties such as friction.
Lembke et. al. demonstrated a reduced friction and improvement on the oxidation

resistance of TIAIVN coating with the addition of an oxynitride topcoat [9].

The oxynitride topcoat used in this work was deposited in a mixture of dry air and
argon. To establish the effect of ion bombardment on the coating structure and
propetties the bias voltage was varied from U, =-75 V to U, = -120 V while retaining
the same total pressure during deposition (3.5 x 10" Pa). The effects of the changes in
the total deposition pressure, Pr, were investigated keeping the bias voltage at Uy, = -
100 V and varying the total pressure from 3.5 x 10" Pa to 4.9 x 10" Pa. A reference
coating without the topcoat was also prepared, keeping the total coating time the same
as with the other samples, leading to a thicker CrN/NbN layer. The rest of the coating

parameters remained the same:
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Step duration:
CiN/NbN 90 min
CrON/NbON 60 min
Power: 2 chromium targets with 5 kW and 2 niobium targets with 10 kW
Bias Voltage: U,=-75V during CrN/NbN and
Uy =-75- -120 V during CrON/NbON
Ar flow: 200 sccm, N, flow pressure controlled, p =3.8 x 10" Pa

Coil current, I, =6 A
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3.3 Coating characterisation Techniques:

The coatings were studied using a number of characterisation techniques. The
techniques can be divided into 4 categories

1. Microstructural investigation

2. Coating mechanical properties
3. Laboratory scale wear tests
4

. Corrosion tests

3.3.1 Microstructural techniques

3.3.1.1 Transmission Electron Microscopy (TEM & XTEM)

In TEM the imaging, an electron transparent sample (thickness ca. 100nm) is
illuminated with an electron beam that is perpendicular to the sample. The image
forms below the sample by electrons that have passed through the sample. Figure 34
shows a schematic diagram of the CM30 TEM
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Figure 34 Schematic diagram of CM30 TEM

The image that forms when the electron beam that passes straight through the sample
is focused on a projection screen is called the bright field image. The diffracted
electrons are blocked with an aperture. It is the brightest, most accurate imaging
mode.

On the other hand, also the electrons that have diffracted from the lattices according
Bragg’s law can also be used for imaging (dark field imaging). Image contrast is
caused by number of parameters, such as differences in atomic number, phase or
diffraction contrast. If a small selective area aperture is used to limit the area under
investigation, the pattern of the diffracted electrons (SADP, Selected area diffraction
pattern) can give further information, such as lattice parameter and crystal structure of
the area under investigation.

Further analysis of the sample materials can be done analysing secondary emission
from the illuminated sample area (XPS, X-ray photo electron spectroscopy or EDX,
energy dispersive x-ray analysis).

In XTEM (cross sectional TEM) a thin, electron transparent cross-sectional sample is

prepared and investigated with TEM.
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A Philips CM20 TEM was used for the bulk of the TEM investigations. It used a
tungsten filament to produce the electron beam that was accelerated to 200keV. The
images were captured using electron sensitive film.

Some of the TEM work was performed with a Vacuum Generators HB 501
STEM/EDX FEG at the University of Illinois. This instrument was used mainly for
the interface investigation and the elemental analysis of the interfaces. STEM
(Scanning Transmission Electron Microscope) is similar to the TEM but it uses a
highly focused electron beam to scan across the area of investigation. An additional
benefit of this is the ability to focus the beam in one spot and measure the X-ray
radiation which can be used for elemental analysis. By measuring at multiple
locations across a line, an elemental line-scan can be made.

These techniques can be studied in detail in numerous publications. The author has
found the book series by Williams and Carter valuable in leaning and understanding
these methods [72].

3.3.1.2 X-ray diffraction (XRD)

In XRD the sample is bombarded by a beam of monochromatic x-rays at a well-
defined angle, and measuring the intensity of the diffracted beam across different
diffraction angles. The X-rays are diffracted in a crystalline specimen according to

Bragg’s law:
nA =2dsiné
where A is wavelength, d is inter-planar spacing and 0 the angle between crystal plane

and incident beam. This principle X-ray diffraction from the crystal lattice is shown

in the Figure 35.

65



ray 1

ray 2 d

Figure 35 Principle of the X-ray diffraction from crystal planes

The phases can be identified by comparing the results of the measurement (the peak
angles and the relative intensities) to the standards form JCPDS database that can be
found on the instrument. For compounds, a computer aided fitting software can be

used to separate overlapping peaks.

The texture was calculated using the inverse pole figure method. Inverse pole figures
are represented in terms of “T*” values, which are a measure of the statistical change

of any plane lying in the plane parallel to the surface. For a particular plane, (hkl), T*

is:

T* I (hkl) / R(hkl)
ki

-
; Zo I(hkl ) / R(W)

Where Iy is the intensity of the (hkl) reflection and Ry is the intensity
corresponding to a randomly oriented sample and # is the number of reflections

considered. This method is described in more detail in reference [73].
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The XRD measurements were performed using either a Philips PW 1710 or a Philips
X’Pert MPD automated diffractometer using CuK,, radiation (A = 1.54 A). The scans
were generally performed from 10° to 140° using either 1° glancing angle of Bragg-
Brentano configurations. In glancing angle measurement the angle of the radiation
source is kept constant to the surface of the sample and the measurement head is
scanned across the selected range, while in Bragg — Brentano configuration the angles
of both the source and measuring head angles are equal to the normal of the sample.

The scan was done using 0.04° step with seven seconds measuring time for each step.

3.3.1.3 Scanning electron microscopy (SEM) and optical microscopy

In the scanning electron microscope a high energy (ca. 20 keV) electron beam is
focused to a point on the sample and scanned across the area under investigation.
When the primary electron beam hits the surface it effectively spreads and fills a
teardrop-shaped volume, known as the interaction volume (shown in Figure 36),
extending from less than 100 nm to around 5 um into the surface. Interactions in this
region lead to the subsequent emission of electrons and X-rays which are then
detected. As the beam is scanned across the sample the instrument forms an image

from the signal and the location of the electron probe.

67



" %

% 1

"%

%

3#

8, 1
P e %%%
/
5 -
3 f3
P3 [
-0p !
%
%
555555
%9 ' %
% ' %
' 3= 3
% "0 *
. 0 _
' % %.
1 |% 1
. A %
% ' %
o D ow 0%
' % * '
U0 % vV 0
* "%
"5

% d
%
%
9
L
%
9
0 % % ' 35 %
" % * % * 0%
* "% C -
I * C" ID
CR D 9 '
% "%
"% %* "\ 5
L %
. Cw %
/5 % C % % 0 |/
‘% 0 5,
% 0 *

"%
D5
%

% .

"%



3 * LC3<LD 0 %
5, "% O '% % '
"% % 0 ' 5 ' % '
9' * "% C9 D5 , 8
' % ' ' % 7 "% # ' !
5 -% * % ' ' "% ' '
' 0 ' 5
: ' ! ' % /. > L) B 3=5
+ o+ & % 1$)& &( # #$ $4
+ + E 4G
+ % [ % * 0% / '
' % '8 ' 0 4 * lES
) % 3
4" %
( £ :
, "% % ' % *o* '
% "% % * ' 5 4 %
* 0 # 5 5 . % ' %

*H#

" %
% % '

* D '

%

% ' %
7R L
51

* '%

0

%

%0

5



Wear of the disk can be measured after a pre-determined number of laps. The wear of
the counterpart (pin or ball) can be measured after given distance. The frictional force
can normally be measured also. The key parameters of the pin on disk tests are:

1. Materials and the geometry of the counterpart

2. Normal force applied to the pin

3. Sliding velocity

Generally no lubricants are used (dry sliding wear) and the wear debris is not removed

from the wear track.

The pin on disk tests were performed using a CSEM Tribometer using a 6 mm ball as
the counterpart. The material of the ball was either Al,O; or 100Cr6 steel. The normal
force applied was 5 N and the linear speed was 0.1 m/s. The tests were performed at
room temperature in the absence of lubricants. The volume of the material loss from
the wear track was analysed with TAYLOR-HOBSON FORM Talysurf 120L or

Laser profilometer.

The basics of this method and the applicability of the results has been studied by
numerous research groups and is adopted as a standard by ASTM and DIN [74-75].

3.3.2.2 Scratch test (adhesion)

The adhesion of the coating was measured using a CSEM REVETEST scratch tester.
In this method a Rockwell C diamond tip is moved on the coating with linearly
increasing normal load as shown in the Figure 38. The adhesion is expressed as
critical load L that relates to the force at which consistent failure in coating integrity

is observed. This method is covered by European Union standard EN 1071 -3.
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The thickness of the coating can then be calculated using the simple geometric

equation.

D=X><Y
gball

The dimensions X and Y were measured using an optical microscope image and

fitting a circle to the wear track using measurement software.

3.3.2.6 Corrosion experiments

The corrosion performance of PVD coatings is fairly difficult to measure accurately
and repeatedly because the films are often very thin and electrochemically stable
and/or noble and they can often be considered to be porous. (see Appendix 2)
Aqueous environments can normally penetrate the coating through the defects and
pinholes inherent in PVD coatings [21-23, 57-61]. Once the environment has reached
the substrate a galvanic cell forms between the coating and the substrate. This
generates an electrochemical force that causes rapid localised corrosion (pitting) at the
defect locations [21,23, 57]. The pits eventually grow and the voluminous corrosion
products formed below the coating then cause interfacial delamination. This
mechanism is difficult to evaluate electrochemically and therefore simple extended
exposure tests such as salt spray are used in industry to evaluate the corrosion
performance [79]. On the other hand salt spray tests are not ideal from a research
standpoint when evaluating the corrosion resistance of PVD coatings since they
require a number of test samples of reasonable size and long testing times to produce
results which, when obtained, are not readily quantifiable. Also minor improvements

in corrosion performance are difficult to detect in such tests.

3.3.2.6.1 Potentiodynamic polarisation

All electrochemical measurements were performed in 3% NaCl solution using a 3-
electrode cell similar to the one described in Figure 40. During the potentiodynamic

measurement the sample is polarised i.e. forced to a potential (vs. stable electrode i.e.
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reference electrode, RE) using an external power source. The current is fed through

auxiliary electrodes (AE).

Sample (WE)

Figure 40 Schematic diagram of potentiodynamic polarisation test cell.

The current density 7 (current divided by exposed area) is recorded and plotted in a

graph similar to the one in the Figure 41. Figure 41 also outlines the different regions

that are commonly observed in the results [55]:

Transpassive

Anodic region

Cathodic ragion

0

Current density —>
Figure 41 The different regions of the potentiodynamic polarisation curve of

passivating material
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Cathodic region:

Negative currents are measured in the portion of the graph which is called the
cathodic region. The common practice is to plot the negative currents as their nominal
value. There the working electrode (WE) behaves as a cathode and the counter
electrode (CE) as an anode. The reactions, which take place at the WE in this region,
are, for example, generation of oxygen gas by the oxidation of water or the generation

of chlorine gas due to the chloride-containing electrolyte.

Free corrosion potential E op:
The value of potential where the changeover from negative to positive currents takes

place is called the free corrosion potential E,oyy.

Anodic region:
Positive currents are measured in the portion of the graph called the anodic region.

The WE behaves as an anode.

Passive zone:
As the formation of a protective film on the WE takes place, a sudden drop in
corrosion current density is observed. Then the current density is maintained at a low

and steady level until a breakdown of the protective film begins at Ej;.

The polarisation measurements were performed with EG&G Model 263A potentiostat
from -1000 mV to 1000 mV using scan rate of 0.5 mV/s with Saturated Calomel
Electrode (SCE) reference electrode. Before the polarisation measurements samples,
were cleaned cathodically at -1.5 V for 100 seconds and then allowed to equilibrate at

Open Circuit Potential (OPC) for 40 minutes.

With PVD coating on low alloy steels pitting is the dominant form of corrosion also
in the polarisation tests. If the coating has good barrier properties and is
electrochemically stable (in the potential range under investigation) it exhibits
“passive like” behaviour in the anodic region. In this region the corrosion is limited to
the localised defects in the coating and the anodic current expresses the amount of

active area.
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3.3.2.6.2 Other corrosion measurements

Salt spray tests are the industry standard for anticorrosion coating. They were
performed according to ASTM B117 standard for salt spray tests. The samples were
subjected to a salt spray at 98% humidity with a solution consisting 50 g/l NaCl with
pH = 6.5-7.2 at 35°C. The samples were placed at ca. 45° angle with only the coated
surface exposed to the environment. The duration of the test was 230 hours and the
samples were inspected at the end of the test and also after 72 and 162 hours. 5

samples of each coating were tested with about 4 cm? surface area each [79].
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4 SUBSTRATE MODIFICATION USING DUPLEX
PROCESS

As discussed in the section 2.3.4 the substrate properties can have a strong influence
on the mechanical and tribological performance of the hard PVD coatings. In order to
get the very high wear resistance normally achieved on PVD coated hard alloys on
softer structural and low alloy steels, a duplex process may be needed. A duplex
process commonly refers to the application of two individual surface/subsurface
modification processes to produce a combination of mechanical, metallurgical and

chemical properties that cannot be obtained by any individual process [81].

In the work reported in this chapter used a nitriding process to modify the substrate
surface to work better together with PVD. The major part of the work focused on the
microstructure of the compound layer and the effects it had on the overall

performance of the duplex treated steel.

The S154 grade high strength steel (composition: C 0.35, Si 0.3, Mn 0.6, Cr 0.7, Mo
0.6, Ni 2.5) was selected as the substrate. With a tensile strength of over 850 MPa,
this steel is tough, impact resistant, heat treatable and it can also be easily machined
and welded. It can also be readily nitrided with a notable increase in surface hardness.
High speed steel and non-nitrided S154 samples were also prepared to act as

references.

Eltro Ltd., UK, carried out the nitriding processes using a commercial low-pressure
pulse plasma nitriding process using three different nitriding parameter sets that can
be seen in Table 3. All the nitrided samples were then coated with CtN/NbN coating
consisting of 0.5 pum thick CrN base layer and 4pm thick nanostructured CrN/NbN

multilayer.
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Table 3 The coating parameters used in this study

Nitriding Process | Sample 1 Sample 2 Sample 3
3:1 (170 pm case (290 pm case depth) | (400 um case
hydrogen/nitroge | depth) 3 hours @ 480 °C depth)
n atmosphere) 6 hours @ 520 °C | followed by 40 hours @ 530 °C
14 hours @ 520 °C
Polishing & Mechanical polish to R, < 1pm finish
cleaning
Pump-down and | 400 °C at a pressure <7 x 10 mbar
heating:
Cr" etching Arc current: I1=100 A,
(20min) Bias Voltage: Up=-1200 V
Pressure: p= 1x10° mbar
CrN Power: 2 Cr targets with 5 kW each
(30min) Bias Voltage: Up=-75V
Pressure: p=3.8x 10" mbar
CrN/NbN Power: 2 Cr targets with 5 kW each and 2 Nb targets with 10
(150min) kW each
Bias Voltage: Uy=-120V
Pressure: p = 3.6 x10° mbar Cr: 2*5 kW, Nb: 2*10 kW

4.1 Microstructure and hardness of the nitrided zone

The microstructure and the mechanical properties of the substrates were investigated
to evaluate the effects of the nitriding processes. The micrographs of the polished and
etched cross sections (Figure 42 and Figure 43) clearly illustrate the affected layers
with altered microstructure near the surface of the samples. In Figure 42 the 5 pm
thick PVD coating can be seen at the surface of the samples (left hand side of the
image) followed by a compound layer that ranges from 5 pm to 15 pm depending on
the nitriding parameters used. The sample was etched using 5% Nital acid to help
reveal the nitrogen affected microstructure. In Figure 43 the nitrogen affected

microstructure can be observed up to a depth of 400 pm.
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Figure 42 The coating and the compound layer are clearly visible in the polished
cross-sections (optical micrograph) a) Sample 1 (170um) b) Sample 2 (200um) c)
Sample 3 (400um)
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Figure 43 Etched cross-sections of duplex treated coatings a) sample 1 (170 um case
depth) (b) sample 2 (290 um case depth) c) sample 3 (400 um case depth). 0
indicates the top surface of the sample. The coating is visible on the left side of the
image, followed by the compound layer.

The hardness-depth profiles (Hy,2s;) of the nitrided zone (Figure 44) shows a
significant increase in the surface hardness after nitriding. The surface hardness
depends on the composition of the compound layer, as is shown later in this section
reaching a value of almost 900 with sample 1 while being only 530 with sample 3.
The longer nitriding processes for samples 2 and 3 give the nitrogen more time to
diffuse deeper into the metal which can be seen as a larger case depth (the depth of
the affected zone). The hardness of the PVD coating is still significantly grater than
that of the compound layer and was measured to be 3200 (H, »5;) on all coated

samples.
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Figure 44 Hardness -depth profile of the nitrided S154 steel. The solid markers are
measured from the polished cross-section, the open markers show the surface

hardness.

The results of the hardness measurements show that, by changing the nitriding
parameters, the hardness profile near the surfaces can be modified to suit the
application. It is possible to design the nitriding process to achieve high surface
hardness with relatively shallow hardening depth or low surface hardness and high

case depth.

The XRD patterns from the 1° glancing angle measurements of the nitrided surfaces
before coating can be seen in Figure 45. The two common ferrous nitride phases y’
(gamma prime, FesN, FCC) and € (Fe;N, Hexagonal) were detected in the compound
layer. Samples 1 and 2 have very similar patterns both showing ferrous nitride phases

present, while sample 3 is virtually fully y” phase.
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