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Abstract

CrN/NbN nano-scale multilayered coatings have found use in a number of
commercial applications where both wear and corrosion resistance are important
factors that are required. CtIN/NbN nano-scale multilayered coatings have been
successfully deposited at temperatures as low as 250°C on 304 stainless steel
substrates. This has been achieved by the combined cathodic arc/unbalanced
magnetron PVD technique (Arc Bond Sputter) with a coating thickness of 3.0 um at
bias voltages Up of -75 and -95 Volts. The coatings exhibited a preferred {111}
texture, good adhesion properties and plastic hardness of 38 to 69 GPa. The
microstructural and surface morphology properties of these coatings in the as
deposited and corroded conditions have been investigated. The corrosion resistance
of the coatings was determined using potentiodynamic polarisation measurement in a
3%NaCl solution open to air at room temperature. The low temperature CrN/NbN
coatings deposited onto stainless steel exhibited superior corrosion resistance
properties than that for stainless steel. Both crevice and pitting corrosion had
occurred at selective growth defect sites, beneath which, an under-dense (porous)
coating microstructure was present. These under-dense coating regions provide
solution pathways through the coating to the substrate. Wherever feasible
comparisons were made with CrN/NbN superlattice coatings deposited at higher
temperatures (400°C).
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1 Introduction

Nano-scaled multilayered coatings (superlattices) are thin films having an alternating
layered structure of two materials with nanometer dimensions. A number of
superlattice hard coatings have been produced using the physical vapour deposition
(PVD) technique. These coatings usually exhibit high hardness values together with
excellent wear and corrosion resistance properties, which therefore mean they

become increasingly important in applications where these properties are required.

This report deals with the CtN/NbN superlattice coating system. Hard CrN/NbN
superlattice coatings (35GPa) have been developed as a potential alternative to
electroplated hard chromium for special industrial applications [1]. This is because
PVD processes are considered to be more environmentally friendly. These coatings
had normally been produced at 400°C by combined cathodic arc/unbalanced
magnetron technique. The deposition of CrN/NbN superlattices on plain carbon and
low alloyed steels which are temperature sensitive materials make it necessary to
carry out the deposition process at low temperatures in the range of 220°C and
280°C. Investigations revealed that the CrN/NbN superlattice coating can be
successfully deposited at these low temperatures. Previous research about this
coating system deposited at low temperatures and different bias voltages revealed
that the CrN/NbN superlattice coating deposited at a bias voltage of -95V shows
outstanding properties. It was also shown that this coating deposited at -95V bias
voltage exhibits a strong {111} fibre texture.

In the present work the influence of the texture on the wear and corrosion properties
of the of CrN/NbN superlattices is investigated in more detail. Therefore CrN/NbN
(superlattice coatings deposited at -75V and -95V bias voltage were compared.

The corrosion part of this work also includes additional results of the investigated
corrosion behaviour of CrN/NbN superlattice coatings which were deposited - at

higher temperatures (400°C).



2 Literature review

2.1  Superlattices

i

Superlattices are defined as thin films consisting of alternating layers of two different
materials (see fig 2.1). They are characterised by the distance between each
successive pair of layers which is called a bi-layer repeat period or superlattice

period A. This superlattice period has nanometer dimensions.

Due to many physical effects in superlattices they are scientifically and
technologically interesting materials. For example, superlattices combining
magnetic and non-magnetic layers exhibiting unique magnetic properties are
interesting in the magnetic-recording industry [2]. Another part of superlattice
coatings are especially characterised by the substantial increase in hardness and

strength which are presented as follows.

A | Superlattice
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— Base Layer
— lon Implanted Zone
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Figure 2.1. Schematic Diagram showing superlattice period in a nano-scaled multilayered coating.

2.1.1 Superlattice hard PVD coatings

An increase in hardness and strength was observed in metallic superlattices e.g.
aluminium/copper, copper/nickel and iron/platinum and in ceramic superlattices,
such as titanium nitride combined with either niobium, vanadium or aluminium
nitride. The increase in hardness was greater than expected from the "rule of

mixtures" of the constituent materials [2]. The reason for this behaviour can be



explained considering the superlattice period. More than thirty years ago, Koehler
suggested that the fabrication of a layered structure of two materials with the same
crystal structure (i.e. bee) 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". The atoms in the region around a dislocation
in material B are displaced from their normal lattice positions having a strain energy
being proportional to the material's shear modulus Gp. If the dislocation moves into
a layer with a higher shear modulus G, the strain energy increases. Hence, there is a
repulsive force that ihcreases as dislocations in a layer with a small shear modulus
Gp approach the interface to the layer with a larger shear modulus G,4. The critical

stress which is necessary to move a dislocation across an abrupt interface is

proportional to Q:
0=61=Gs) )
(G, +Gy)

A large difference in the shear moduli results in a large critical stress and hence in a

large hardness enhancement [2].

Chu and Barnett developed a more detéiled model about the dislocation movement in
superlattices. This model assumes 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 [2]. Their work revealed that for TIN/NbN superlattices the
hardness value has a maximum with an intermediate value of A. This maximum.

hardness effect is shown in figure 2.2 for the TiN/VN superlattice coating.
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Figure 2.2. Superlattice hardness [3].
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If Ais very small, the layers become nearly interdiffused so that the same shear
modulus exists in each layer, or if the interfaces are too close together the stress
needed to move a dislocation is lowefed due to the fact that interfaces can exert
opposing forces on a dislocation at an interface. Exceeding an intermediate value
for A the hardness decreases with increasing A due to the dislocations moving within

individual layers.

Beside the high hardness values of superlattice hard coatings another benefit is with
the mechanical failure mechanism when compared with monolithically grown

multicomponent coatings, as shown schematically in figure 2.3.

Force l Force
) [ [ [sorsmm T“m'
I
a) " b)

Figure 2.3. Mechanical failure in: (a) monolithically and (b) superlattice coatings [3].

TEM investigations of the wear mechanism of both types of coatings revealed that
the individual grains of columnar and monolithically grown coatings suffer severe
plastic deformation when exposed to shear forces [3]. This deformation is the source
of mechanical failure. The depth of these failures is in the range 50 to 75nm. Due to
a chipping or micro-delamination mechanism within the superlattice coatings the
failure depth, called chipping depth, is only 6-8nm. Superlattice coatings also exhibit
a columnar growth structure but the growth is interrupted, hence, the penetration
depth of the cracks is reduced. In addition to this, it is assumed that the wear debris
of a superlattice coating generated for example in a pin on disk test are much finer
grained than that of a monolithically grown layer leading to a minimised penetration

depth.
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2.1.2 CrN/NDbN superlattice coatings

CrN/NbN superlattice coatings, belonging to the group of supérhard PVD coatings,
were developed to replace electroplated hard chromium. The deposition of
CrN/NBN superlattices on temperature sensitive materials at low temperature is
necessary to compete with electroplated hard chromium. Investigations revealed that
the CrN/NbN superlattice coating could be successfully deposited at low

temperatures.

The intention to replace electroplated hard chromium by a superhard PVD coating
demands a good corrosion resistance of the coating. Therefore the combination of
CrN and NbN as a superlattice was chosen to attain high hardness values together
with excéllent corrosion resistance [4]. The addition of highly electrochemically

stable Nb to the superlattice provides the excellent corrosion resistance properties.

The effective nanoscale modulating of a reasonably dense CrN/NbN superlattice
coating provides a significant increase in the pitting potential and reduction in
passive current densities compared with a commercial CtN coating deposited on a
304 stainless steel (SS) substrate. The layered structure decreases the coating
porosity and therefore the diffusion of solution species to the coating-substrate
interface is reduced [1]. In contrast to this, electroplated chromium has a relative
open and microcracked structure. Regarding the potentiodynamic polarisation curve
~of hard chromium, no clear pitting potential and a high current in the passive region
is visible, which indicates that the coating/substrate interface suffers crevice and
pitting corrosion. CtN/NbN superlattice coatings exhibited current densities in the

passive region being one tenth of that of hard chromium electroplating [1].

The wear rate of CrN/NbN coatings can also compete with hard chromium coatings.
Comparison of pin on disc test results (load 5N, Al,O3 ball, 50000 revolutions) of a
18um thick electroplated hard chromium coating with that for a 5um thick CrN/NbN
superlattice coating, showed that the wear rate of the CrN/NbN coating is also one

tenth that of the wear rate of the electroplated hard chromium coating [4].
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2.2  PVD coating process

The CrN/NbBN superlattice was produced by a combined cathodic arc/unbalanced
magnetron ABS™ PVD coating process. The different techniques associated with

the PVD coating processes are presented as follows.

2.2.1 Steered cathodic arc evaporation

Evaporation isa process of thermal vaporizing of the target in which the heating is
carried out at a low pressure [5]. In this case the cathodic arc discharge is used to
heat up the material and to produce metallic vapour. The arc strikes on the target
which acts as a cathode. The initiation of the arc is by the application of a high
voltage pulse to an electrode placed in the vicinity of the target which is to be
evaporated. The produced cathode-spot, 10 to 100um in size [6], is a high current
(30-400 A), low voltage (15-50V) [7] electrical discharge. The current densities on
the cathode surface are high (108 to 10" A m?) resulting in high localised
temperatures on the target [5S]. Due to this, small molten pools are formed on the
target surface and an explosion-like evaporation takes place emitting atomic particles
and small droplets [8]. The atomic particles pass through the arc resulting in the
ionisation of the metal atoms which are accelerated away from the cathode due to a
non-uniform potential distribution and plasma\expansion [50]. This flux of dense
plasma consists of electrons, ions, neutral vapour atoms and microdroplets called
macroparticles with the size of 0.1 to 100pum [5], [6], [7]. The emissions from the

cathode spots based on the stationary model are shown in figure 2.4.
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Figure 2.4. Cathode spot region of a vacuum arc [9].
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The spatial distribution, energy and quantity of the individual particles are very
different. Macroparticles are emitted mainly in the cathode plane while ions move
mainly perpendicular to the cathode surface. The spatial distribution of particles
emitted from a cathode of high melting material is close to a cosine distribution [6].
_ The velocity distribution of the emitted ions, atoms and macroparticles is shown in

figure 2.5.
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Figure 2.5. Velocity distribution of macroparticles, atoms and ions of a high melting point metal [6].

There is a high density of particles in the cathode region (electron density up to
10°m™) due to the intensive evaporation of the cathode material in cathode spots.
Creating the conducting medium itself the arc is self-sustaining [5]. A high
percentage (30-100%) of the evaporated material is ionized [7]. The kinetic energies

of the ions are typically in the range of 50 to 150eV '[10].

The cathode spot moves randomly on the cathode surface with velocities between 1
and 100 m/s in the absence of a magnetic field [5]. Applying a strong external
magnetic field the travelling direction of the arc is steered by the external magnetic
field and the arc travel velocity increases [11]. Due to the increased cathode spot
vélocity the macroparticles emission is lower [6], [7]. If a transverse magnetic field
is imposed behind the target the spot moves with velocities up to 150ms™ in the -JxB
direction, which is known as retrograde motion [10]. The arc spot sits preferentially

at the point where the vertical component of the magnetic field is zero [12].

14



2.2.2 Magnetron sputtering

If an ion approaches the surface of a solid, which is called the target, several

interactions, shown in figure 2.6, can occur on the target surface and in the target

itself.
Primary ions
Secondary | Backscattered
electron particles
hv Gas desorplion
Modification of P @
surface properties - - -
Z S sputtered < @ LA
Chemical surface S paricles - -] 4 " L—~Amorphisation
reactions : \ — oy
Topography N S S S
changes - A o—1— Compound
. formation
" ] tmptantation

ii"Sputtering, energy and
:: transfer, annealing, enhanced diffusion

Pt

Figure 2.6. Interactions of ions with the surfaces [13].

The interactions in the target itself include generation of collisional cascades,
creation of point defects e.g. vacancies and interstitials, local heating, amorphisation,

implantation and compound formation.

Possible interactions on the target surface are backscattering, X-ray emission, photon
generation, secondary electron emission, desorption of gas atoms from the target
surface and liberation of atoms. The ejéction of surface atoms by momentum
transfer from énergetic bombarding species of atomic/molecular size is called

sputtering which is a nonthermal vaporisation process [13].

The energy transfer must be greater than the bonding energy to eject an atom of the
surface. If the linear momentum and the energy is conserved the fractional energy

transferred from the ion with the mass m; to a target atom with the mass m; is given

by the equation (2):
E__4mm_ o @
E  (m+m)

Where @is the angle at which the ion collides with the target atom.
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Due to the reason that different interactions between the impacting ion and the
surface can take place (see figure 2.5) the sputtering yield S was introduced defining
the number of ejected atoms from the target surface per incident ion. The sputtering
yield S can be expressed by the equation (3)

S—g2mm_ E : 3)

(mi + m,)2 U,

Where U is the surface binding energy of the material, £ is the energy of the
incident ion and « is a coefficient depending on the mass ratio of the colliding
particles [14]. This expression for S predicting that the yield increases linearly with
E is valid up to above 1 keV. S becomes relatively constant above lkeV and

decreases at very high energies because the ion energy is dissipated well below the

surface, which is shown in figure 2.7 for copper as target material.

ar*on Cu
3.0+

20t
Yield
{Atoms/
fon}

Threshold

- o . .
600 1000 s 0 15 20 25 30 3 &
fon Energy (eV) lon Energy -

la} (b)
0 - 1000eV 0 — 40keV

Figure 2.7. The variation of sputtering yield for Ar" on Cu as a function of the ion bombardment
energy [16].

The ejected a;tom is moved through the space until it strikes and condenses on the
surface of the substrate, which is coated by repeating the process over and over. The
ions are provided by the working gas e.g. argon. The argon atoms have to be ionised
by electrons which come from glow discharge between an anode and a cathode.
There are free electrons in the coating chamber which are accelerated towards the
anode. Having an Ar atmosphere in the pressure range between 1 to 50x10” mbar
some of the accelerated free electrons collide with the Ar atoms, which results in the

production of further electrons (¢”) and Ar ions (Ar").
e +Ar—>2-e + Ar’ “4)
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Plasma, consisting of positive ions and negative electrons in a sea of neutral atoms is
formed. The plasma can be divided into several distinct regions with varying voltage

potentials.

Electrons and ions can be lost to the electrodes and to all other surfaces within in the
chamber. It is necessary to create new ions and electrons to maintain a steady state
discharge. This is reached by the emission of secondary electrons due to the impact

of Ar® on the target surface, which can then form further ions.

Using a magnetic field in sputtering the efficiency of the electrons can be increased
and therefore the ionisation is enhanced [15]. The magnets either permanent or
electro-magnets are situated behind the target. A moving particle with the charge ¢
and the velocity v in a magnetic field B is subjected to a force F), (Lorentz force)
which is perpendicular to the magnetic field and the velocity (5): 7
F =qvxB ()
If the charged particle moves perpendicular to the magnetic field the force F,, will
cause the particle with the mass m to move in an orbital path with the radius 7:
r=mv, /qB (©6)
Equation (6) can be written as (7)
2m-E_
’qu.B“" ™
Where Ey, is the kinetic energy of the particle.

The resulting path is helical because the component of the velocity which is parallel
to the magnetic field is unaffected. There are Ar ions and electrons in the plasma
which are subjected to the force F,,, but having a great mass the Ar ions have a larger

orbit than the coating chamber so that this influence is ignored [17].

A combined electric and magnetic field in the coating chamber which are
perpendicular to each other is used in this investigation. The net trajectory of the
particles is cyclical. If the charged particle moves in the direction of E it picks up
speed and is less deflected by the magnetic field. Going against the electrical field
the particle loses speed and is more deflected by the magnetic field.

17



The result of this cyclical motion is an effective drift in the direction of ExB, as

shown in figure 2.8.
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Figure 2.8. The motion of an electron in combined electric and magnetic fields [17].

The magnets are arranged in such a way that one pole is positioned at the central axis
of the target and the second pole is formed by a ring of magnets around the outer

edge of the target, see figure 2.9a [18].

lon Current Density lon Current Density
<1 mAicm*2 2-10 mAfcmA2
I .. Substrate - | | Substrate |

Target !
(n] [s]  Ln]
Conventional Magnetron : Type-2 Unbalanced
| ' Magnetron
(a) (‘balanced’ magnetron) (b)

Figure 2.9. Schematic representation of the plasma confinement in (a) balanced magﬁetrons and (b)
unbalanced magnetrons with stronger outer poles [18].

The electrons can be trapped in ‘this way which increases the probability of an
ionising electron-atom collision. This results in dense plasma in the target region,
which leads to increased ion bombardment of the target and hence a higher sputter
rate achieving higher deposition rates at the substrate. Having a greater ionisation
efficiency the discharge can be maintained at lower operation pressures (10'3mbar
instead of 10?mbar) and lower sputtering voltages (-500V instead of -2 to —3kV)

compared to the sputtering mode without magnetrons [18].
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Applying a negative potential to the substrate ions can be extracted from the
discharge surrounding the substrate. The current density incident on the film-
substrate surface is quite low, 0.05 to 0.10 ions per deposited atom in conventional
dc magnetrons. This ratio should be increased without increasing the energy of the
bombarding ions. This can be reached by the use of unbalanced magnetrons [13]. In
contrast to the balanced magnetron the field lines of the unbalanced magnetron are
not all closed between the central and the outer poles because one magnetic pole, in
this case the outer pole, has been made significantly. stronger, as shown in figure
2.9b. Hence, the electrons from the cathode region are less tightly trapped and can
flow towards the substrate. The electrons tend to pull ions along so that the plasma
expands and reaches the sample region [13]. The ion-to-deposited-atom ratio is
about 2:1 at low substrate bias potentials {13]. The planar magnetron sputtering
configuration for the catflode is shown in figure 2.10.

Area of Magnetic
Magnet Poles Erosion Field Lines

Hopping
Electrons

Figure 2.10: Planar magnetron sputtering configuration [16].

A multiple magnetron system is used to deposit CtrN/NbN superlattices. Having an
even number of cathodes the adjacent magnetrons have opposite magnetic polarities
resulting in a closed field configuration where the field lines are linked between the
magnetrons, see figure 2.11.
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Figure 2.11. Schematic diagram of four target coating system [19].

The ion current density at the substrate increases almost linearly with the discharge

current [19].

2.2.3 Arc-Bond-Sputter (ABS™) technology

The arc bond sputtering (ABS) technology combines the methods of steered arc and
unbalanced magnetrbn technology. The combining of these coating processes lead to
the development of the Hauzer Techno Coating (HTC) 1000-4 ABS™ system. The
idea of the ABS™method is to combine the advantages of the arc technology with
that of unbalanced magnetron technique [19]. Using this technology the substrates
are etched by ions generated by a cathodic-arc discharge prior to deposition of the
coating by unbalanced magnetron sputtering. The use of the steered-arc results in the
bombardment of highly ionised metal atoms i.e. Cr", which provide an intensive
sputter cleaning of the substrate surface and tailored interface formation with a
minimised droplet amount [1]. The metal-ion etching guarantees a superior adhesion

of the coating to the substrate [20].

Using the unbalanced magnetron during the deposition step it is possible to deposit
coatings at large working distances between the substrate and the target [31]. In
addition denser and droplet-free coatings can be deposited by the unbalanced

magnetron technique [19], [21].
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Cathodes and power supplies must be suitable for the arc modus and magnetron
operation. One cathode has to operate in the arc and unbalanced-magnetron (UBM)
mode. During the arc operation the outer poles of the typical magnetron arrangement
are withdrawn from the back of the target. The central pole of the magnetic field
remains close to the target to run the steered arc mode [22]. The arrangement of the

magnets is shown in figure 2.12.

1
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1 =target 3 = fixturing of center poles 5 = recipient
2 = permanent magnets 4 = magnetic yoke 6 = magnetic neutral spacer

Figure 2.12. Schematic diagram of the combined Steered Arc™ and unbalanced-magnetron source
[22].

2.3 Film growth, interfaces, texture, growth defects and residual
stresses of thin films

2.3.1 Film growth

The condensation of atoms (“adatoms™) on a surface results in atomistic film growth
[23]. Oettel describes the stages of layer growth which occur simultaneously as
follows [8]:

1. Absorption of the incident particles (in competition with their desorption).

2. Formation of small clusters or nuclei by surface diffusion of the adsorbed
particles.

3. Growth of the cluster/nuclei by adding of further particles, cluster migration and
coalescence.

4. Ripening and recrystallization processes.
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Atoms that impinge the surface in a vacuum environment are either reflected
immediately, re-evaporate after a residence time or condense on the surface [23].
The atoms which are not reflected or re-evaporated may not stick to the immediate
surface where they impinged. They have a certain degree of surface mobility, which
depends on the energy of the atom, the atom-surface interaction (chemical bonding)
and the temperature of the surface [23]. The surface diffusion is affected by the
different surface free energies of different crystallographic planes e.g. the free energy
of the (111)-plane of face-centered cubic metals is less than for the (100)-plane, so
the surface mobility of an ad-atom on the (111) surface is higher than on the (100)-
surface. As a consequence different crystallographic planes will grow at different

rates during ad-atom condensation [23].

The condensing atoms react' with the surface to form atom-to-atom chemical bonds
hence they lose energy. Depending on the strength of the ad-atom-surface
interaction the surface mobility can either be low or high. If the atom-atom
interaction is strong, each surface atom can act as a nucleation site due to a low
surface mobility. The ad-atom will have a high surface mobility if the ad-atom-
surface interaction is weak. In this case the ad-atom will condense at preferential
nucleation sites like:

- morphological surface discontinuities (e.g. steps and scratches).

- lattice defects in the surface (e.g. point defects and grain boundaries).

- charge sites in insulator surfaces. |

- surface areas having a different chemistry or crystallographic orientation.

- foreign atoms in the surface [23].

Condensed atoms form nuclei. It is a homogeneous nucleation if the surface and the
deposited atoms are of the same material. If the surface and the ad-atoms are of
different materials then a heterogeneous nucleation takes place. The formation of a
closed layer occurs in three stages: At first the island growth takes place with
nucleation and growth of nuclei which is parallel to the surface. The nuclei grow by
collecting atoms which diffuse over the surface. Reaching a maximum of nuclei
density the islands coalesce. Interfacial voids or structural discontinuities at the
interface can be a result of growth and coalescence of the nuclei if there is no

chemical interaction between the nuclei and the substrate material and growth in a
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vertical mode occurs [23]. A tunnel or channel stage occurs if coalescence and

secondary nucleation takes place which leads to complete covering.

The following three different types of nucleation mechanisms are known [24]:
- Van der Merwe mechanism (2-dimensional nucleation): monolayer-by-
monolayer growth
- Volmer-Weber mechanism: 3-dimensional nucleation and growth
- Stranski-Krastanov mechanism (2-dimensional nucleation): layer growth
followed by island formation.
The developed microstructure depends on diffusion (temperature), kinetic energies of
the impingent particles, density of the particle flow, angle of the incidence and
preferred crystallographic orientation of growth of the layer material.

2.3.2 The structure of interfaces

Interfaces are transition regions between two areas or zones of a material. The
deposited film can diffuse and react with the substrate resulting in the formation of
an interfacial region. The interface characteristics are important to the adhesion,
electrical and electronic properties [23], [24]. Different types of interfacial regions
can be distinguished as follows: abrupt, mechanical, diffusion, compound,
pseudodiffusion and reactively graded interfaces [23], [24] and are shown
schematically in figure 2.13.

If the interfacial region is characterized by an abrupt change in material properties
due to the abrupt change from the substrate material to the film material in a distance
of the order of the atomic spacing then it is called abrupt interface. This interface is
formed as a consequence of the absence of bulk diffusion and a weak chemical
reaction between the deposited atoms and the substrate. Hence the adhesion of the

system is considered to be weak [23], [24].
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Figure 2.13. Types of interfacial regions [23].

The mechanical interface is a special type of the abrupt interface. This kind of
interfacial region is formed on a rough surface where the deposited film forms a

conforming surface to the roughness, resulting in mechanical interlocking [23], [24].

An interfacial region having a gradual change in composiﬁon with no compound
formation is known as a diffusion interface. It can be formed if there is a mutual
solubility between the two materials (A+B) and if there is sufficient temperature and
the time to allow diffusion to occur. If the two materials have different diffusion
rates then this can create porosity in the interfacial region, known as the Kirkendall
effect. This porosity can be a problem because it increases the failure probability

with the formation of voids leading to microcracking within the coating [23], [24].

A compound interface is formed, if diffusion (A+B) occurs together with a chemical
reaction (ABy) between the two neighbouring materials. Usually the compounds
formed are brittle and introduce high stresses due to volumetric changes in the
interfacial region. These stresses can be relieved by microcracking in the interfacial
region resulting in a weakened interface. A compound interface, generally being
conducive to good adhesion, will lead to poor adhesion if this region is too thick due

to porosity and microcracked brittle compounds [23], [24].
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A pseudodiffusion interface can be achieved by implantation of ions during
subsequent or concurrent ion bombardment. It is characterized by a graded interface.
In contrast to the diffusion interface it can be formed between insoluble materials.

This interface provides an improved adhesion [23], [24].

Controlling the amount of a reactive gas flow during reactive deposition a reactively

graded interface having a graded compound-matrix material can be formed. .

2.3.3 Structure zone models

Structure zone models (SZM) describe the film morphology after an appreciable film
thickness has been reached where the film establishes a growth mode not being
influenced by the substrate [23]. The first SZM, published by MOVCHAN and
DEMCHISHIN in 1969 [25], described the formation of the microstructure of
vacuum-deposited film in dependence of the homologous temperature 7/7,, , where T
is the deposition temperature (in Kelvin) and T, is the melting point (in Kelvin) of
the deposited material [25]. The model distinguishes between three zones, as shown
in figure 2.14.

By
e
T, T.

2
Temperoture ———o

Zone | Zone 2 Zone 3
Metals <03 T, 0.3-0.45T, >045Tp,
Orides <0.26 T, 0.26-0.45T,, >0.457T,,

Figure 2.14. SZM by MOVCHAN and DEMCHISHIN, where T,,’=T/Ty, [25].

Zone 1 is characterised by a restricted or no surface diffusion and no volume
diffusion. It shows an open grain structure with very fine fibre-like textured grains
having a high defect density and high porosity between the fibres because of
shadowing effects of the incident particles. This results in a rough surface, low

residual stresses and bad mechanical or tribological properties [25].
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Zone II allows surface diffusion but volume diffusion is very restricted or does not
occur. This zone shows fine and dense columnar grains with texture and smooth
surfaces. Due to high defect densities there are significant residual stresses present

within the coating. Generally this zone has good mechanical properties [25].

Zone 1] makes all kinds of diffusion possible. The nucleation is homeo-epitactic and
grain boundary migration occurs. The morphology is characterised by non-columnar
coarse grains with low defect densities. There is a weaker texture. The residual

stresses are low and the mechanical properties are reduced [25].

THORNTON extended this model for sputtered films, as shown in figure 2.15 [26].

TRANSITIONSTRUCTURE ~ COLUMNAR GRAINS
CONSISTING OF

DENSELY PACKED
FIBROUS GRAINS

POROUS STRUCTURE
CONSISTING OF TAPERED
CRYSTALLITES SEPARATED
BY VOIDS

RECRYSTALLIZED
GRAIN STRUCTURE

05 suBSTRATE
TEMPERATURE (T/T,,)

Figure 2.15. SZM by THORNTON {26].

He added a second process parameter: the working gas pressure which is equivalent
to the energy of the particles. High gas pressure results in low particle energies due
to frequent collisions [26]. The model by THORNTON introduces an additional
zone T between zone I (T/Ty, < 0.3) and zone II (0.3 < T/Ty, < 0.5) in comparison to
the model by MOVCHAN and DEMCHISHIN.

Zone T (T/Tyy < 0.3) is the so called transition zone. It consists of densely packed
fibrous grains with optimal mechanical properties and high residual stresses [26].
The formation of this zone is a result of the energetic bombardment from reflected
high-energy neutrals from the sputtering target at low gas pressures. Due to this

bombardment peaks are eroded and fill in the valleys to some extent [23], [26].
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It must be emphasised that these two models have not taken into account important
parameters like the particle fluxes and the direction of particle incidence hence they

can not describe all features of the microstructure in a generalized manner [26].

In 1984 MESSIER altered the THORTON model by replacing the pressure axis with
a substrate bias voltage axis, as shown in figure 2.16 [27]. An increase in the bias
voltage results in an increased average energy of the bombarding ions, which
enhances the ad-atom mobility. Zone I is suppressed at higher bias voltages in this
model [27].

Figure 2.16. SZM showing the influence of substrate bias voltage and substrate temperature for thick
films after MESSIER [27].

A new SZM for films, which are deposited using closed-field unbalanced magnetron
sputtering (CFUBMS) systems has been developed by KELLY and ARNELL in
1998 [28]. This model describes the coating structures in terms of homologous
temperature, bias voltage (to represent ion energy) and ion-to-atom ratio. This model
is considered to be an advanced model because it allows a separate consideration of
the influences of ion flux and ion energy on structure. Aluminium, zirconium and
tungsten were deposited and the following parameters were varied in the
investigation (Kelly and Arnell) with target current (2-8A), substrate bias voltage (-
30 to —70V), coating pressure (0.5 —3mTorr) and substrate-to-target separation.
Their investigation revealed that the structures of cdatings were either fully dense
(zone 3) or dense columnar (zone 2). Structures corresponding to zone 1 were not

produced in their investigation, as shown in figure 2.17.
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The figure shows that with the CFUBMS “high temperature” structures can be
achieved at relatively low homologous temperatures while the formation of the “low

temperature” zone 1 and zone T structures is suppressed.

Thomton 1 T 2 3
Messler 1 T 2 3
Kelly & Amell 2 3

Homologous

Temperature, T/Tm I l I ] I l | I I

Dcmmmm 0.1 03 05 07 09
tested

Figure 2.17. A comparison, in terms of homologous temperature, of the positions of the zonal
boundaries given in published SZMs for other sputtering systems with the boundaries observed for the
CFUBMS system [28].

The SZM which accommodates three deposition parameters is shown in figure 2.18a.

Bias Nodata
Voftage, V
400 TITm
.................... ' ; o
' ;
) ’
[ ; ;
Zone 2 N ,
s /s
t 9 Yo - e Zone 3
TOumthB. .
Ho TrTm Pt
Vi
JiJa ;
Y

(b)
Figure 2.18. (a) SZM for films deposited using CFUBMS [19]. (b) Two-dimensional slices through

structure zone model at constant voltages V; and V,, where V,>V, [28].

A boundary, forming a surface in this three-dimensional model, separates the zone 2
regions, from the zone 3 region. The boundary inside the zone 2 region marks the
levels of the used parameters in the investigation by Kelly. A better illustration of
the model can be achieved by considering slices through it at constant values of one

parameter, as shown in figure 2.18b [28].
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2.3.4 Textures in PVD coatings

Textures are preferred orientations of the grains in polycrystals. The growth process

of the film on the substrate causes the development of textures in films.

Due to the directed incidence of the particles the growth of the crystalline films is
nearly uni-directional, which leads usually to a highly textured microstructure. This
preferred texture results in anisotropic properties [29]. The texture formation is
influenced by a high diversity of factors, which includes: temperature, particle
energies, substrate and film materials, composition of gases, gas pressure, substrate

and film materials [30].

The grown layers can be divided in three zones considering the texture formation
. [30]:

Zone A is near the substrate interface where epitactic nucleation leads to a texture
determined by the substrate’s texture. This process takes place at temperatures above
the so-called epitactic temperature. It can be supported by small particle fluxes, high
surface energy of the nucleus and similar crystallographic structure of the contacting

lattice planes resulting in a low energy interface between substrate and nucleus [8].

Zone C is the region near the surface of the growing layer. In this region the texture
is determined by an energy controlled growth selection. This is influenced by the
film material and the process parameters but not by the substrate [30]. The energy
controlled orientation selection yields to a minimum energy of the layer system given
by equation (8) [8]:

E=E,  +E _ +E,  +E = min ®

surface defect strain
Where

Esurface = total surface energy

Egain = total grain and phase boundary energy
Espe = energy caused by defects

Estain = elastic strain energy.
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If the growth selection is energy-controlled then the grains with a minimum surface

energy of a certain hkl plain will grow preferentially.

The growth selection can also be controlled by orientation dependent growth rates
known as growth rate controlled selection [30]. This includes kinetic-growth
velocities where the orientation selection is controlled by the velocity and the
orientation-selective sputtering through channelling, which means that the directions
with the lowest resputtering effect and the best channelling conditions grow

preferentially [31].

Zone B is the intermediate area between A and C. The orientation selection
conditions are altered inside this zone [30].

The growth direction is influenced by the angle of incidence of the particles. The
particles do not impact perpendicularly on the substrate surface using PVD methods.
Due to the angular spread of the particles the textures of the thin films are inclined

producing fibre textures, which coincide with the columnar axes [30].

2.3.5 Growth defects

The growth of PVD coatings takes place far away from the thermodynamic
equilibrium resulting in high defect densities within the coating [8]. Growth defects

can be divided in microscopic and macroscopic defects.

2.3.5.1 Microscopic defects

The microscopic defects appearing in coatings can be further distinguished in point
defects (0-dimensinal), 1-dimensional, 2-dimensional and 3-dimensional defects:

0-dimensional defects:

Due to fast effective quenching of the vapour and due to collision cascades of the
incident particles, intrinsic point defects like self interstitials or vacancies appear. As
a consequence precipitations are accelerated and intrinsic point defects can form
clusters or complexes with extrinsic defects [8]. The incorporation of noble gas
atoms or impurities by substitution on regular lattice sites is called extrinsic point

defects. These defects arise due to collision cascades or implantation resulting in a
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remarkable volume change of the lattice, which leads to residual stresses. Extrinsic

point defects are usually generated simultaneously with intrinsic point defects [8].

1-dimensional defects:

Dislocations are 1-dimensional defects. It is assumed that in layers with grain sizes
larger than 0.lmm the dislocation density is similar to those in highly deformed
metals. In contrast to this the existence of dislocations in nanocrystalline materials is
discussed controversially. In these materials the annihilation of generated
dislocations is favoured because of the high number of gréin boundary regions,

which makes the material elastically strongly inhomogeneous.
The grain boundaries are 2-dimensional defects.

3-dimensional defects: '

Considering the zone I of the microstructure model a remarkable porosity between
the grains appears, which results from shadowing effects of the incident particles
especially at a low angle of incidence. These defects are called cavities. Clustering
of vacancies or coalescence of Ar or N, which are inco.rporated during the deposition

process results in the formation of pores, too.

2.3.5.2 Macroscopic defects

Pinholes, hillocks and droplets are known as macroscopic defects. Pinholes are
generated due to particulate contamination of the surface [32]. The formation of
pinholes depending on the surface roughness is shown in figure 2.19.
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Figure 2.19. Effect of surface features and angular distribution of deposition flux on film deposition:
top, inclusion or particle contamination; middle, rough surface; bottom, single surface feature [32].

The most-dense PVD coatings can be achieved by a smooth substrate surface
because of the lack of macro-columnar morphology, which would result from

geometrical shadowing of features on the substrate surface [32].

The existence of droplets has a detrimental influence of the corrosion behaviour of
coatings (see section 2.4). Considering the arc bond sputtering (ABS) process (see
section 2.2.3) the formation of metallic droplets occurs during metal ion etching by
an arc discharge. Growth defects are generated on top of these droplets during the
unbalanced magnetron sputtering process [33] due to abnormal coating growth above
the droplet. The ejection of melt metal droplets is integral to the vapourisation of
neutrals and emission of electrons during the process of arc discharge [34]. During
this process an arc travels along spots across the target surface with a short dwell
time (10"ms). Due to the strong heating of the target surface micro molten pools are
developed at the spots. The target metal plasma consisting of vapour ions, vapour
neutrals, electrons and liquid metal droplets are ejected by the molten pools. The
liquid droplets can solidify during the flight to the substrate and form coating |
macroparticles there [34]. The number, density and size of droplets depend on
parameters like the cathode current or power, target melting point and background
gas pressure. The table, given in the appendix, summarises the results obtained from

metal ion etching with different materials with the following process parameters:
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Ugten = -1200V, Inre= 100A, P = 2x10™ mbar, T ~ 450°C, tEtcg =10min, H;=50G
and target to substrate distance ~30cm. Figures 2.20a and 2.20b show the size
distribution of the droplet formation resulting from Cr and Nb metal ion etching [33].

It can be clearly shown that majority of the droplets for both metals are less than 1

micron in diameter.
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Figure 2.20. Frequency of droplet diameter of (a) Nb and (b) Cr etched samples [33].

This investigation revealed that the maximum droplet diameter decreases with
increasing melting temperature up to 2000°C. For materials having a melting
temperature greater than 2000°C, the maximum droplet size and the number of
droplets generated seem to be independent of the melting point [35]. It is assumed
that full solidification of the droplets from higher melting materials takes place
during flight, because these droplets were spherical when they deposit on the
substrate surface. In contrast to this, because Al droplets have a much lower melting
point, are liquid when they arrive on the substrate surface and solidify on the surface
with a typical rapid solidification pattern [35]. Metal ion etching with Cr resulted in
a high percentage of smaller droplets than that obtained from similar melting point
metals such as Nb and Zr [33]. This was because the Cr exhibits a much higher
vapour pressure in comparison with its neighbouring high melting metals. This had
an effect that even solidified Cr droplets will shrink due to sublimation either during
flight or after arrival at the substrate [33]. A comparison of the number of droplets
generated during cathodic arc etching with the number of growth defects detectable
on top of a 3um TiAIN coating surface revealed that there is a correlation between
these growth defects and the number of droplets, which does not change after
coating. This shows that every droplet causes a defect, which occurs as further
material is deposited 'on top of these microparticles, which often grow during
deposition onto the coating surface. This means that practically no new droplets are
buried during film growth. However, with regards to Cr etching it was noted that
very small Cr droplets were effectively buried by the coating [33]. It was also
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observed that the growth defects were larger in size than the droplets from which
they had formed. The size of growth defects increases only during the initial growth
stage and then remains constant. This means that above a minimum thickness the
defect size should be almost independent of the coating thickness [33]. Porous
surfaces around the very large size defects were observed for some etched and coated
surfaces. It is assumed that these porous surfaces correlate to shadowing effects due
to the line of sight nature of the sputter process [35]. A schematical illustration of |
the formation of a growth defect from a droplet [36] is shown in figure 2.21. Growth
defects exhibit a distinct structure from the rest of the coating and as it grows it
creates its own boundary. This microstructure is usually composed of dense
columnar grains extending in a feathery pattern outwards from the core. Around the
base of the defect the coating becomes severely under dense due to shadowing and

hence less intense ion bombardment.

Droplet

7 s

N
N
..

Fig 2.21 Schematic illustration of the formation of a nodular defect overgrowing an arc induced macro
particle [36].

The detrimental effects of droplet formation are as follows: local loss of coating
adhesion, surface roughening and formation of surface shrinkage porosity due to a
droplet self-repulsion mechanism [34]. The self-expulsion mechanism is explained

in figure 2.22.
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Figure 2.22. Schematic explanation of the self-expulsion mechanism of droplets [37].

The bonding strength of the droplets is very often not sufficient to maintain the
droplet from being expelled out of the coating due to increasing compressive stress
of the growing coating or an undergrowing of the spherical droplets [37]. If the
expelling event takes place shortly after the film growth is initiated then the hole will
be refilled by the growing film resulting in the formation of a dish-like defect. If
droplets leave the substrate and the coating in a late stage of film growth, which is a

rare event, then it will result in rather deep holes or craters in the coating [37].

An investigation of the CrN/NbN superlattices, which were treated with a pre-
coating steered arc cathodic arc Cr'-etching for 20min at a bias voltage of —1.2kV for
20min, then coated with a CrN base layer by magnetron sputtering for 30min and
finally coated wit CrN/NbN using the unbalanced magnetron-sputtering process for
150min, showed the following morphology [34]: Roughly spherical droplets sized
from less than 1 up to 10um were formed. The density of the large defects was low
as shown in figure 2.23a. Occasionally the droplets appeared to form clusters of

growth defects, as shown in figure 2.23b.
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2.3.6 Residual stresses in thin films

Residual stresses are very often present within hard coatings produced by PVD
methods and are mostly compressive in nature [29]. In coatings compressive stresses
are more favourable as they increase the resistance to fatigue failure. Very high
compressive stresses, however, cause problems with adhesion (base metal/coating
separation) and de-cohesion (intracoating spallation). Tensile residual stresses often
cause cracking of the coating perpendicular to the direction of the stress. Thus,
knowledge of the residual stress present in the coating is important. Typical residual

stress values for hard coatings are typically in the range of 1-10GPa.

Residual stresses are internal stresses existing independently of external forces or
thermal gfadients and affecting the physical and chemical properties of the body.
Due to no external forces, the integral over all the stress components in the whole

body vanishes [38].
[o(x,y,z)dV =0 ©)

Macroscopic residual stresses can be determined using X-ray diffraction (XRD) (see
chapter 3.3.1.2). The measured stress state o is a superposition of several stress
components, which are generated during the stages of the PVD process such as

nucleation, growth and cooling after deposition [29].

O=0 +0 + 0 (10)

nucleation growth cooling

The stress component during the nucleation comes from the structural misfit between

the nucleated film and the substrate due to the formation of misfit dislobations:

ocr” L (11)

epitactic
Where 7 is the distance to the surface and L is the distance between misfit

dislocations.

The growth induced stresses are generated due to the bombardment of neutrals or
ions which leads to the formation of several lattice defects [29]. Hence these stresses
depend strongly on the substrate temperature, the total gas pressure and the bias
voltage which influences the kinetic energy of the particles [39], [40]. The growth-

induced residual stresses depend also on the coating thickness, the coating rate and
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the orientation of the specimens [40]. Increasing the bias voltage leads to higher
residual stresses. Point defects due to the implantation and displacement cascades
result in high intrinsic compressive stresses [29]. The following point defects can

occur:

substitution of regular atoms by metal and / or reactive gas atoms
- incorporation of working gas atoms on regular atom sites
- incorporation of nitrogen on interstitial sites
- incorporation of impurities [29].
The point defects result in a volume change AV/V in the growing layer and in the

formation of intrinsic stresses during the growth stage which are expressed by

equation (12):
LA E LB o -
3V 1-v, 31—y
Where:
EL = Young’s modulus of the layer
%9 = Poisson’s ratio of the layer
Qi = specific volume change caused by defect i
cpi = defect concentration of the point defect i.

Consideration of the atomic radii of the ions and atoms participating in the deposition
process shows that a positive volume change occurs which leads to compressive

stresses [29].

Stresses formed during the cooling step Gcooling result on the one hand from the
difference between the thermal expansion coefficients of the coating and the
substrate material and on the other hand from solid state reactions, e.g. phase

transformation and precipitation processes.

=0, +0 (13)

cooling thermal Pphase transformation

Because of low deposition temperatures the contribution of phase transformation and

precipitation can be neglected.
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The thermal stress component is defined as:

Y (o, -a,)-(T,-T) a9

L

thermal = 1 _

Where Ty is the deposition temperature, o7, and as are thermal expansion coefficients
of the layer and the substrate respectively. Equation (14) is valid for a biaxial stress |
state with equal normal stress components and a fully elastic behaviour of the coating

supposing elastic isotropy, an infinite thick and lateral extended substrate.

Exceeding a critical stress value the coating fails. This critical stress can be either
flow or creep stress of the coating and the substrate at high temperatures or fracture

stress of the coating, as shown in figure 2.25 [29].

\\\0 flow
\

Q

crit.
residual
stresses

— T
Figure 2.25. Schematic diagram of residual stress limits [29].

High compressive stresses also cause an increase of hardness [40], which may be

very beneficial for the coating properties.

It is important to distinguish between macro residual stresses and microstresses.
Macro residual stresses, with which XRD coating stress measurements are made,
vary continuously through the volume of the body and act over all regions, which are
large, compared with atomic dimensions. Microstresses, or textural stresses, act over
dimensions as small as several unit cells, although their effects may extend
throughout most of a grain. Estimates of these residual stresses can be made by a

detailed analysis of line broadening of peaks in XRD traces.
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2.4 Corrosion

2.4.1 Corrosion in general

Corrosion can be defined as a degradation of a metal by an electrochemical reaction
with its environment [41]. Due to thermodynamic laws there is a tendency of metals
to transform from a high energy state into a low energy state, as shown in figure
2.26, which occurs as a recombination with components of the environment leading

to corrosion.

Free
energy

Metal (7Y .- TT1AG

iCorrosiol
Ore product

ey

Reaction co-ordinate

Figure 2.26. Thermodynamic energy profile for metals and their compounds [41].

Because corrosion is an electrochemical process, it is possible to evaluate the overall
reaction by the use of an external electrical circuit called a potentiostat. Figure 2.27
shows the different electrical science conventions for a battery and an aqueous

corrosion cell, which was used for the corrosion experiments.

Electron
current

(@)

() —

Figure 2.27. Electrical science conventions. (a) positive and negative definitions in a battery (1), (b)
~ positive and negative definitions in a corrosion cell [41].

Electrochemical reactions are chemical reactions in which identifiable loss or gain of
electrons takes place. Electrons are produced at the negative electrode in an aqueous
corrosion cell. This electrode is called the anode because convention leads us to -
think of the anode supplying the positive current (positive ions) through the solution
[41].
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The following two half-reactions occur at the solid/liquid interface in an aqueous

corrosion cell:

The anodic reaction is an electron-producing process, which is also called oxidation:
Me —>Me' +z-¢ . (15)

The cathodic reactionis an electron-consuming reaction which is called reduction,

see equation (16) and (17).

The metal/electrolyte interface which behaves as an anode corrodes by loss of

electrons from electrically neutral metal atoms in the solid state, forming discrete

ions. These ions can either enter the solution or react with other species at the

surface forming insoluble solid corrosion products on the metal surface. The

formation of solid corrosion products may block further metal dissolution or may

retard the corrosion and can result in passivation [41].

The cathode does not corrode. It consumes the electrons generated by the anode.

Reduction reactions which are possible at the cathode are as follows:
O,+2H,0+4e ——>40H" (16)
2H" +2e —>H, a7n

The reaction expressed by equation (17) is always possible but varies with the pH |

value of the solution. The other reduction reaction depends on the level of dissolved

oxygen in the solution.

Anodic and cathodic sites are developed on the metal surface when a metal corrodes
in an aqueoﬁs solution. These sites can be either separated permanently from each
other or can shift continually, so that one point of the surface is alternately anodic
and cathodic [42].

Crevice corrosion is defined as the attack which occurs because part of a metal
surface is in a shielded or restricted environment, compared to the rest of the metal

which is exposed to a large volume of electrolyte [41].

Figure 2.28a presents the initial conditions: Corrosion occurs both inside and outside
the crevice. There is an electrostatic balance between the creation of positive metal
ions and negative hydroxyl ions. Dissolved oxygen is consumed, see equation (16),

and more oxygen from the atmosphere diffuses into the solution. The oxygen is less
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replaced within the crevice than at other metal surfaces. The lack of oxygen in the
crevice results in a diminished generation of negative hydroxyl ions and hence an
excess of positive ions occurs. Therefore negative ions from the bulk electrolyte, e.g.
CI', diffuse into the crevice, as shown in figure 2.28b. The presence of chlorides
leads to the creation of complex ions between chloride, metal ions and water
molecules resulting in increased acidity (pH). Finally metal dissolution occurs only
inside the crevice where the concentration of hydrogen ions is increased resulting in

an accelerated metal dissolution process. The reaction becomes self-sustaining [41].
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Figure 2.28. The Fontana-Green mechanism of crevice corrosion [41].

If corrosipn sites cover only a small proportion of a metal while the remainder of the
surface provides a large cathodic area then these sites are very active resulting in
considerable penetration. This localised and selective attack is known as pitting
corrosion. It is a serious problem especially on metals and alloys that have highly
.resistant films [42]. It occurs on areas of a metal surface where there is
[41]:
- a surface scratch or mechanically included break in an otherwise
protective film |
- an emerging dislocation or slip step caused By applied or residual tensile
stresses
- a compositional heterogeneity like an inclusion, segregate or precipitate.
It is necessary to consider the initiation phase to distinguish between pitting and
crevice corrosion. While crevice corrosion is initiated by differential concentration
of oxygen or ions in the electrolyte, pitting corrosion is initiated on plane surfaces by

metallurgical factors alone [41]. If the pit is once initiated then it will take on very
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similar geometrical characteristics to those of a crevice [41]. Pitting is prone to
occur particularly in chloride solutions [42]. In general passivity cannot be easily
established nor maintained due to the presence of chloride ions. If the concentration
of these ions increases than the critical current density is increased, the primary
passive potential is raised, the current density under the condition of passivity is

enlargéd and the passive potential is lowered, as shown in figure 2.29 [42].

log current density

Figure 2.29, The effect of chloride ions upon the anodic polarisation curve for a metal that exhibits
passivity. (A) No chloride present, (B) A low concentration of chloride ions, (C) A high concentration
of chloride ions [42].

Chloride ions interfere with the establishment and maintenanée of passive films due
to (a) the high charge density on the chloride ion, (b) its capacity to form soluble
species and (c) its entry into film lattices where they introduce lattice defects into the
film and reduce the resistivity of the oxide. The chloride does not prevent the
formation of the film, but makes it less protective. If the film is formed in the
presence of a sufficient amount of chloride then the film that is formed will be much
more soluble [42].

2.4.2 Potentiodynamic polarisation curves

During the potentiodynamic measurement the sample is polarised from —1000mV to
+1000mV. The measured current density [ is recorded as the dependent variable,
which is the sum of all anodic and cathodic currents. For the examination of the
corrosion behaviour of materials the potential E is plotted as ordinate. The values for
the current densities is considered to be positive and plotted as Ig I as abscissa. A

graph like in figure 2.30 is obtained.
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Transpassive

Anaodic region

Epasgd — — — — =
Ecorr4 —

Cathodic region

Potential
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Current density —>
Figure 2.30. Potentiodynamic polarisation curve [12].
The different regions on the graph can be defined as follows [41]:
Cathodic region:
Negative currents are measured in the portion of the graph which is called cathodic
region. There the working electrode (WE) behaves as a cathode. The counter
electrode (CE) is the anode in the cathodic region. This electrode does not corrode in
the manner of equation (15). There are other electron-producing reactions, which
take place at the CE e.g. the generation of oxygen gas by the oxidation of water:
2H,0—— 0, +4H" +4e” (18)
or the generation of chlorine gas due to the chloride-containing electrolyte [49]:
2CI" —>Cl, +2e” (19
Free corrosion potential E_,,:
The value of potential where the changeover from negative to positive currents takes
place is called the free corrosion potential E,,,,.
Anodic region:
Positive currents are measured in the portion of the graph called anodic region. The
WE behaves as an anode. Visible changes to the sample can be observed during this
part.
Passivation potential Epggs:
The corrosion rate increases above E,,, and reaches a maximum at the passivation
potential Epys.
Passive zone:
The formation of a protective film takes place causing a sudden drop in corrosion

current density. Then the current density is maintained at a low and steady level

until a breakdown of the protective film begins at Ep.

44



HAPLOL L. L01alulc 1CVIOW

Pitting potential Ep;:

The probability of pitting is greatest at this point. E,; varies according to
metallurgical and environmental conditions and hence it is not an absolute parameter.
The current density increases as more and more pits propagate.

Transpassive region:

The region of the curve above Ey; is called transpassive zone when the current
density rises greatly because of the onset of new anodic processes, rather than

because of pitting.

2.4.3 Corrosion of CrN/NbN superlattice coatings

Most PVD coatings provide poor barrier properties and generally disappointing
corrosion performance due to their columnar microstructure. CrN/NbN superlattice
coatings having an effective nanoscale layering offer a significant increase in pitting
potential and modest reduction in passive currents in comparison with a commercial
CrN coating on a 304 SS substrate. The layered structure reduces effectively the
coating porosity, hence the diffusion of solution species to the coating-substrate
interface is reduced which leads to the improved corrosion behaviour compared with
the commercial CrN coating [1]. The corrosion performance of CrN/NbN
superlattices is a function of their chemical composition, residual stress levels and
the base layer phase composition. A more noble corrosion potential and lower
passive current was observed for the substoichiometric coating compared with a
stoichiometric coating. But the pitting potentials of the stoichiometric coatings were
raised. This behaviour might be due to the difference in internal stress levels. The
| stoichiometric coatings have lower internal stresses than the substoichiometric ones.
A single-phase CrN base layer results in reduced residual stress le\}els and hence the
corrosion performance is improved [1].
Tomlinson compares the corrosion behaviour of CrN with the CrN/NbN superlattice
coatings [43]. The CrN/NbN superlattice coatings, deposited by the combined
cathodic arc unbalanced magnetron technique, show an improved corrosion
protection compared with the commercial arc-based CrN coating. This improvement
is due to the presence of the highly passive element Nb and to an altered
microstructure resulting in diffuse porosity and fewer through thickness coating
defects [43].
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galvanic and crevice corrosion between the coating and the substrate via these
defects. The porosity of the coating determines the corrosion performance. If the
porosity is low, then the substrate will behave totally like the coating. This means
that if the coating passivates or pits then the substrate will passivate or pit. A high
porosity results in a significant galvanic corrosion with the substrate being the anode

and the coating being the cathode, see figure 2.33.

Cathodic [ e L

coating /, < % % -

Anodic

substrate "\ \ AN AN

Figure 2.33. Schematic representation of galvanic corrosion effects at a pore in a coating on a
substrate [44].

In this case the coating behaves like that of the substrate material. Solution
penetration through pinholes and void zones around droplets serve as galvanic
coupling route between the coating and the substrate. If there were only pinhole
defects in the coating, then a form of galvanic corrosion between the coating acting
as cathode and the substrate presenting the anode would be created through the
solution in the pinholes. The presence of macroparticles leads to complicated
situations. Through-thickness macroparticles are compositionally metal-rich or N-
deficient. Hence they are anodic and corrode relative to the adjourning coating. But
they are cathodic to the substrate which complicates the existing pinhole-induced
coating-substrate galvanic-coupling. A growth defect being a cluster of rapidly
consolidated large grains might be inhomogeneous considering its phase composition
and N-content in the exterior and interior regions. Due to this the growth defect
itself can form a local galvanic couple between one part as an anode and another as a
cathode. If the base of a macroparticle is N-deficient and hence anodic with respect
to the top, then the lower part of the macroparticle will preferentially corrode. In this

case, it seems to be an undamaged defect when viewing from the surface.

The corrosion mechanism of macroparticle, growth defects and pinholes are shown
schematically in figure 2.34. This figure includes the simplification that the
corrosion of the droplets is concurrent with the localised galvanic corrosion of the
substrate. The corrosion of the substrate is accelerated as the droplets are corroded
and hence a crater becomes available being an additional contact with the solution. It

is believed that the droplet corrosion starts from the N-contaminated droplet rims
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which are anodic to the neighbouring coating nitrides. The creation of solution
pathways is possible, which can lead to the exposure to the relatively N-free droplet
interiors which are anodic with respect to the exterior of the droplet. The effect of

such droplet corrosion is the trigger of more galvanic dissolution or pitting corrosion

of the substrate [34].

D SR

solution

i
A

coating

droplet
Me
(substrate Me)

columnar
grain

/
L pinhole

substrate

(D anodic: Me —>Me' +¢ (a)  cathodic: 2H + 2¢ —p H; (S))
(@ anodic:'Me —»'M¢ + ¢ (b) cathodic: 2H + 2¢ —» H; (S,)
@ anodic:'Me —»'M¢ + e (¢)  cathodic: 2H + 2e — H, T
@ anodic: Me —» Mc + ¢ (d)  cathodic: 2H + 2¢ —b H, (Sy/S,)

a: substrate at interface; b: droplet rim; c: droplet interior;
d: pit substrate; S;: adjacent coating grains; m: droplet top.

Figure 2.34. Schematic diagram showing the corrosion mechanism [34].
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opened from two sides so that targets can be interchanged and samples can be
mounted on the substrate holders when the doors are open. The coating chamber is
heated by a series of electrical elements, which are situated on each door and under
the substrate table. The development of high temperatures on the targets means that
they have to be cooled by copper sheets with a water circulation system. The
cathodes integrate the functions of a cathodic arc evaporator and the unbalanced
magnetron into one single unit. During the magnetron discharge a set of permanent
magnets is positiongd directly behind the target. Electromagnets disposed
concentrically around the cathode and generating a magnetic field of up to 10000
ampere turns/metre [19] make it possible to control the unbalancing effect, as shown

in figure 3.3.

Vacuum Permanent
Chamber Magnet
A Target

@ ANDNNININNNNN M AN __._\,

Electromagnetic
Coil

Figure 3.3. UBM cathode with permanent and electromagnets [19].

Adjusting the coil current of the electromagnets the bias current density and hence
the temperature development at the substrate can be altered [19]. The closed field
configuration is achieved by linking the field lines of adjacent magnetrons.
Withdrawing the outer poles far enough back from the target side to become
magnetically negligible at the front of the target, the unbalanced magnetron cathode
_ is converted to an arc cathode, as shown in figure 2.12. The central pole, made out
of CosSm remains close to the back of the target to perform the etching process in
the Steered Arc™ mode. Changing the current in the electromagnetic coils
periodically the travelling direction of the arc is steered along a racetrack. The
initiation of the arc is reached by the application of a high voltage pulse to tungsten

wire, which is placed around the target used for the metal ion etching.
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The HTC 1000-4 ABS™ uses two Balzers TPH 2200 turbomolecular pumps in
combination with a roots pump with a pumping speed of 500m°h™ and a rotary vane

pump with a speed of 80m>h™* [19].

3.2 Depoéition procedure

3.2.1 Substrates and substrate preparation

Samples of two different substrate materials, 304 austenitic stainless steel (SS) and
M2 high speed steel (HSS), were coated and investigated. The nominal composition
of the substrate materials is shown in table 3.1(a) and 3.1(b) respectively.

Table 3.1a Nominal elemental composition of 304 SS.

Element C Cr Mn Fe Ni Si P S

Mass% 0.08%max | 18-20% | 2%max Bal 8-10.5% | 1%max | 0.045%max | 0.03%max

Table 3.1b Nominal elemental composition of M2 HSS.

Element C Cr Mn Mo A" w Si Fe

Mass% 0.82% 4.25% 0.3% 5% 1.8% 6.25% 0.25% Bal

The samples were sectioned into discs of 30mm diameter and a thickness of 6mm.
These samples were subsequently metallurgically prepared to a 1um diamond polish
(Ra=0.01pm).

The polished substrates were cleaned and rinsed in an industrial sized computerised
controlled cleaning line. This comprised a series of ultrasonically agitated aqueous
alkaline baths and de-ionised water rinsing baths. After passing the cleaning line the
samples were dried in vacuum assisted hot air to obtain a stain free surface. These

samples were immediately placed within the coating chamber.
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3.2.2 Deposition parameters for the low temperature process

The coating process consists of the following steps (shown schematically in fig 3.4)

1. Pump down and heating

2. Target sputter cleaning

3. Steered cathodic arc etching
4. Cooling

5. Coating deposition

6. Cool down and venting

1. Pump down and heating

Before the deposition the chamber was evacuated and heated until the required
pressure and temperature was reached. The chamber was evacuated in two stages.
The first stage involved reducing the chamber pressure to 10 mbar using the roots
pump and rotary vane pump. The second stage involved using the fine pumping
system with two turbomolecular pumps, which was opened to reduce the pressure to
7x10”°mbar. On reaching a pressure of 10"mbar the chamber temperature was
increased using radiant heating. The controlled temperature was 120°C for the low

temperature deposition process.

2. Target sputter cleaning
The targets were sputter cleaned in a glow discharge. During this step surface
contamination such as oxides were removed. To protect the substrates prior to pre-

coating, shutters were moved in front of the targets.

3. Steered cathodic arc etching

Cr metal ion etching was carried out to the substrates prior to coating deposition. A
high negative bias voltage (-1100V) was applied and the substrates were sputtered
cleaned by Cr ion bombardment. The ions were provided by steered cathodic arc
evaporation, which can be either singlely charged or multiplely charged metal ions
[7], [10]. This metal-ion etching step is carried out in order to obtain a superior
adhesion of the coating to the substrate. At this stage the temperature inside the

chamber was increased to 250-270° C.

52



e B AR R ot S AP WA AALL AR A

4. Cooling
Due to high temperatures on the surface of the substrate and the target caused by

steered cathodic arc etching the chamber was allowed to cool down to 250°C.

5. Coating deposition

The coating deposition consisted of two stages. The first stage involved the
deposition of a base layer of CrN on to the substrate. This was carried out in order to
build up a gradient in hardness and also to allow for the further enhancement of the
adhesion of the CrN/NbN superlattice coating [1]. This deposition was carried out in
the unbalanced magnetron mode with an unbalancing coil current of 6A and a N,
flow of 240sccm. A bias voltage of =75V was applied to the substrate during the

deposition of the base layer.

The CiN/NbN superlattice coating was deposited during the second stage using
unbalanced magnetron sputtering. The unbalancing coil current used was 4A and the
N, flow was reduced to approximately 100sccm. The bias voltage was set to either -
75V or -95V and the coating was deposited at a constant temperature of 250° in a

common Ar+N, atmosphere.

6. Cool down and venting

The chamber was vented and allowed to cool down before opening.
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Pump down and heating
T =120°C
p= 5x10°mbar
Target cleaning |
4 x 1kW
t=2min
Target cleaning li
4 x 3kW
t=2min
lon etching Cr”
Ug=-1100V
t=12min

v

Cooling
t = 30min

v

CrN base layer

Ug = -75V
t = 30min
[

CrN/NbN CrN/NbN
superlattice coating superlattice coating
UB =-75V UB =-95v
t=2.5h t=2.5h
A4

Cool down and venting

Figure 3.4. Schematic PVD coating process review
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3.3 Evaluation techniques
3.3.1 Structure analysis by X-ray diffraction

3.3.1.1 Texture

3.3.1.1.1 Inverse Pole Figures

The 6/20 Bragg-Brentano geometry was used to determine the orientation of the
planes which are parallel to the surface. The texture measurement was made using a

Philips Analytical X’Pert MPD diffractometer set up with the following conditions:

radiation: Cu-Ky (A =0.154056nm)
monochromator: single prop graphite

detector: X’Celerator in scanning mode
start angle 20: 20°

end angle 26: 140°

step size: 0.04°

time per step: 10s

scan speed: 0.004 °/s

The proportion of the grains with a certain orientation relative to a randomly

orientated powder material was calculated by the Harris inverse pole figure method

shown by equation (20):
Lu
20
ntR

o
Iy represents the intensities from the Akl reflections in the sample. Ryy are the
intensities from a random powder (calculated) and » is the number of reflections
considered. The following hkl reflections were considered in this investigation:
(111), (200), (220), (311), (331), (420) and (422), hence n=7. A P value of one
signifies a random orientation, whilst for P values greater than one the plane is
considered to have a preferred orientation [45]. Therefore the P value represents the
chance out of seven of the plane {hkl} lying parallel to the surface. The peak
integral of each reflection provides the I,y values. Assuming a random powder the

calculation of the Ry values derives from equation (21).
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” S 2/x _
Riy = Rywy - 1o sind J‘eXp(—w)dx o3y
0

Leaving out the incident intensity /p (assumed to be almost constant throughout the
analysis) and the irradiated area Ssin”’ 6, (which depends on the angle but will be the
same for both calculated and experimental uses and therefore can be ignored) and

solving the integral, equation (21) becomes:

Rhu = R;kl} : (%‘J : (1 - 6_5%:%) (22)
2

Where ¢ is the coating thickness and y is the average linear absorption coefficient of

CrN and NbN, which can be obtained from formula (23).

waN ‘ wCNr ' (23)
4
100 /uNbN 100 lucm

Where w are weight percentages of CrN and NbN which were determined by energy-
dispersive (EDX) SEM analysis, see section 3.3.2.1.
R’y can be calculated by equation (24):

/U:

R, =I—/17-X-F2.LP-M.e-"' 24)
Where:
14 = volume of the unit cell
X = irradiated volume
F = structure factor
LP  =Lorentz polarisation factor = angular factor
M = multiplicity factor |
e?™  =temperature factor.

The volume of the unit cell can be ignored because the lattice parameter is constant

as the materials are the same.

CrN/NbN coatings exhibit single-phase NaCl fec unit-cell structures [46]. The 4
metal atoms (Nb and Cr) and the 4 nitrogen atoms are located as follows:

Nb, Cr 000 %0 %0 0% Y%

N Bt 00% 0%0 %00

Knowing this the structure factor F' can be determined for unmixed indices Akl by

equation (25) if (h + k + ]) is even and by equation (26) if (4 + k + ) is odd.
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F=4((f, + &) e +(f, + A1) +(f, + A, )] 25)
F=4.[( Nb +Af;b).c:';%+ f;‘r+Af;_"r).c:‘:%—(fN +Aj;).c:”%] (26)

Where fis the atomic scattering factor, Af'is the dispersion correction factor and ¢ %

is the atomic concentration of the respective element i [47]. This concentration was

determined by EDX SEM analysis, see section 3.3.2.1.

The multiplicity factors M are given in table 3.2:

Table 3.2 Multiplicity of the planes [47].

planes {hkl} (hhl} {OK1} {Okk} | {hhh} {001}

multiplicity 48 24 24 12 8 6

The Lorentz-polarisation factor was calculated using equation (27) including an

- additional factor which is necessary in the presence of a monochromator because the

beam is further polarised.
IP= 1+ C(.)s2 20 -cos’ 2a (27)
sin’ @ -cos@

The angle « is the Bragg angle of the monochromating crystal which equals 13.15°
for copper radiation [45]. |

The factor X for the irradiated volume in equation (24) was left out because it is
constant. '

The temperature factor ¢>” varies very little with angle 26 and therefore assumed to
be 1 [47].

3.3.1.1.2 Pole figures
A Philips Analytical X’Pert MPD diffractometer fitted with the PW 3068/100
Automatic Texture Cradle ATC-3 was used for the determination of the direct pole

figures. The incident beam used was set to point focus. The following conditions

were used:
radiation: Cu-Ky (A =0.154056nm)
monochromator: single prop graphite
detector: X’Celerator in receiving slit mode

measured reflections: (111), (200) and (220)
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tilting ‘P 0° to 85° with a step size of 5°

rotation @: 0° to 360° with a step size of 5° and 5s time per step
In addition to this a normal 6/26 Bragg-Brentano scan on each considered plane was
made so that a background correction could be performed on all of the pole figures.
An example of the background position taken at -3° 20 from the (111) peak
maximum at 36.068° 20 is shown in figure 3.5.

counts/s

4900
Texture Scan for (111} peak (CAN/NbN -75V Bias HSS substrate)
3600
36.068 (111)
2500{
1600+
9004
4004
Bg (3)
1004
0 T o T R T T T T T T
R 3 ¥ 33 40

“2Theta
Figure 3.5. Diffraction pattern for the determination of the distance between background and the

(111) peak of the —75V trial_2 sample

The pole figure data for each sample was imported into a Philips X’pert Texture
computer software. Each pole figure was plotted as both 2D and 2.5D colour profile

maps with a maximum contour (intensity) definition levels set to 30.

3.3.1.2 Residual stress

The macroscopic residual stress of the coatings was determined using Glancing
Angle (GA-XRD). In the glancing angle parallel geometry, the angle of incidence y
of the x-ray beam to the specimen is kept constant, see figure 3.6. The counter is
driven such that when the Bragg condition is satisfied all of the allowed planes will
diffract, so that a series of diffraction peaks corresponding to individual lattice
spacings from planes nearly parallel to the surface to those nearly perpendicular to
the surface as the Bragg angle increases. The system is not focussing but the beam is

parallel as it enters the flat plate monochromator because of a long collimator.
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Figure 3.7. Schematic representation of the beam path in glancing angle technique

A small incidence angle of y of 2° was used in order to obtain a shallow and nearly
constant penetration depth of the X-rays [48] so that the residual stress can be
measured in the coating without substrate effects (see fig 3.7). The depth of
penetration X, is often defined as the depth from which the diffracted intensity has a
value of 1/e of the incident intensity for a linear absorption coefficient p, which for

glancing angle geometry is given as

sin 7sin(20 — y)

Glancing Angle X, =

* pulsiny +sin(26-y)) &

The parameters of the GA-XRD measurements were as follows:

radiation: Cu-Ky (A =0.156406nm)

monochromator: single graphite flat plate
detector: proportional counter
start angle 20: 30°

end angle: 140°

step size: - 0.04°

time per step: 10s

scan speed: 0.004 °/s
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The calculation of the stress was carried out on the diffraction peaks of (111), (200),
(220), (311), (222), (400), (331), (420) and (422) lattice planes. The intensities were
recorded versus 260 and a Pearson IV software programme was used to accuractely
fit the peaks. For cubic structures, the corresponding lattice parameters any () can
be calculated for each diffraction peak and plotted against sin’ y i.e. apg (W) vs sin®
vy plot see figure 3.8. For a thin film in a state of equi-biaxial stress the equation

describing the any () vs sin” y plot (SSP) is given as follows:

1 .
a, =0 a, {[( * U%;]smz W — 2%} +a, (30)

Where:

ap = unstressed lattice parameter

E = Elastic modulus (GPa)

\Y% = Poisson’s ratio (assumed to be 0.3 corresponding to that of TiN).

The elastic modulus can usually be determined by nano-indentation. However, it
was not possible to measure the lattice parameter gy for the unstressed coating
directly, because there are always stresses in the coating. One method of
'determining ap is to dissolve the substrate away and perform a 6/20 scan on the
coating, however, this is unfeasible. The unstressed lattice parameter, ap can be
determined using the equation of the curve a,, versus sin’y (31) where sin’ v equals

0.6/1.3, see equation (32).

a,=m-siny+n €)Y
Where:
sin’x//z—gv_zgé (32)
+v 1.3

The unstressed lattice parameter is therefore given, as shown in equation (33) and is

extrapolated from the graph as shown in figure 3.8.

a0=m'9£+n (33)

1.3
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The stress 0, can be determined from the slope of the least-squares fit of the SSP plot
as shown in equation (34) and figure 3.8. Where, E is the Youngs Modulus of the

material.

Slope E

0 sin® y 1
Figure 3.8 Schematic plat of lattice parameter (a) vs sin’y

3.3.1.3 Superlattice period

The superlattice period, A can be defined as the distance between each successive
pair of layers, which is also called bi-layer repeat period [2]. In this case the bi-layer
consists of alternating CrN and NbN. The 6/20 Bragg-Brentano geometry in low-
angle (1-10° 20) configuration was utilised to estimate the superlattice period A.
Modification of the Bragg’s law (35) is usually used to determine the distance d
between lattice planes. |

n-A=2-d-sinf (35)
From knowing the wavelength A of the X-rays used, the order of diffraction » and the
Bragg angle 8, d can therefore be calculated.
The bi-layer in the superlattice coating acts as a lattice plane where the incident beam

is reflected, see figure 3.9.

62



N ALV RS WA ol @ A AADDS WA AAAAWALLAAL

. Diffracted X-ray
Incident X-ray Beams

Beams

~,

— b —»

Figure 3.9. Schematic representation of the reflection of X-rays on the bi-layer in superlattice
coatings

The superlattice period A can be calculated by the modified Bragg equation (36):

A _ni (36)
2-sind

Using low angles results in a low penetration depth of the X-rays, which is
necessary, therefore no influence of the substrate. -
The measurement was made with the Philips Analytical X’Pert MPD diffractometer
using the following conditions:

radiation: Cu-Kq (A = 0.154056nm)

detector: Diff. Beam X’Celerator in scanning mode

fixed divergence slits: 1/16 © and 1/8 ° primary X-rays -

start angle 20: 1.81°

end angle 20: 10°

step size: 0.0334°
scan speed: 0.005305 °/s

A fixed knife edge was used in order to reduce the intensity of the primary beam.
The quality of the deposited superlattice coating can be assessed by LA-XRD,
because as the peak becomes sharper and more intense this indicates that the

interface between the component layers is becoming flatter and better defined.
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3.3.2 Scanning Electron Microséopy (SEM)

A Philips XL40 scanning electron microscope (SEM) equipped with an Oxford
Instruments ISIS300 Energy Dispersive X-ray (EDX) analyser was used to determine
the ratio of chromium and niobium in the coatings. These ratios were required for
the calculation of the texture parameter and therefore quantitative microanalysis

(ZAF corrected) was performed.

3.3.2.1 Quantitative analysis (ZAF)

A Philips XL 40 SEM was used for the determination of the concentrations of
chromium and niobium in the CtN/NbN coating with the following measurement
conditions:

electron source: tungsten filament

accelerating voltage: 20kV

detector: Oxford instrument ATW (Atmospheric Thin Window)
working distance: 10 mm

process time: 4

spotsize: 5.7

chamber pressure: ~ 8.6x 10 mbar

standard: Co
A Co reference standard was analysed immediately prior to the sample using the
same microscope parameters as shown above. It is very important to note that no
beam focusing was carried out between analysing the Co standard and the samples,
as this would affect the beam conditions. Focusing was performed by manually
moving the stage to maintain a working distance of 10mm in all cases. The position
of the measured Co K,-peak from the standard was obtained and saved in order to
calculate the gain calibration. The Cr and Nb content of each sample were measured
as the average of five independent readings from five different regions on the
specimen surface. The results were presented in atomic percent. The portion of Cr,
Nb and N was needed in atomic-percent for the calculation of the structure factor F,

see equation (37).

F=a((f, +8. )z +(f, +AF)-c= £(f, +Af )] GD)
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Assuming that the nitrogen content is 50at-% and the metal content is 50at-% the
atomic percentage of Nb and Cr was calculated.
The CrN and NbN in weight percent was needed for the calculation of the average

absorption coefficient 4, see equation (23).

_ W W (23)
= +
/1 100 ﬂNbN 100 ILlCrN

Assuming a NaCl fcc unit cell structure as described in section “3.3.1.1 Texture”

where the number of nitrogen atoms and chromium atoms are equal in a CrN unit

cell the weight percentage of CrN was calculated using equation (38):

at%, (at.weight, + at.weight,)-100% (38)
at%, - at.weight, + at%,, - at.weight,, + at%_ - at.weight

Wt%CrN =
The NbN content was determined analogous to CrN.

3.3.2.2 Environmental Scanning Electron Microscopy (ESEM)

Electron images from the coating surface before and after corrosion were obtained
using a Philips XL30 ESEM-FEG with the following conditions:
electron source: field emission gun (FEG)

accelerating voltage: 20kV

detector: large field detector
detection signal: gaseous secondary electrons
spotsize: 3.0

The imaging was carried out using a low vacuum H,O-mode with a water pressure of
13 mBar in the chamber. The presence of the small amount of H,O vapour within
the chamber provided gas ionisation, which helps to eliminate charging due to non
conductive surfaces. A special ESEM bullet inserted into the base of the column
maintained the pressure difference between the electron column and the chamber.
The images were obtained using Gaseous Secondary Electron (GSE) mode using a
large field detector (LFD).
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Before observing the sample surface, the samples were attached to a sample holder
with carbon adhesive pad. The electrical contact between the sample and its holder

was provided by silver paint.

The surface quality of the deposited coatings was examined in order to assess the
number of growth defects present for each sample. The growth defects were
manually counted over 20 independent fields using a grid area of 60x80 microns

(total area is 96000 pm?).

In the case of the corroded samples, the wire and the beeswax/resin coating from the
sample base were removed. The beeswax/resin coating however, was not removed
from the sample surface but was coated with silver paint to avoid any charging
effects. Because the sample was not cleaned with deionised water to avoid the
removal of corrosion products salt crystals were observed on the sample surface.

The elemental composition of some corrosion sites was determined by EDX analysis.
The measured intensities of selected elements associated with corrosion defects were
presented in elemental maps. The presence of oxygen however, could not be
accurately identified because the O K,-peak (0.525KeV) lies in between the Cr L,-
peak (0.573KeV) and the V L,-peak (0.511KeV); both these elemets were present in

the HSS substrates.

3.3.3 Mechanical and tribological properties
3.3.3.1 Layer thickness

The thickness of the coating was calculated from a ball crater test (see fig 3.10). A
rotating steel ball with a diameter of 30mm using the KALOPRAEP instrument
produced the crater. Using diamond water based suspension, which was applied to
the ball; abrasive removal of the coating and the substrate was performed. The ball
craters were observed using an Olympus BX 400 optical microscope, which showed

two visible concentric circles.
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one direction while the load was increased progressively by a function

dF /dx =10 N/ mm. The load L; at the start of the test was SN and was increased

until it reached SON. The Rockwell C diamond stylus had a radius of 200um. A

- schematic view of the abrasive scratch test procedure is shown in figure 3.11.

The scratch was observed using a NIKON optical microscope at a magnification of
200X. The place x where the first spallation along the scratch edge occurred could

be measured and the critical load L, for adhesive failure was calculated by (40).
L =x-10N/mm+L (40)

Load (Nfmm)

% Velocity [mm/min)
|-

Rockwell C

/indemor

Scratch channel
LeN)

1,

=4

N coating removed
continuous spallation in scratch

along scratch edge

Coating————»f

Substrate ———»|

Figure 3.11. Schematic view of the realisation of a scratch test [49].

3.3.3.4 Surface roughness

The surface roughness was measured using a TAYLOR-HOBSON talysurf 120L.
This measurement provided a surface roughness resolution of 10nm. A diamond
stylus with a.radius of 2 pm scanned over the surface in direct contact along the
length Ly of 5.6mm. This length was broken down into six sample lengths ! of
0.8mm and two further lengths of 0.4mm at the beginning and the end of the profile.
The six sample lengths / form the assessment length L, which is the length of profile
used for the measurement of the surface roughness. The R, value defines the surface
roughness of the coating and this value is the arithmetic mean of the departures of the
roughness profile from the mean datum line (See Appendix A4). The R, value is
calculated as follows (41):
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Rl

a %0 J’(x)l dx 41)

3.3.3.5 Friction and sliding wear:

Friction can be defined as the resisting force tangential to the common boundary
between two bodies, when one body moves relative to the surface of the other body
under the action of an external force. The contact can be expressed in both rolling
and sliding modes. Sliding is the dominant movement for the investigations in this
report. The coefficient of friction u describes the magnitude of the frictional force.
The coefficient of friction, for most common materials sliding in air fall within a

value ranging from 0.1 to 1. It is defined as the quotient of the frictional force F; |

tangential to the sliding direction and the normal load F; 42).

. |
_E “2)
H=F

n

Wear is the removal from a solid surface as a result of sliding or rolling contact [45].

The wear coefficient & can be calculated by equation (43).
k=—— (43)

Where ]

V= Volume loss [m’]

W= Normal load [N]

L= Sliding distance [m].

The CSEM TRIBOMETER Pin on disc tester was used for the determination of the

friction coefficient. Figure 3.12 shows it schematically.

69



A9 1,

!
6U !
!
$
1 1
oo
6
+ &2



The coated sample was placed in a glass filled with the 3% NaCl solution and
polarised as the working electrode (WE). The wire fixed around the sample made
the electrical contact. It was therefore necessary to ensure that there was no exposed
wire present in the solution, or else the corrosion of the wire would influence the
measurement. An electrode made out of titanium and coated with platinum was used
as auxiliary (AE) or counter electrode (CE). A saturated Calomel electrode (SCE)
was used as the reference electrode (RE) and placed between WE and CE. The RE
was also very closely situated to the WE.

A potential was applied to the WE with respect to the RE, which provides a very
stable datum. The potential was scanned at a certain rate between the potential
limits. The CE is present to carry the current created in the circuit. The current

density was recorded as the dependent variable.

At first the solution was aerated with oxygen for 55 minutes. During the aeration
process, the sample and the electrodes were already placed in the solution. The
samples were cathodically cleaned at a potential of -1.5V for 100sec. this was
followed by a 40 min wait in order to allow the stabilisation of the free corrosion
potential. Finally the actual potentiodynamic measurement started. During this
measurement the sample was polarised from —1V to +1V at a scan rate of 0.5mV/s.

The instrument used for the corrosion test of the samples of trial 1 and trail 2 and
the samples of CrN/NbN coatings deposited at high temperature was called ACM
(Applied Corrosion Monitoring). The sequence of the experiment was controlled by
the “Gil AC Serial no 950 —sequencer” computer program. This program recorded

the measurement as well.
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4 Results and Discussion

Four different samples were observed from the low temperature coating deposition
process designated as “trial_1” and “trial 2” in the following presentation of the

results, as shown in table 4.1.

Table 4.1 Sample overview (see details of substrate composition on page 51).

trial 1 trial 2
Bias voltage || -75V -95V -75V -95V
deposition 250°C 250°C 250°C 250°C
temperature : '
substrate SS SS HSS HSS

The results obtained from the samples of trial 1 were more conclusive in their
findings than that for trial 2. This was because unstable arcing occurred during the
metal ion etching of the —95V samples of trial 2, which therefore affected their

analytical studies as can be seen further within this work.

4.1 Texture (XRD)

The 6/26 Bragg-Brentano geometry was used to determine the orientation of the
grains parallel to the surface of the coating. The X-ray traces exhibited single phase
fcc (NaCl) structures. The diffraction peaks which are situated between the
individual positions of CrN and NbN data markers, correspond to the weighted mean
of the constituent layers. This is shown in figure 4.1 where the known peak positions
of CrN and NbN are marked in the diffraction pattern of the ~75V sample of trial 1.
Any displacement in the peak positions from those of the weighted mean is a result
of residual stress. The diffraction patterns of the investigated samples are shown in
figure 4.2 and figure 4.3. The planes associated with each peak are shown on each
trace together with those for the substrate labelled as (S). The X-ray patterns show
that in all cases the {111} reflection was very intense relative to the other reflections,
indicating the presence of a {111} texture. Furthermore, the intensity of the {111}
reflection relative to the other reflections increased as the bias voltage increased from
-75V to -95V, thus indicating an increase in the intensity of the {111} texture with

increasing bias voltage.
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Table 4.2 Texture Parameter P of the {111}, {200} and {220} planes Trial 1 and 2.

Sample Texture Parameter, P | Texture Parameter, P | Texture Parameter, P
{111} {200} {220}
-75V Bias Trial_1 3.51 0.24 0.73
-95V Bias Trial_1 4.55 0.17 0.16
-75V Bias Trial 2 - 2.91 0.22 1.24
-95V Bias Trial 2 4.81 0.32 0.32

The texture parameter of the {111} plane for all the samples was calculated to be
greater than one, which signifies a preferred {111} texture. With the exception of
the (220) plane in the -75V bias trial 2 sample, which has a P value of 1.2, all the
~other planes have P values less than 1. In all cases the coatings had a {111} texture,
which supports the indicated results from the X-ray patterns. Furthermore, the
intensity of the {111} increases systematically with increasing bias voltage from P
values of 3.5 and 2.9 respectively at -75V bias to 4.6 and 4.8 respectively at -95V

bias.

The 2-dimensional {111} stereographic pole figures also show the strong {111} fibre
texture present for all of the coatings deposited at low temperature (250°C), as shown
in figure 4.5 and figure 4.7. The 2.5-dimensional pole figures also aids in visualising
the {111} texture as shown in figure 4.6 and figure 4.8. It was observed that within
the pole figures, regions of high contour density were present normal to the coating
surface centre around the {111} pole and uniformly distributed about the v direction.
This indicates the presence of a strong {111}, fibre texture.

The textures were also shown to be increasingly sharp as the bias voltage was
increased from -75V to -95V, as shown by the density (high intensity) of the contour
bands around the {111} pole axis. This can also be seen with the sharper peaks
observed in the corresponding 2.5D pole figures.
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