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Abstract

The aim of this work was to develop a plasma nitriding process for a bio-grade CoCrMo
alloy using a High Power Impulse Magnetron Sputtering (HIPIMS) discharge. An industrial-
sized PVD machine (Hauzer techno Coating 1000-4, The Netherlands) machine equipped with
two HIPIMS and two DC power supplies was utilised for this objective. Low-pressure plasma
nitriding was carried out in a H2:N2 (15:85) environment with different nitriding voltages (-500
V to -1100 V). Nitrided specimens thoroughly were characterised using various techniques. To
understand the effect of nitriding voltage on the phase composition and texture (T*) x-ray
diffraction (XRD) was used. Microstructural changes due to the variation in nitriding voltage
w investigated using a focused ion beam Scanning electron microscope (FIB-SEM) equipped
with various detectors such as secondary electron (SE) and back scattered (BSE). Extent of
nitrogen diffusion was analysed using GDOES and SIMS. Elemental analysis of the virgin
nitrided layer and analysed surfaces were performed using point, line, and colour mapping
electron diffraction spectroscopy (EDS). Nano/Micro hardness testers were used to understand
the effect of nitriding voltage on hardness (Hp and HV) and fracture toughness (Kic). A high
frequency macro impact load tester was used to understand the effect of nitriding voltage on
impact fatigue behaviour of the compound layers. Fractured surfaces were analysed using SEM
and FIBSEM after static and cyclic loading to understand the deformation mechanism such as
fatigue cracking underneath nitrided layer. Potentiodyanmic polarisation study was performed
in 3.5 wt.% NaCl and Hank’s solution to analyse the corrosion performance of these nitrided
layers. At the end, HIPIMS plasma nitrided specimens were compared with benchmarked DC
plasma nitrided specimens. Sample nitrided using HIPIMS discharge at -900 V exhibited novel
phase composition, superior hardness and fracture toughness, better wear resistance, improved
corrosion resistance and reduced metal ion release compared to the benchmarked DCPN.
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Chapter 1

1.1. Introduction

The development of new orthopaedic implants based on the knee, hip, and components

for fixation of bone using different biocompatible alloys such as CoCr alloy, Ti6Al4V alloy,
stainless steel (AISI 316L, AISI 304L) has become a major challenge for the researchers. In
2016 the worldwide orthopaedic market was reported at more than US$40bn and it has been
increased by 4.2% since 2015 [1]. Also, it was found that only the knee implant itself has a
market of $9.3Bn and has seen 4.5% growth in 2016. In the European Union (EU), Germany
was the biggest market for all sectors followed by the United Kingdom (UK), France and Italy.
It has been observed that joint and knee problems are most common in India and Hip problems
in the EU [2][3].
In the last few decades, the number of cases of arthritis in the United Kingdom has increased
significantly, which is considered to be degenerative disease. This diseases in long term can
lead to wear of bone due to the extreme loading or could also result in the absence of biological
self-healing process [4]

The relative motion of two bone prosthetics (Metal-On-Metal) or prosthetic on host
bone, generates the debris which are often referred to wear induced loss of material from
various prosthetic components. Biological reaction due to the debris or corrosion products is
also considered to be crucial in pathogenesis of aseptic loosening. The cytotoxicity of the
polymeric/metallic implant, biomaterials immunologic hypersensitivity to specific biomaterial
components such as Co, Ni are other factors contributing to biological reactions [5][6].
However, state-of-the-art solutions are arising from surface and metallurgical science, to avoid
such unwanted events, focusing on obtaining initial solution of the prosthesis [5][7][8]. It is

also considered that the reduction of the surface roughness will improve the coupling of
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materials, so those amounts of toxic particles will be reduced [9]. Meanwhile, to minimize the
stress shielding between the prosthetic and bone can be adjusted by adopting elasticity of the
implant material [5][9][10].

It is also estimated that around 1% of patients with metal-on-metal resurfacing
generated a pseudotumor in less than five years [11][12] and it is speculated that the adverse
effects could be mediated by an allergic response to ‘normal’ levels of metal debris or could
be caused directly by toxic concentrations of chromium (Cr), Nickel (Ni) and cobalt (Co)
generated from bearing surfaces experiencing abnormal wear [12][13]. The articulating
metallic surface may not have enough wear resistance, but it has excellent hardness and
corrosion resistances. For example, CoCr alloy and AISI 316L has excellent corrosion
resistance because of the high amount of Cr which forms different forms of oxides such as
Cr203, CrO; at the surface and serve as a barrier against corrosion. There are also minor
contributions of Co and Mo oxides [14].

To enhance the wear and mechanical properties of these alloys many surface coatings
and ion implantation processes have been performed. In the past few years different methods
such as gas nitriding (GN) [15][16], plasma carburising (PC), pulsed plasma nitriding [17],
high-intensity plasma ion nitriding (HIPIN) [19], intensified plasma-assisted nitriding (IPAP),
plasma immersion ion implantation (PI1I) [19][20], laser gas nitriding [21], radio frequency
plasma nitriding (RFPN) [21] and HIPIMS duplex Coating [23] have been introduced. In order
to increase the life span of CoCrMo alloy-based prosthesis bearing surfaces, duplex coatings
[24] have been developed. It was found that duplex coatings have superior properties which

are unobtainable through any individual surface modification [25].

Wei Ronghya and coworkers, (2004) has applied the HIPIN technique to improve the
tribological property of the CoCrMo and Ti6Al4V alloy, which takes advantage of low energy

ion implantation at an elevated temperature that produces a thick nitride layer (a combination

25|Page



of yy phase and compound layer). During this study, they also observed that with increase in
ion energy, the diffusion depth increases systematically [18]. The formation of the nitrided
layer up to a few microns on the surface improves the wear resistance of Ti alloy by over two
orders of magnitude [25]. A.F. Yetim and coworkers (2010), have found that duplex treatment
combining Ti: DLC coating with plasma nitriding can improve the hardness of Ti6AI4V by
seven times. In this study, superior wear performance of duplex treatment was attributed to
higher load-bearing capacity and reduced subsurface deformation [27]. Hovsepian and
Ehiasarian have proposed a method to utilize High Power Impulse Magnetron Sputtering
discharge to produce highly ionised plasma to be used for plasma nitriding. Applying high bias
voltage at the substrate can produce high energy N2* and N* ions and increase their density
[23]. They also found that the diffusion depth increases with an increase in bias potential and
therefore the load bearing capacity of such layers when a hard coating is deposited on top. This
research also demonstrated that both nitriding and coating deposition process can be produced
in asingle PVD system, [23]. Luo Xia and coworkers (2013), have shown that the improvement
of fretting wear of the bone joints surface and the load-bearing capacity of CoCrMo alloy can
be improved by performing duplex treatment [24]. The duplex treatment consists of a Nitrided

layer and nanostructured coating produced in a single system [23].

1.2. Aim and Objective

The main aim of this thesis is to set up the procedure for in-situ plasma nitriding and
deposition of a nanostructured coating in a single unit such as industrial size Hauzer PVD
system. Based on the motivation mentioned earlier, we aim to develop in-situ duplex coatings
with excellent adhesion, mechanical, tribological and corrosion properties to increase the
longevity of biomedical alloys. The main idea behind this work is to obtain high nitriding depth
using HIPIMS discharge to enhance the ionization of the reactive gas used for the plasma

thermo- chemical process and thereby reduce the process time. This process will then be
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followed by the deposition of a highly wear resistant nanoscale multilayer structured top

coating, the entire duplex treatment being executed in a single PVD unit. HIPIMS plasma

nitriding has already proven that it is possible to obtain a thick nitride layer in a shorter process

time with a low surface roughness (an almost polished surface) [22]. An industrial-size four

cathode magnetron sputtering system enabled with HIPIMS technology at the National

HIPIMS Technology Centre at Sheffield Hallam University is used for this study. Low-

temperature plasma nitriding has been chosen since it exhibits an expanded austenite phase (S

phase or Diffusion layer- y'—Co4N) and a compound phase (y'—CoaN,+ Coz-3N). The excellent

fatigue property of the N-interstitial (diffusion zone) and better tribological and anti-corrosion

property of the compound layer makes this modification more interesting [27].

To investigate HIPIMS enhanced Low-Pressure Plasma Nitriding (HLPPN) at different

bias voltage such as -500 V to -1100 V with a consecutive difference of -100 V.

To understand the effect of bias voltage on the diffusion of atomic nitrogen (N¥) into
an interstitial position of the austenitic structure of CoCrMo alloy using a range of

surface analysis techniques.

To better understand the effect of bias voltage on the thickness of the nitrided layer

(compound (Co4N+ Co2-3N) and diffusion layer (CosN).

To understand the effect of bias voltage on the corrosion, tribological and mechanical

properties of the CoCrMo alloy.

To compare the phase composition and microstructure of the commercial DC plasma

nitride (DCPN) with HIPIMS low pressure plasma nitrided (HLPN) one.

To compare the tribological, mechanical and electrochemical properties of the CoCrMo

alloy with DCPN and HLPN.
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Chapter 2
Literature Review

This chapter discusses the previous works done on the CoCrMo alloy to improve the
load-bearing capacity using coatings and surface alloying techniques. This chapter is divided
into two separate sections. The first section describes the basics of plasma and glow discharge,
nitriding, plasma nitriding, types of plasma nitriding; and the advantages of using HIPIMS
discharge to improve the nitriding process discussed in detail. The following sections of the
chapter discuss in brief the possibility of employing various monolithic coatings such as CrN,
TiN, NbN and their multilayer (superlattice) to enhance the corrosion, mechanical and

tribocorrosion properties of the biomaterials.

2.1. Nitriding

The development of the nitriding process can be traced to the 19th century. The works
of Adolph M. (1908) and Adolph F. (1922) improved the surface modification technology of
steel. Later (1932), Wehnheldt and Berghaus presented a new model of the nitriding process
of steel (ion nitriding). Nitriding is a very well-known process by which the atomic nitrogen
diffuses into the steel. The important, often undisclosed aspect of the nitriding process is that
it does not require phase change from ferrite to austenite or further from austenite to martensite
[1]. Even after the nitriding process, steel remains in the ferrite phase with improved hardness
and corrosion properties. It means that the crystal structure of the steel is still BCC (body
centred cubic) lattice, and it will not grow towards face centred cubic (FCC) lattice [1]. Despite
this, there was no change in crystal size and more importantly, no change in dimensions of the

steel, only minor expansion in d-spacing of the steel matrix due to the nitrogen diffusion [1].
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Figure 2-1: The equilibrium phase diagram of Fe-N [2]. Note: the behaviour of Co-N with temperature can be
found here.

Diffusion of the atomic nitrogen into the matrix (SS or compound alloy) depends on
the solubility of diffusing element into the matrix. The equilibrium diagram is the best way to
understand the diffusion mechanism and change in phase of the alloys. For example, nitrogen
solubility into steel depends on the temperature, and at ~450 °C nitrogen diffusion in Fe base
alloy isaround 5.5 - 6.1 at.% as shown in figure 2.1. Beyond this temperature, the surface phase
formation in steel alloys predominantly ferrite (¢) phase. As the temperature reaches 490 °C,
expanded austenite (y’) phase becomes dominant, and the solubility of nitrogen in steel begins
to decrease at a temperature of ~680 °C [1]. Nitriding process control factors are given below
(Table 2-1), as suggested by David Pye (ASM International- Practical Nitriding and Ferritic

Nitrocarburizing).
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Table 2.1: Control factor affecting nitriding suggested by P Dye.

Base Pressure Control of reactive gas

Chamber temperature or control over preheat | Surface precleaning before nitriding process.

treatment process.

N

S A

e—Fey, 3N Tribological and anti-Corrosion
Compound Layer === Property

‘‘‘‘

Figure 2-2: Schematic of compound layer formation in an austenite stainless steel [2].

Formation of a compound layer also called as Mre, co, Ni etc)2-3N+MFe, co, Nietc)aN, in the
ferrite and austenite base alloy below 550° C can be divided into sub-sublayers and is shown
in figure 2.2. A compound layer mainly consists of hexagonal closed packed (hcp) e~Mco, Ti
and Fe2-3N, M sublattice and N more or less ordered in octahedral interstice and face centred
cubic (FCC) (y'— M(co, Tiand Fe)aN,), Where M sublattice and N ordered in octahedral interstices.
Whereas a diffusion layer is a mixture of Body-centred tetragonal (a"— Mco, Ti and Fe)16N2)
nitrogen content, 12.5 at.% and Face-centred cubic (y'— M(co, Tiand Fe)aN,) nitrogen content, 19.4

- 20 at.% where M sublattice and N are ordered in octahedral interstices [2].

The above explanation of the formation of a compound layer is valid for any type alloying
techniques which are currently employed to perform the nitriding (carburising and boriding)

process. Figure 2.3 depicts the possible techniques used at industrial scale to perform the
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nitriding of stainless steel or compound alloys. However, the salt bath nitriding is excluded
from the study, as the use of cyanide-based chemical is prohibited in the European region.
Also, gas nitriding requires a long process time, which makes this technique very expensive

for the industry to use.

Nitriding

Gas Nitriding Salt Nitriding

Figure 2-3: Flow chart of the surface alloying techniques currently used in the industry to perform nitriding of
alloys.

2.1.1. DC Pulsed Plasma Nitriding

Plasma nitriding is a surface hardening technique using a low-pressure glow discharge plasma.
A mixture of nitrogen and hydrogen gases is used for plasma formation so that nitrogen ions
diffuse into the surface to form various nitrides. The formation of nitrides produces a very hard
surface up to few micron depths. Hence this surface engineering technique is widely employed
to improve the wear and surface hardness of steel and various compound alloys such as Ti, Co,
Co-Ni alloy. The direct-current (DC) glow discharge is a simplest type of glow discharge.
This DC glow discharge plasma is created by applying a potential difference between two
electrodes. Because of the potential difference, the atoms of the discharge gas e.g nitrogen are
ionised to produce free electrons and positively charged ions. The characteristics of the

discharge depend upon different factors such as geometry of the electrode and vessel, gas used,
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operating pressure etc. Typical current voltage characteristics of a DC discharge is shown in

figure 2.4.
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Figure 2-4: Typical characteristic current-voltage (I-V) cure of glow discharge. Figure adapted from Xu Z and
coworkers. (2008) [5].

DC discharge can be classified into the various sections as per the current density. As
it is already known that the no visible light can be observed in the vacuum diode at shallow
current and voltage (dotted line in the figure); whereas voltage and current increases further
the discharge stage to move from Corona followed by subnormal glow, normal glow, abnormal
glow and arc discharges. Once the characteristic V-1 curve crosses the normal glow discharge
region, it jJumps to the abnormal glow discharge where any change in V-1 will not affect the
behaviour of the glow discharge. At this point, total current density, J: can be further increased
by extra ionization using electric and magnetic fields which is ideal for magnetron sputtering
techniques. This region is also used for the plasma nitriding or plasma alloying of the metal.
Moreover, a further increase in V will lead to the arc discharge region where arcing on the
target is frequent [6][7]. At the arc discharge region, the glow discharge collapses and high

current density discharge forms.
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To obtain the glow discharge, the high potential applied between the cathode (sample
holder is also known as case holder, technical term) and anode (vacuum chamber). In plasma,
the electrons are accelerated at high potential and collide with neutral Ar, N. The collision
between electron and nitrogen has elastic behaviour at lower electron energy as for glow
discharge, these collisions become inelastic. Due to this inelastic collision between gas
molecules or atoms with an electron, results in their excitation. Therefore, various molecules
spontaneously experience through one of the following processes (a) Transition of an electron
from excitation states to ground state (b) dissociation (c) ionisation (d) recombination. During
plasma nitriding, the first course is the interaction between ions and substrate material surface.
The positive ions (Ar" and N* etc.) from glow discharge driven by electric field will bombard
the substrate surface (cathode), resulting in various interaction effects depicted in Figure 2.5.
However, this technique has various advantages over the conventional nitriding process such

as

1) No need for surface finishing.
2) Faster diffusion of the diffusing species in the subsurface.

3) Due to high vacuum, no chance of surface contamination (no presence of oxygen, O>

in the chamber).
4) Formation of a white layer can be minimised.

5) Layer thickness can be controlled.
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Figure 2-5: Schematic of ion-matter interaction adopted from [6].

2.1.2. Laser Nitriding

Nitriding based on laser irradiation has been employed to increase the wear and surface
hardness of medical-grade alloys. Laser nitriding (LN) is similar to that of plasma nitriding
(PN). In this technique, a pulsed laser beam continuously irradiated the surface in a nitrogen
(N2) environment (process gas can be changed depending on the alloying element) to form a
hard nitrided layer or compound layer on the desired surface [8][9][10][11]. The high surface
temperature and pressure allows decomposition of N2> molecule to atomic nitrogen (N). At the
same time, evaporated metal and gas-atoms will be ionised. During the lase irradiation, free
electrons arise and can cause plasma shielding. This plasma shielding indirectly allows the

absorption of the laser beam in the plasma and causes further heating of the plasma.

In the past few decades, various researchers have attempted to improve the tribological and
surface hardness of the medical grade alloy using laser technology. By using a high power
CO:2 laser, they managed to obtain a thick compound layer of about 100 micrometres [8]. The

process of formation of a thick compound layer is mentioned below by considering the surface
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temperature below the evaporation threshold. For example, the process of laser nitriding of

CoCrMo alloy can be described as.

[Co]l + N, — [Co] + [N,] = Adsorption process

N, - 2[N] = Dissociation Process Equation 2-1

[N]on surface — N dif fusion

The use of such technology also requires understanding of the parameters such as spot
size (Ds), laser power, lateral shift (d), scan number (n) and scan velocity (vs). Also, it is crucial
to choose an adequate operation mode of the laser (continues wave or pulsed). Usually, in
continuous wave mode, the scan velocity is a critical parameter which needs to be considered
carefully, whereas, in pulsed laser mode, the laser frequency (f) is a crucial parameter. It is
considered that the intense irradiation melts the surface and allows the alloying element to
diffuse within the matrix. As a result, a fast dissolution of alloying element into the matrix
occurs which is one reason for achieving a thick compound layer in less process time (~ 100
mms™). As a result, cracking within the formed layer can be seen as a major issue in this type
of nitriding process. However, this can be minimised by varying the various parameters

mentioned earlier in the section.

This technique has been widely applied to increase the surface hardness, corrosion
resistance, and tribological properties such as the wear of stainless steel (SS) [8][10] and Ti
alloys. Katayama and co-workers (1983) [9] managed to nitride Ti alloy using a solid-state
laser (Nd:YAG). They found that the microhardness of TiN layer formed on the surface can be
varied (up to 1700 HV) by simply increasing the number of shorts (pulse duration of 3.5 ms
with 1.06 um wavelength). On the other hand, a thick TiN layer was observed on the surface
treated using CO: laser (operating in continuous wave mode), whereas the surface was rougher

compared to that of solid-state laser [9]. Walker and co-workers (1985) performed similar
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experiment on both commercially pure (CP) Ti and Ti-15Mo alloy using CO; (continuous wave
mode) laser. Here, they found that the dendrites based on TiN are responsible for the high
hardness (up to 1000 HV) [11]. Comparative work presented by Bell and co-workers (1986)
indicates that using the laser nitriding technique a thick nitrided layer consisting of TiN-Ti2N
can be achieved compared to that of plasma nitrided at high temperature. Also, hardness
profiling of the formed layer at a fixed load of 25 gram shows the specimens treated using laser
nitriding (1400 HV) were harder than that of plasma nitriding (~ 1200 HV, 12 hours at 850°

C) [8].
2.1.3. lon Implantation

lon implantation is another very important technique been that has been used to enhance the
surface properties of the bulk material [12] [13]. Origin of the technique can be traced back to
the early 1960s where ion source was used to study the propulsion mechanism in space engines.
At this time, the technique was employed to improve the corrosion and mechanical properties
of the materials as well as for doping of semiconductors in microelectronics. lon beam
implantation uses directional high energy ions in the range of 10-300 keV capable of
penetrating below the surface of the substrate or workpiece. The sufficient penetration depth
can be varied from a few nanometres (nm) to a micrometre (um) merely by changing the ion

beam current. Mechanism of ion implantation can be understood from figure 2.6 [7].
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Figure 2-6: Schematic of diffusion of alloying species using ion implantation technique in a crystalline material.
(picture was adopted from J. Rethe books, volume 2) [7].

Positive ions directed onto the substrate surface by applying high electric potential through the
chamber under high vacuum in a directional manner. Some of these ions travelled straight
(channelled trajectory) and collided with lattice and diffused very deep in the matrix (no barrier
within the lattice), whereas a few of them travelled in a non-directional manner (dechannelled
trajectories) due to defects present in the lattice. At the same time, sputtering of passive layers
adsorbed on the substrate surface (degassing) also occurs similar to that of ion etching of the
surface and reaches the desorbed state quickly. This state is achieved in time comparable to
that of plasma-wall interaction predicted using equation. However, it is ideally desirable to
avoid sputtering of the surface during the doping or alloying process (diffusion of N/C etc.)
which is measured as number of atoms per ions (sputtering yield). Sputtering can be avoided
simply by changing various parameters such as ion beam energy, tilt and twist angle and

implantation dose [7].

On the other hand, this technique allows the formation of a diffusion layer (without
precipitating Cr) within the metal matrix similar to that of PN and nitriding process [13]. The
microstructure and phases formed during ion implantation can be directly correlated with the
data obtained from PN alloys. C. Blawert and co-workers, (2000) reported the formation of S-

phase or expanded austenite in austenite stainless steel (ASS) using plasma ion implantation
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and immersion ion implantation (1%) for the first time (400° C) [14]. This work was done under
both nitrogen, N and carbon, C environment, which leads to the formation of a duplex layer.
The top layer (about 3 um) consisted of purely nitrogen-based compound layer, whereas the
layer based on C was observed much more in-depth (up to 13 um). From here, a conclusion
can be drawn that the diffusion of C in ASS is faster than that of N. Similarly, many researchers
have used this technique to enhance the corrosion and wear properties of the untreated CoCrMo
alloy at elevated temperature. D. lkeda and co-workers (2002) reported that the corrosion
resistance of the untreated alloy could be improved by using appropriate combinations of the
parameter. Here, they also measured lower friction coefficient (1) for the implanted specimens
than that of untreated CoCrMo alloy [15]. Whereas Bruce and co-workers (2004), found that
the composition of the nitrided layer formed on CoCrMo alloy using ion nitriding can be
modified with change in temperature and the dose of ions (intensity of ionisation) [16]. On the
other hand, Orhan O. and co-workers (2006), found that S-phase (yN) can be formed at a low
process temperature (400° C) using plasma ion implantation. But, the formed layer is not
effective in minimising the ion release into simulated body fluid (SBS) as compared to that of

the untreated specimen [17].

Apart from all the mentioned advantages, ion-implantation technique is not viable for
industrial-scale for various reasons which makes this technique not suitable for large scale

processing. Also, it is costly and hard to maintain [12].
2.2. Physical Vapour Deposition (PVD)

PVD techniques have been utilised to deposit hard and functional thin film coatings on various
substrates in the range of a few nanometres, nm to 100 um to improve the surface properties.
PVD technique is a green technique which has no adverse effect on the environment and

promises a wide range of applications based on three simple steps mentioned in Figure 2.7.
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The difference between all PVD techniques is the source of vaporisation of bulk metal to
deposit the material onto the substrate such as sputtering and evaporation. However, all these

techniques follow three fundamental steps mentioned in the figure 2.7.

Vaporization of bulk metal by
plasma‘high temperature etc.

) 4

Moving vaporized
metal to the
substrate under
yvacuum.

Condensation of vaporized metal onto
the target substrate to form uniform
thin film.

Figure 2-7:Depicts the fundamental steps in the PVD process.

2.2.1. Evaporation technique:
2.2.1.1. Thermal Evaporation:

In the last two centuries, the deposition method evolved from non-plasma to plasma
assisted techniques and some of these require vacuum to mobilise the atom from the source to
the surface of the host substrate. In the early 20" century, industrial-sized evaporation systems
which can withstand high temperatures were developed. Such systems depend on placing the
substrate in a large vacuum chamber at a process pressure lower than 1.3x10° mBar. At this
pressure the mean free path, A of an individual atom is somewhat close to or higher than the
dimension of the vacuum tank. As earlier described, the bulk metal used as evaporant is heated
in an electrically resisted crucible refractory above the melting point of the metal. At this point,

atoms evaporate at a specific rate and forms a uniform coating to a desirable thickness on the
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substrate, including the interior of the vacuum chamber [7]. For example, to deposit aluminium
onto the substrate requires heating at or more than 933.52 °C (to evaporate). In this technique,
the vapour pressure of specific molten evaporant can be calculated using the Clausius-
Clapeyron equation which uses the atomic number, (Z), atomic weight, melting temperature,

boiling point in kelvin (K).

d_p _ pH Equation 2-2
dT  RT?

Where, P is the pressure in Pa, T is the temperature in K, R is the gas constant, and H is the

latent enthalpy (per mole). Further, the above equation can be rearranged in to,

dp _ HdT Equation 2-3
P RT?Z

Therefore, after integrating both sides of the equation considering the pressure and temperature

of the evaporant,

p = Ce"/rr) Equation 2-4

Here, C is the constant for a given pressure and the material used as an evaporant.
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Figure 2-8: Illustrates the working mechanism of industrial-sized thermal evaporation machine [7].

2.2.1.2.  Electron (e-) Beam Evaporation:

Like thermal evaporation, e- beam technique also works below 1.3x10° mBar pressure
where the A of an atom is equal or greater than the size of the chamber. In e- beam technique
shown schematically in figure 2.9, the bulk metal is heated using the high energy e- beam
produced by electrically charged filaments placed beneath the electrically insulated crucible
refractory. The magnetic field of about 10 mT below the crucible allows the emitted e-
accelerated in a curved manner (2709 which allows these e to gain energy before they reach
the molten metal which also serves as the anode in the system. For the magnetic field source
placed below the crucible evaporant both permanent magnets and electromagnets can be used.
However, various e- beam deposition machines prefer electromagnets as it allows to change
the magnetic field and gives the freedom to move the e- beam on the surface of the molten

metal. The applied voltage in this technique can be varied from few kilovolts, kV to a few tens

of kV (crucible evaporant is kept at ground) [7].
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Figure 2-9: lllustrates the working mechanism of an industrial-sized electron (e-) beam evaporation machine [7].

The radius (metres, m) of the curvature of the e- beam can be calculated using the equation

shown below.
mv ; _
R = 5 (m) Equation 2-5

Where, v is the velocity of the e” in the applied magnetic field (B) is written in terms of energy,

E (eV) and m is the mass of the e".

Equation 2-6
v = % (ms™) g

After substitution of equation 2-5 into equation 2-6 gives the equation of R (m).

Equation 2-7
R :% 2mE (m) q

e

Ideally, the required B is around 10 mT and the power dissipated in e- beam evaporation

deposition machine is in between few kilowatts (kW) to a few tens of KW. Such systems are
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commercially available to deposit uniform reflective and electrically insulated (ceramic)

coatings on a variety of substrates [7].
2.2.2. Sputtering Yield (S)

By definition, sputtering is a process based on a loss of surface atoms from the solid material
(acting as a cathode) due to the bombardment of high energetic ions, and in some cases neutrals
[7]. The removal of surface atoms depends on the various parameters such as sputtering yield

(S), power used, pressure etc. Sputtering yield (S) can be calculated using the equation below,

Number of atom removed Equation 2-8

~ Number of incident ions bombarded

Where S depends on mass of the incident ion (M), the energy of the incident ion (Ei),
crystallinity of the target material, the atomic weight of the target material, angle of incidence

of the incidence ions on the target surface [7].

In sputtering, the contribution of electrons is negligible due to their mass and neutrals are not
energetic enough to sputter under the industrial environment. However, high energetic ion
bombardment (high S) makes this technique of industrial interest. There are various sputtering
techniques used in industry such as Magnetron Sputtering (MS), Pulsed Plasma Sputtering

(PPS) and High Impulse Power Magnetron Sputtering (HIPIMS).
2.2.3. Magnetron Sputtering

First, sputtering phenomena was reported in the early 1800s where researchers used
optical emission to investigate the shift from constant glow discharge to arc discharge and the
type of metal atom removed from the target surface. In the year 1883, Michael Faraday
experimented to understand the optical and electrical characteristics of glow discharge where
he unintentionally deposited thin film on a glass chamber [18]. Later, 1857, he published a

paper on the optical properties of the vacuum arc deposited film. In the same year, Heinrich
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Geissler [19] used a mercury pump to generate a vacuum in a glass tube to study the optical
properties of glow discharge. They found that the colour of glow discharge changes with the
decay of the ionised gas. Before this, William Grove (1852) [20] published a paper discussing
the deposition of metal and ion etching. In his experiment a steel needle was used as the cathode
and a silver-plated substrate was used. However, the deposited layer was initially found to be
iron oxide and reported to be reactive sputtering (oxygen present in the glass tube). Later, in
the same experiment he changed the polarity of the cathode and anode to observe the ion
etching phenomena where he found that not only was iron oxide removed, but it also removed

the substrate atoms (reported as molecular disintegration) [18].

In 1858, Professor Julius Plucker from the University of Bonn observed the luminous
region (green colour) on the cathode and in the same experiment he found that the position of
the luminous region could be deflected by changing the magnetic field [21]. Arthur Schuster
modified the setup proposed by Crook’s experiment by placing the plates parallel to cathode
and potential applied between them. He experienced that the particles (originally mentioned as
cathode rays) were shifted towards the positive side of the setup which confirms that they are
negatively charged [18]. Albert Hull (1921) presented a new vacuum devised setup, which he
described as a magnetron. In this setup plasma was confined by controlling the electron
behaviour using magnets placed behind the metal target (electrons trapped within the magnetic
field to form race track). His discovery showed that the current flow through vacuum tube
between cathode and anode is not affected by B up to certain critical point but falls to zero after

an increase in the magnetic field beyond the critical point [22].

In the 1930s, Frans Penning presented a most compatible condition for magnetron
sputtering, which considers the closed electric- and magnetic- field (E x B) traps also known

as Lorenz force which allows the increase of the plasma density at the cathode (target). At the
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same time, he also observed that the generated secondary electrons from the target were in
result of Lorenz force initiating the cycloidal spin on the target. These electrons lose a small
fraction of the energy during their 1% orbit by direct collision with ions and neutrals in plasma
which makes it impossible to return back on the cathode (against the electric field, £) and they
continue their cycloidal movement within the closed-field trap (E x B). In later years, he
realised that by minimising the magnetic field strength in the plasma allows ions in the
discharge to travel towards the anode (e- trap within the closed-field). Which means
E X B stops electrons to travel to the anode and makes them participate in the ionisation
[18][22][23][24][25][26][27]. In 1940, Penning and Moubis presented the first magnetron
sputtering setup where they placed a magnetic field parallel to the cylindrical glass chamber.
This setup clearly showed that the plasma could be confined close to the copper target with ~1
mm thick collisionless discharge sheet [18][28]. Also, they managed to calculate the sputtering
rate of the metal by measuring the mass of the substrate (mica). It was the first setup in which
the target was cooled during the experiment, and this setup is still used in magnetron sputtering
technique to avoid target meltdown. Penfield and Thornton were the first to describe the
industrial-scale magnetron sputtering (inverted) system to deposit thin films on substrates of
large area (longer than 1 m). Such setup was primarily designed to deposit Chromium (Cr) on

silicon to function as a photomask [29].

2.2.3.1.  Planar Magnetron Sputtering:

The earlier developed magnetron sputtering machine was able to improve the ionisation
efficiency due to use of transverse B (orthogonal to E ). Unfortunately, this setup only allows
confining the glow discharge near the cathode. Considering the issue, Rokhlin (1939) [18][30],
suggested the use of a magnetic field applied parallel to the vacuum chamber (radial symmetry)
with strong transverse component of B. This configuration was later called closed-field

magnetron sputtering. Such a setup was first used to deposit a thin film in year 1963 by Kay
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[18][31]. He observed that the ion current density, Ji was increased significantly at the cathode
(Aluminium target). The resulting increase in the sputtering rate of the Al indicating the
positive impact of closed-field configuration (CFC). Approximately six years later, Mullaly
also found that using the quadrupole magnetic field, the sputtering rate of the material can be
improved. Interestingly, in both cases the circular racetracks were formed on the used target

due to target erosion.

The first commercial parallel plate (CPP) CFC reported and later patented by John
Chapin, 1979, where he proposed rectangular shape target considering the cooling of the
magnetron. In this case the racetrack of the eroded area of the target was rectangular in shape.
As per the claim, the B on the target forms the closed loop which forms the endless track

(magnetic bottle) which traps the electron [18][32].

A review article published in the year 1978 by Robert Waits pointed out the drawback
of such a configuration. Based on the above-mentioned setup, only a small fraction of the
cathode is utilised resulting in waste of the material of about 67 %, initially, it was around 75
%. This was only achieved by rearranging the magnetic field which resulted in opening of the
racetrack [33]. Later, W. de Bosscher and co-workers, 1999, used the advantage of permanent
magnets and designed a system which can be initially rotated in a circular path during the
experiment to utilise the maximum area of the target. Further they also rotated the magnet

assembly to a very complicated path to achieve the target utilisation of around 60 % [34].
2.2.3.2.  Unbalanced Magnetron Sputtering (UMS):

The magnetron sputtering, MS Setup proposed by John Chapin had some limitation in terms
of control of the film microstructure/phase composition, favourable orientation,
physical/chemical properties, surface roughness and density of the film as it becomes difficult

to provide enough low-energy high flux ion bombardment onto the substrate. After a decade,
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Brian and co-workers proposed a setup which had a similar magnet arrangement but different
in strength. Here, they simply found that by rearranging the magnets (stronger magnet outside
and week magnet inside) as shown in figure 2.10a, the magnetic field can be unblanced. The
stronger magnet outside allows a small leak in glow discharge trapped at the cathode. As a
result, permitting low energy ions to bombard the desired substrate. However, researchers
found that this setup also has some drawback such as loss of electron and ions to the chamber
(bombarding). Later, a researcher at university of Illinois in 1992 presented new architecture
of UBM with a set of Helmholtz coil (external magnetic field controlled by applied current) to
control the unbalancing of the magnetic field circuit by applying axil magnetic field using the

coils as shown in the figure 2-10. Such arrangement minimises the loss of ions and electron

without altering the sputtering rate. Presently, UBM is widely employed in industry to deposit

S N S
N S N

various coatings [35][36][37].

Figure 2-10: A schematic of the magnet arrangement and magnetic field lines in closed field
unbalanced magnetron sputtering configuration.
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Figure 2-11: (a) Magnet arrangement in UBM (b-c) magnetic profile of UBM.

2.2.3.3. HIPIMS Coating

High-Power Impulse Magnetron Sputtering (HIPIMS) technique is a surface
modification technology originally developed at Sheffield Hallam University. HIPIMS
technology combines the magnetron sputtering (MS) with pulse power technology, where
power is applied in pulsed mode at a relatively high amplitude and low duty cycle. The majority
of sputtered atoms and near target gases such as argon (Ar), N etc. are ionised. Also, it is often
argued that the power density in HIPIMS (near the target region) can exceed 10" Wem™ which
is impossible to obtain in traditional direct current magnetron sputtering (DCMS). Although,
at this level of glow discharge arcing on the cathode surface (target) is very common and
requires a special arc suppression unit. Arcing on the target might damage the quality of the

coating (microdroplets) [38][39]. However, this technology is already equipped with arc
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detection and suppression unit which interrupts the process for a short period whenever arc is
detected. The advantage of using HIPIMS technology is it can produce plasma with high metal
ions density of about 70 % or higher for some material such as titanium (Ti) and copper (Cu)
with high ion energy in the range of 20-200 eV compared to that of conventional MS (direct

current) [38][39].

On the other hand, HIPIMS has a lower deposition rate compared to that of DCMS due to
re-sputtering of initially sputtered metal ions. Nevertheless, sputtering rate can be improved by
combining UBM and HIPIMS or by applying a magnetic field less than 40 milli tesla (mT).
Ehiasarian, A.P and co-workers (2003) applied HIPIMS technology to improve the durability
of a surgical blade. Here, they found that it is possible to plasma nitride using HIPIMS
discharge combined with UBM by varying the bias voltage (Ub) from -500 V to -1000 V,
whereas no evidence of S-phase formation was reported. It could be linked to the high amount
of ion bombardment, which leads to the localised heating of the specimen surface [40]. As
earlier discussed in the section, the composition of a compound layer is sensitive to temperature
which means temperature > 450° C promotes the formation of a layer consisting of Cr
precipitation and below 450° C it consists S-phase. So, it is crucial to consider appropriate Ub

to plasma nitrided austenite alloy or ASS.

2.2.3.3.1. Nanostructured Coatings

Titanium nitride (TiN)

Titanium nitride (TiN) is extensively used to modify the surface of implant materials such as
Ti alloy, CoCr alloy and biocompatible steel like AISI 316L and has a golden appearance. TiN
coatings are considered to have ceramic characteristics of hardness in the range of 24-26 GPa,
low wear coefficient, high wear resistance and excellent corrosion resistance against aggressive

environments such as simulated body fluid (SBF), saliva, etc.
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| Dion, 1992, found that TiN has blood tolerability properties with the haemolysis very
close to zero. Considering, this the TiN coating was used to modify the surface of such as
ventricular assist devices and pacemakers [41]. In 2008, Cogan and co-workers applied this
coating on the of chronic electrode implant to study the injuries to the spinal cord. It was
suggested that by depositing TiN, CoCrMo alloy has potential application in the fabrication of
prosthetics and dental implants. It can reduce the release of metal ions such as Co, Cr and Mo
into the human body which have severe side effects once they reach maximum concentration.
For example, carcinogenic effects in human body can be seen if Co metal ions are released in
the quantities of more than 25 ppm [42]. For the first time, TiN was used to modify the surface
of joint implants to reduce the wear resistance and the release of metal ions; this technology

was patented in 1997 [43].

The property of such coating also depends on the method of coating deposition. In
standard DCMS, TiN was always found to have a columnar structure which makes this coating
difficult to survive in the highly corrosive environment. The columnar structure allows the ions,
for example, CI" (human blood contains, 0.9 % NaCl) to travel through the gap between
columns. Such example is presented in figure 2.14. R. Machunze and co-workers, 2009
observed that the film grown on a silicon substrate using DCMS shows the variation in residual
stress. Observation shows that a film of about 0.53 um has a higher compressive stress (-1.4

GPa) than that of a thicker film (1.63 pum, -1.0 GPa) [44].
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Figure 2-12: Schematic of nanostructure multilayer coating.

In the same year, R. Machunze and co-workers demonstrated that if the TiN films
grown using HIPIMS discharge without substrate biasing will promote films with lower
compressive stress (thin TiN: -2 GPa and Thick TiN: -0.5 GPa). On the other hand, film grown
with an applied bias voltage (-125 V) shows very high compressive stress of about -4 GPa.
However, film grown using -125 V bias voltage had very dense microstructure than that of the
film grown under no biasing (voids between columns were observed where average width of
the grain was 18 nm) [45]. Papken Hovsepian and co-workers, 2014 showed that the residual
stress (-0.22 GPato -11.62 GPa) and texture can be controlled by varying the parameters of the
unbalancing of magnetic strength, bias voltage. Also, the density of the coating can be changed
by using a combination of UBM and HIPIMS. For example: pure columnar structure can be
obtained by using 4 UBM to dense structure by using 2 UBM and + 2 HIPIMS [38]. J.
Bohlmark and co-workers, 2006, were the first to present the comparative study on DCMS,
Arc sputtering and HIPIMS. Their study showed that TiN coatings obtained from DCMS were
full of defects and had a pyramidal columnar structure from the top and the surface of coating

produced by Arc sputter specimen was found to have cauliflower-like structure. On the other
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hand, TiN deposited using HIPIMS had a fine grain and dense structure. This shows the

HIPIMS is capable of producing coatings without droplet and other defect [46].

Chromium Nitride (CrN):

CrN is second most used coating after TiN because of its high resistance against
oxidation, better wear resistance, superior hardness and high resistance against corrosion.
However, the hardness of the CrN coating which is in the range of 15-20 GPa is lower than
that of TiN. CrN has two stable forms i.e., CrN and Cr2N. CrN is mainly had face-centred cubic
structure (FCC) and Cr2N has a base centred cubic structure (BCC) which makes Cr2N phase
harder than that of CrN. Extensive studies on CrN coatings demonstrate that a layer of about 3
pm is mostly not helpful in providing protection against corrosion and improved wear
resistance compared to that of hard chrome coating (Cr). This could be due to the porosity of
CrN coating (disadvantage of DCMS). CrN coating is widely chosen because of better adhesion

to stainless steel and even on electroplated substrate [47].

Studies show that the hardness of CrN coating can be improved up to 30 GPa by using bias
voltage (-200 V) and extreme target poisoning conditions using high nitrogen flow [47].
Recently, researchers [48] found that the CrN deposited by DCMS contains (111), (200) and
(220) phase, whereas the same coating deposited using HIPIMS technique produced a layer
that has intense (200) texture (T*). Coatings deposited using DCMS had clear formation of
columnar structure along the growth direction, but HIPIMS deposited CrN was dense despite
a columnar structure. CrN coating demonstrates the excellent resistance against corrosion or

mechanically assisted corrosion (tribocorrosion) [49].
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Multilayer coatings

To improve the load bearing capacity of the biomaterial alloy such as CoCrMo,
multilayer coatings such as TIN/NbN, TiN/CrN, TiN/VN and CrN/NbN have been used as they
have better wear resistance, superior hardness and excellent corrosion resistance. For the first
time such coatings were presented by researchers at University of Illinois in 1987 where they
managed to grow a single crystal TiN/VN superlattice coating on MgO (100) substrate using
sputtering technique. Their observation shows that the hardness of the coating is a function of
bilayer thickness (1). The highest hardness was around 5560 HV measured for A= 5.2 nm [50].
Later, Cho et al., 1992 developed superlattice coatings based on TiN/NbN using a rotating
substrate holder. In this study they found that the hardness of the coating changes with change
in bias voltage and N flow ratio while bilayer period thickness is fixed. The highest hardness
of 4900 HV was measured for A = 24 nm (which was achived at bias voltage=-150 V and N>
flow for Nb:Ti = 2:1) [28]. Another similar work presented by this team found that the surface
microhardness of the superlattice coating, like TiN/NbN, can be influenced by various
parameters such as bilayer period thickness, bias voltage, N2 partial pressure and gas flow ratio.
Also, in the same study it was reported that the phase composition depends on the bilayer
thickness. For example: mixed (111)/(200) phase for A= 2.5 nm to preferred (111) phase for A=

25 nm [51].

In 1995, Hurkmans and co-workers reported a new set of multilayer coatings based on
TiN and W>N superlattice where the thickness of the layers were in the range of 2.45 nm to
17.5 nm. They found that with the proper combination of N partial pressure and satellite
rotation frequency (single or 3-fold), highest hardness of about 30 GPa and very high critical
load (around 60 N) with minimum residual stress (1 GPaum™) can be achieved [52]. A year

later, Setoyama and co-workers, 1996 reported a unique set of coatings developed using Ti and
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Al targets. During this work TiN/AIN superlattice coatings were deposited using Arc ion-
plating technique where period thickness was varied from 1 nm to 35 nm. Here, they found that
AIN crystal structure changes from Wurtzite type to NaCl (FCC) type at 2.5 nm period
thickness which further changes from FCC-type to mixture of cubic and wurtzite (AIN) at 35
nm period thickness. Interesting observation in this work was that the hardness of the
superlattice coating reached 41 GPa which was almost 1.6 times higher than that of monolithic

TiN coating [53].

In 1998, Nordin and co-workers deposited different combinations of multi-layered
coatings based on CrN, MoN, NbN and TaN where TiN was common in all. All multilayer
combinations showed (200) phase as a preferred orientation except one MoN . TiN/MoN
coating found to have mixed orientation of (111), (200) and (220) phases. Another interesting
observation in this work was the thickness of the column. The thickest columns were found in
TiN/NbN, TiN/TaN and monolithic TiN, whereas the thinnest columns were observed for
TiN/CrN and TiN/MoN. Important observations made during this work was that mechanical
and tribological properties of the coating depends on the phase composition of the coating

system rather than the type of the combination [54].

Early in 2000, Papken Hovsepian and co-workers reported four different combinations
of superlattice metal nitrides such as TIAIN/CrN, TiAIYN/VN, TiAIN/VN and CrN/NbN.
Before depositing superlattice coatings, substrate surfaces were exposed to intense metal ion
bombardment (metal ion etching) followed by deposition of CrN base layer. During this work,
they found that using specific metal ion etching (V, Cr and Nb) before deposition improves the
adhesion significantly. In this work it was also reported that the residual stress of the coating
can be altered by changing bias voltage (-75 to -120 V) where maximum compressive residual

stress was reported for TIAIN/CrN which was -9.2 GPa. TiIAIN/VN was found to be with the
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lowest coefficient of friction, CrN/ NbN showed the best corrosion resistance where as TiAIN/

CrN and TiAI'YN/CrN showed the best micro abrasive wear resistance, [55].

D.C. Cameron and co-workers, 2001, shown that by varying the substrate position and substrate
bias voltage the optimum hardness of superlattice CrN/NbN can be achieved [56]. Later in
2004, E. Bemporad and co-workers, deposited the same coating on steel to improve the wear
resistance in an industrial scale PVD machine. The result shows that the lifetime of the substrate
material was increased significantly up to 6 to 11 months compared to that of monolithic CrN

coating [57].

In 2008, Hovsepian and co-workers [58], presented new nanoscale multilayer coatings based
on CrN and NbN deposited using combined UBM and HIPIMS. Study shows that the coating
with bilayer thickness of 4.1 nm (total thickness of 2.9 um) had the best tribological properties,
corrosion resistance and superior hardness. Superlattice CrN/NbN coating deposited on
CoCrMo alloy using HIPIMS discharge improves the surface hardness significantly (~34 GPa),
higher wear resistance (4.94x10%° m3N-*m™), lower coefficient of friction (u=0.49) and fatigue
(539 £ 59 MPa). Metal ion analysis shows that the CrN/NbN coating significantly minimizes
the release of toxic ions (Co, Cr and Mo) from the substrate which makes this coating
favourable for biomedical applications [59]. Juliano and co-workers, 2015 presented that the
hardness, (H) of about 36 GPa can be achieved by depositing superlattice TiN/CrN coatings
(bilayer thickness, 6.3 nm) [60]. Also, research shows that by combining both TiN and CrN
with specific bilayer thickness can enhance the fracture toughness (Kic), tribological properties
and corrosion resistance. J.W. Du and co-workers, 2020 [61], obtained highest hardness of ~30
GPa by depositing superlattice TiN/CrN coatings with bilayer thickness of 6.3 nm compared

to that of monolithic TiN (H= 26.4 GPa) and CrN (H=17.3 GPa). TiN/CrN multilayer coatings
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have better oxidation resistance (800 °C for 10 hours) compared to that of monolithic CrN and

TiN.

To the best of our knowledge HIPIMS plasma nitriding has never been reported before. The
present work explores in-depth effect of HIPIMS discharge on plasma nitriding of CoCrMo

alloy.
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Chapter 3
Experimental Methodology

3.1. Material, Substrate Preparation and HIPIMS Nitriding

3.1.1. Material:

CoCrMo alloy has been chosen for the entire study due to its high applicability in total hip
replacement and total knee replacement. The composition of CoCrMo (standard- ASTM F75-
12) is given in table 3-1.

Table 3-1
Chemical composition of CoCrMo alloy (F75).

Element Cr Mo Ni C Si Mn S N Co

wt.% 27-30 5-7 <05 <035 <10 <10 <0.10 <0.25 Balance

3.1.2. Substrate Preparation:

Description of sample dimensions and the tests for which they were used is given in the table

3-2.
Table 3-2
Substrate material used for various tests and analytical methods.
CoCrMo alloy @ 20 mmx5.5 mm FIB-SEM, SIMS, XRD, Nano and

micro hardness, Tribological Test,
Impact fatigue analysis, Fracture
toughness analysis and

electrochemical analysis

Before HIPIMS nitriding discs made from CoCrMo alloy were polished using different grades

of abrasive sheet (mechanical grinding: 180, 320, 600, 1200, 2400, 4000 grit). The grinding
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was carried out in conditions of running water and was followed by polishing using 6 and 1
pm diamond paste applied on velvet cloth. Before loading into the chamber, samples were
cleaned in the automated industrial-sized cleaning line containing baths with various industrial
detergents along with ultrasonic agitation to remove contaminants from the surface. Following
the cleaning procedure, the samples were rinsed by deionised water and vacuum dried (85 C)
for 30 minutes. Finally, the samples were immediately loaded into the chamber in order to
avoid any contamination or residual dust. Contaminants on the surface might lead to forming
surface defects during the process. Detailed information about cleaning line and solutions used

at each stage is presented in the table 3-3.

Table 3-3

Sample’s cleaning procedure.

Step ID Solution Temperature (°C) Time (min)

DI water+ Deconex HT 015+ Deconex

1 58 7
HT 1169
3 DI water+ Deconex VP 1233A 55 7
2,4 Tap water rinsing, Room 1
Max. 30
6,7 DI water rinsing and vacuum drying 50 and 85
min.

3.1.3. Process Chamber Details (Hauzer HTC 1000-4/ABS coating machine):

An industrial size Physical Vapor Deposition (PVD) system equipped with four
magnetrons (Hauzer Techno Coating, The Netherlands) at the National HIPIMS Technology
Centre at Sheffield Hallam University were used for both HIPIMS plasma nitriding and the

deposition of nanostructured coating. The system is equipped with two mechanical vacuum
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pumps (500m3/h Root’s pump and a 250 m®h rotary vane pump) and two turbomolecular
pumps with a pumping speed of 2500 m%h (Blazers TPH 2200) which can achieve high
vacuum in the range of about 10 mbar. The system is also equipped with high precision gas
flow controllers operating in the range of 0-500 sccm to control the gas flow of nitrogen-
hydrogen mixture (N2:H2) and argon (Ar). Plasma emission monitoring (Gencoa SpeedFlo)

was used to control the reactive gas flow during the process.

The PVD system shown in figure 3.1 can be operated in either HIPIMS mode or
Unbalanced Magnetron Sputtering (UBM) mode by simply switching the power supplies. The
dimension of all four cathodes is around 1200 cm?. The overall system is equipped with four
DC and two HIPIMS power supplies (Huttinger Elektronik Sp. z 0.0., Warsaw, Poland) a
dedicated bias power supply with active arc suppression units on the cathode and the substrate
bias supplies (Httinger Elektronik Sp. z 0.0., Warsaw, Poland). The HIPIMS power supply
was capable of providing peak current of up to 1 kA and at a voltage of 2 kV. However, all
these four cathodes are also equipped with a movable magnetic array mounted externally

behind the targets in order to change the magnetic field from 400 Gauss to 100 Gauss.

Moreover, an insulated copper coil is placed around each cathode by which the magnetic field
strength on cathode surface is varied to control the unbalancing effect on the magnetron. A
rotating sample holder carousel is installed in the centre of the chamber which allows operation
with three-fold orbital rotational motion [1][2]. To obtain the desired chamber temperature
there are two radiation heaters mounted on both doors of the chamber. The temperature was
precisely monitored with specially designed electrically isolated thermocouples mounted in the
vacuum chamber and allowing direct temperature measurement at high bias voltages. The ion
etching (surface cleaning) is obtained by merely injecting argon gas (Ar) during the process.
Similarly, nitriding and coatings obtained by adding H2/N> (15:85) and Ar/N2 gas through gas

inlets.
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Figure 3-1: Schematic diagram of industrial sized PVD system.

3.1.4. HIPIMS Nitriding Process Parameters:

During nitriding the process power on the cathode were maintained between 1-2 kW to avoid
high sputtering of the metal targets (Cr and Nb). Only parameters were varied here was
nitriding voltage to understand the effect of high energy bombardment on nitriding or diffusion

depth.
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Table 3-4

Nitriding process parameters.

Base Pressure 5.8x10° mbar
Operating Pressure 8.3x107 mbar
Reactive Gas N2:H2 (85:15)
Process Temperature 400° C
Substrate holder 3-fold rotated
Power on each Metal Target (Cr/Nb) 1-2 kW
Nitriding Voltage -500 V to -1100 V

3.2. Characterisation methods

3.2.1. X-ray Diffraction (XRD) Analysis

In this study, a PANalytical Empyrean automated X-ray Powder diffractometer (Co and
Cu x-ray tube), with a PIXCEL-3D area detector, was used in 6-26 Bragg—Brentano (BB) and
Glancing Angle (GA) beam geometry to determine the phase combination in the specimen. In
this work, BB geometry was not selected for the study due to its high penetration depth at a
higher incident angle. The scanning range for GA-XRD was selected as 26 = 20° to 120° with
a step size of 0.006°. The GA-XRD technique is a convenient method for stress analysis and
phase identification studies in the case of the nanostructured coatings. Due to the reduced
penetration depth of the X-rays in GA geometry, the contribution related to the substrate is
eliminated in comparison to standard X-ray diffraction. In this geometry, the incidence angle
(o) is fixed at 0.5°, 1° and 2°. The detector position was varied from 20° to 120° while keeping

incident beam fixed. PANalytical HighScore Plus Software, together with the ICDD Powder
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Diffraction File database, was used to analyse the phases present in the GA-XRD diffraction
patterns.

Aa

The lattice parameters (a), interplanar distance (d) and lattice expansion (ao) were calculated
using Bragg's equation [4] [5].

nA=2dsin0 Equation 3-1
where n=1 and 6 value were obtained using data analysis software (Origin 9.0). So,

A Equation 3-2
~ 2sin®

Where d value can be calculated for each reflection using their known crystal structure.

For cubic structure,

hkl ion 3-

d(hkl) = a(hkl) Equation 3-3
V(2 + k2 +12)

a(hkl) = dj/ (R? + k? + 1%) Equation 3-4

So, Equation 3-5

lattice expansion (2—“) = (aa‘; )
0 —Hdo

Further to explore the crystallographic orientation of the nitrided layer, texture coefficient (T*)

was calculated for all samples using the method presented in [6].

Ihki/Ruki Equation 3-6

= (1/m) X6 (Ihia/Ruw)

Where Inipy is the measured peak intensity from the (hkl) reflections, Ry is the
reference standard (random) peak intensity from the (hkl) reflections and n is the number of

reflections considered.
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Note: The observed peaks in diffraction patterns indicate a family of planes which are produced
at specific diffraction angle 20. In the X-ray diffraction patterns, y is austenite phase, yn

expanded austenite (also known as S phase), ¢ is a ferrite.

3.2.2. Focused lon Beam-Scanning Electron Microscopy (FIB-SEM):

A Quanta 3D SEM equipped with a focused ion beam (FIB), secondary electron, and
backscattered electron detector was used in this work. The electron beam having energy
ranging from a few 200 eV to 50 keV, scanned across the sample surface. As the source electron
beam interacts with the sample, the incident electrons interact with the atomic electrons and
scattered across due to different collisions such as elastic and inelastic. Various types of
emissions associated with electron beam-sample surface interaction are shown in figure 3.3.
Using detectors such as secondary electron (SE) or backscattered electron (BSE), these
deflected and emitted electrons from the samples surface can be collected and utilised to depict
a sample's topographical, microstructural features and chemistry. Here, SEM was used to
collect the SE images of a planar and fractural cross-sectional view of the nitrided samples. SE
electrons were ejected as a result of an inelastic collision. By theory, once the incident electron
with adequate energy interacts with an atom, an electron can be ejected from the same atom
due to energy transfer from the source electron (incident). However, such ejected electrons
have relatively minimal energy; as a result, only electrons of the atoms at the surface get away

from the specimen and capture. Further, low and high magnification images were obtained
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using Everhart-Thornley and Through-the Lens Detector. The working distance was fixed for

10 mm, and the beam voltage varied from 5 keV to 20 keV to obtain the high-resolution images.

Electron Gun
Ga+ (Ion) Gun

High Vacuum

—
Chamber

520

B
/
o /
Bucentric height N /4
?,
LN
%
/
FIB-SEM

Figure 3-2: Schematic of FIB-SEM instrument.

Also, a Focused lon Beam Cross-section (FIB-CS) technique (FEI Quanta 3D) was used
to study the subsurface deformation mechanism of the specimens during various mechanical
studies. The FIB gun was equipped with a Ga source which was further ionised by applying a
high voltage of 2 kV to 30 kV. The mechanism of the FIB gun is like those electron guns where
electrostatic lenses are used to accelerate the beam and to focus the beam on to the object.
Interaction of the ion with the object surface emits the secondary e- similar to the electron beam
to image the surface. Additionally, ion interaction generates defects in the sample and removes
the material through sputtering. The beam current can be changed from 1 pA to 65 nA based
on the type of milling. The sputtering rate of the material can be controlled by changing the ion
current. In this work, mainly cleaning cross-section and rectangular cross-section mode were
used.
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Figure 3-3: Schematic of electron-matter interactions ( various types of signal generated) [8].

In this work, for milling of the deformed area, an ion beam accelerating voltage of 30 kV
voltage was used. After milling, an ETD SE detector was used to image the cross-section of
the deformed area. The working distance was fixed for 10 mm to maintain the Eucentric height,

and the voltage was varied from 2 keV to 10 keV.

The chemical composition of the wear debris after impact and tribo tests were analysed using
energy-dispersive X-ray spectroscopy. Characteristic x-rays are generated due to the transition
of electrons from higher electrons shell to lower electron shell. High energy incident electrons
can also eject inner shell electrons from the sample surface atoms. As a result, electrons from
the outer shell shift to the inner shell, and in-process characteristic x-rays with specific

wavelengths and energies are emitted [1][2][8].

3.2.3. Secondary ion mass spectrometry (SIMS)

Secondary ion mass spectrometry (SIMS) by a HIDEN Analytical SIMS Workstation utilizing
a quadrupole mass spectrometer. This instrument was used to analyse the layer composition
and diffusion depth of the nitrided layers. Oxygen (O) ions were used at a beam current of 420
nA to analyse the layer composition and diffusion depth. The sample was placed in an ultra-
high vacuum chamber and bombarded with ions using specially designed ion gun. The area of

analysis was 100 um?2. The sputtered particles from the sample surface consisted of a mixture
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of ions and neutrals. The ions were separated and at the same time neutrals were ionised by
electron beam. At the end, ionised species accelerated through various filters and detectors to

mass spectrometer to analyse targeted element based on its mass to charge ratio.

3.2.4. Glow Discharge Optical Emission Spectroscopy (GDOEYS):

Quantitative elemental depth analysis was performed using GDOES (Horiba Jobin Yvon).
The obtained results were in the form of elements counts per second which was further
processed into results of at. % per nanometer depth by comparing it with a standard sample
with known stoichiometry such as CrN (50:50). However, to confirm the interface between
nitrided layer and CoCrMo matrix (substrate), the sputtering of sample surface was carried out
upto the thickness of 10 um. Before the measurement of actual samples, background

measurements were performed for Co, Cr, Mo, W, Fe, N and H to corelate with obtained result.

3.2.5. Pin-on-disc

The tribological study is a combination of various studies such as wear (volume loss), friction

behaviour (friction coefficient) and chemical composition analyses of the wear products.

The wear resistance represented by the wear coefficient, K¢ and the friction coefficient), u are
essential properties of any tools, prosthesis and other mechanical devices. Pin on disc (POD)
technique is widely used to calculate Kc and x« of the materials or coatings in aggressive
(saltwater, body fluid etc.) and non-aggressive (air) environments. It can also be found that

friction force is directly related to normal load (N) (through Amonton's 2nd law) [9].
F = uN Equation 3-7
Where p is called the coefficient of friction.
Wear is related to the loss of material due to the removal mechanism during continuous

friction between the mating surfaces. It is believed that the wear does not occur through on its

own wear mechanism. Wear of the material can be affected by various reasons such as
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environment, temperature, load, surface roughness, speed of pin. Significant information can
be obtained through wear debris size and shape, volume and surface roughness [10]. The
various range of wear mechanisms can be seen according to the condition in which it tested.
These mechanisms can be categorised into four different modes such as (a) adhesive wear (b)

abrasive wear (c) fatigue wear and (d) corrosive wear [10].

In this work, the POD instrument was used (CSM, Anton Paar) to study the tribology
behaviour of the samples in dry sliding condition. This instrument is equipped with different
ball as a counterpart (pin). The counterpart is pressed against the rotating specimen surface
clamped in the specimen holder with a static load of 5 N applied on the head of the pin. This
Pin is attached on an elastic arm which moves laterally and measures the tangential force or
frictional force between the pin and the specimen with a sensor [11]. As a result, the pin
generates the circular scar with specific width which is well known as a wear track. Details of

the test parameters are given in the table 3-5.

Table 3-5

Dry sliding wear tests parameters

Dry Sliding
Ball (6 mm) Al;03
Temperature (°C) 26-28°
Humidity (%) 35-45
Sliding length (km) 0.2,0.25,0.5,1.0and 2.0
Load (N) 5
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Wear coefficient was calculated using the standard method proposed by Archard’s [12][13]

B 2X314XRXA Equation 3-8
~ Fy X 2 X 3.14 X R X Number of laps

Cc

Where K, is wear coefficient (m3/N.m), V is a wear volume loss (m®), Fy is normal
load applied (N) and L is the sliding distance (m). Average wear volume was obtained using
the surface profilometer (DEKTAK 150 Stylus) by scanning the wear track three times. The

area was obtained from the software (Dektak).

Screaw

Sample

(@= 6 mm) AlLO;

Stage rotation
(10 ms™)
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Figure 3-4: (a) Schematic diagram of pin-on-disc and wear track profile and (b) Wear track profile obtained
using profilometer.

3.2.6. Mechanical Tests

Various microhardness measurement techniques including Vicker’s and Knoop and
nanohardness tests were used to evaluate the surface hardness of the materials, modified layers
and matrices. A Vickers microhardness tester was utilised to calculate the fracture toughness

of treated and untreated samples.

3.2.6.1. Nanohardness Analysis

A standard CSM Nanohardness tester equipped with a Berkovich indenter was used to
measure the surface hardness (H) and Elastic modulus (E) of specimens. The indenter was
moved towards the normal direction to the surface, by applying progressive load on the surface
up to the set point. For this experiment, a fixed applied load of 5 mN was used for all specimens.

After holding for few seconds, the indenter was completely or partially removed until the
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complete relaxation of the surface occurs. Once the load is entirely removed from the surface,
the surface attempts to recover its original shape but is prevented from doing so as plastic
deformation occurs during loading-unloading cycle [14]. However, some recovery happens due
to elastic strain relaxation in the material. Later the H and E value were calculated using the
obtained L-U curve, also known as the force-displacement curve by using the software. At the
same time the depth and the load are measured using the same L-U curve. The formula used

by the software to calculate the H and E value after the test is presented below (equation 3-9).

L 1 vr dL .
H= > and E == ym_d Equation 3-9
24.5h2 2 ,245h§ dh
L (max)
I
I
1
|
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I
f |
L (mN) I :
I .
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! |
/ 1
/ I
f |
! I
| A

Figure 3-5: Loading-unloading curve.
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Figure 3-6: A schematic impression of indent impression on the surface.

where, P is applied load and Z—Z is same as the slope of the unloading side of the curve shown

in figure 3-5. Note: The area under the unloading curve defines the amount of plastic

deformation occurs during unloading.

3.2.6.2.  Knoop Hardness Test:

The Knoop microhardness (KMH) test is a standard test to measure the microhardness
of the modified layers as well as bulk metals and alloys. The Knoop test is analogous to that of
the Vickers microhardness test. The only difference between them is the shape and angle of the
diamond pyramidal indenter [14]. The Knoop indenter has unequal edge length, which leaves
the impression with one diagonal with seven times bigger than the shorter diagonal. Details of
information about the impression are presented in the figure 3-7. Ideally, hardness value

calculation is similar to Nanohardness. Longer diagonal length (d) is used to calculate the
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projected area of the impression. To measure the precise area of the impression a digital

microscope connected to a computer equipped with image analysis software was used.

2L i -
KMH = Equation 3-9
d? [cot—172'5 tan @]
2 2

Where 172.5° and 130° are the angles of the opposite faces of the Knoop indenter and L is the

applied load.

(@) (b)

=

Figure 3-7: (a) Schematic of Knoop indenter and (b) The long and short diagonal of the indenter. The length of
the long diagonal remains the same during both loading and unloading (d=d’) whereas the short diagonal length
after unloading decreased from b to b’ [14].

3.2.6.3.  Fracture Toughness Analysis:

In this work, the indentation method was used to calculate the fracture toughness (Kic) of the
samples. Ideally, in this method, a sharp diamond-type indenter such as Vicker’s was mainly
used. Upon loading, at high applied load, tensile stresses are generated in the material as the
radius of the plastic zone increases. Whereas, during unloading of the indenter, the build-up of
extra stresses due to elastically strained area of the material (outside the plastic zone) attempts
to regain its original shape. However, it is prevented from doing so due to permanent plastic
deformation which is directly associated with the plastic region in the material [14]. Indentation
technique has become one of the important methods to evaluate the fracture toughness of the

coatings and alloyed surfaces [15][16]. Generally, three different kinds of cracks can be
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observed, such as radial, lateral and median cracks. These cracks are illustrated in the below

Table 3.6.
Table 3-6

Detailed explanation of type of cracks.

Crack
Type Origin Reason for Formation
Type
Radial Vertical On the surface, outside the Hoop stress and spread
half-penny plastic zone downward into the sample.
Lateral Horizontal Beneath the surface and Tensile stresses and extended
parallel to the load axis to the surface. Emerges
surface ring which can lead to
the chipping of the surface.
Median Vertical Beneath the surface of the Not clear. However, based on
circular material and parallel to the applied load, the two half-
penny symmetry axis. Also, have penny cracks can extend

direction adjacent to the

corners of the indentation.

upward intersect the surface.
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Figure 3-8: Schematic of radial cracking at Vickers indentation

To calculate Kic value of the samples requires precise measurement of crack length (c)
using an electron microscope (EM) formed on the surface after indentation along the edges of

the indenter. The formula to calculate Kic is described below [14] [17] [18]

E L 1/
ch:6 ﬁx C3—/2 MPamm /2

Where § (0.016) is the constant value obtained from literature, L is the applied load (N), E is

Equation 3-10

the elastic modulus (Nmm2), and H is the Vickers hardness value of the material (Nmm).
So,

c=U+a) Equation 3-11
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_)3/2 Equation 3-12

3.2.6.4.  Impact Fatigue Analysis:

Materials such as CoCrMo alloys and biocompatible steels used in the making of
prosthetics where cyclic loading is very common. Under such loading conditions, fatigue
cracks are very common and can lead to severe consequences. To understand the cracking
mechanism under such loading condition of such materials around 10 million (107) cyclic point
loadings are applied. Later, the tested area was analysed under a microscope. By utilizing
microscopy, the cracking mechanism can be explored. Further study can be done using Raman
spectroscopy to understand the oxidation behaviour of the surface after impact testing. Ideally,
the fatigue limit of the material can be obtained by plotting the number of impacts vs. applied
load or stress (S-N curve). After the start of the test, S decreases gradually and at some point it
stabilizes, which means the material reached its fatigue limit. In this work, a macro impact
tester (CemeCon) was utilised to make various impacts on the untreated and nitrided

specimens. Below table 3-7 contains the parameter used for the tests.

Table 3-7

Impact fatigue test parameters.

Parameters
Ball diameter 9 mm
Load 500 N

Initial= 250
Number of Impact
Final= 1 million

Frequency 50 impacts/sec.

Applied current 10A
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3.2.7. Potentiodynamic Polarisation (Corrosion) Study

Corrosion is an event under which degradation of material into the original state as
found in nature due to chemical reaction of metals/alloys in an aggressive environment such as
acids, bases etc. It is also known as the reverse metallurgy engineering, because it allows the
metals to reform the structure into their most thermodynamically stable state as sulphides,

oxides or other compounds. Hence, metallurgy allows forming metal by supplying energy
[11[2].

Rusting (ex. Hydrated iron oxides)

Mining Field

Metal forming Environment:
Industry (steel and - - acids, oil and gas,
iron) seawater etc.

Energy (Heat) Energy

There are various types of corrosion reaction occurring on an environmentally exposed

surface [19]:

a) On the entire surface (generalised corrosion).

b) On a specific area of the surface (localised corrosion).

c) Stress corrosion cracking occurs under tensile loading; the attack on the surface can
cause crack formation perpendicular to the tensile stress.

d) Selective corrosion mostly takes place in alloys, where the corrosion process puts all the
constituent of the alloy into the test solution (environment). In some cases, only one
component of the material is dissolved, or only the grain boundaries of the material

attacked producing the intergranular corrosion (in case of coatings).
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So, corrosion is a coupled electrochemical reaction where both cathodic and anodic reactions
co-occur at different sites of the materials. Under anodic reaction, production of an e occurs

as a result of an oxidation reaction.

Me(s) —» Me(,,y + e~ Equation 3-13

Where notation (s) is solid, and (aq) is aqueous.

Whereas, under cathodic reaction, reduction of given species happens, which means a decrease

in oxidation number.

2H gy + 26~ = Hy(aq) Equation 3-14

Such a reaction predominantly can be seen in the acidic environment. So, total corrosion

reaction can be visualised as,
Fe+2H* -» Fe*™? + H, Equation 3-15

Note: Two half-cell reactions can occur on the same material as the polycrystalline metals
contain various grain and crystal faces (grain boundaries). Also, these metals have multiple

defects such as steps, edges, screw dislocation, point defects and kink sites.

In this work, a Gill potentiostat was utilised to examine the corrosion behaviour of
nitrided and duplex coated specimens. An Ag/AgCl was used as a reference electrode.
Specimens were used as working electrode and two graphite rods as an auxiliary electrode. The
working electrode was polarised from -1000 mV to +1000 mV at a scan rate of 0.5 mVsec™ to
observe both cathodic and anodic behaviour. The potential was changed with respect to time,
and simultaneously current was measured between auxiliary and working electrode. The

detailed test setup is presented schematically in figure 3.9.
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Figure 3-9: A schematic cross-section view of three electrode cell corrosion test setup.
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Figure 3-10: An example of E vs log icorr plot for stainless steel in Hank’s solution (pH 7.3).
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Figure 3.10 depicts the corrosion potential (Ecorr, mV) vs Corrosion current density
(Log icor, MAcm?) obtained from the test also called a potentiodynamic polarisation curve
(PPC). PPC is a standard method to analyse the corrosion behaviour of any material. It is a very
common practice to treat current densities value to be considered as positive [20]. The region
from 1-2 is the cathodic region (first half cell) and from 2-3 is the anodic region of the other
half of the cell. In the plot, an area up to B is considered as a passive region which defines the
capability of material to form a passive layer (thin oxide layer of about 1-4 nm). Point B in the
plot indicates Ecorr Which can be found at the intersection of the cathodic (oxygen consumption)

and anodic (metal dissolution) line of the curve [20].

Many metals tend to form metal oxides by reacting with the solution. These passive
oxide layers provide self-protection from localised corrosion in a corrosive environment
(aqueous). Also, in this region the icorr Value measured constant and very low. Once the layer
breakdown occurs, the corrosion potential and current increases suddenly and reaches to its
high value. The reason is called pitting potential in that at this point, the surface forms pits and
as the voltage increases the pitting also increases. In some metal, also transpassive region can

be observed after breakdown of the first passive layer.

3.2.8. Raman Spectroscopy

The Raman analysis were performed using a Horiba-Jobin-Yvon HR800 integrated Raman
spectrometer fitted with a green laser (A = 532 nm) to obtain the oxides and metal oxynitride
composition formed after dry sliding wear tests and corroded surface. The laser was focused
on the targeted area of the sample surface in a 1 um diameter spot through a standard 100x
microscope objective. The spectra were recorded from 200 to 1500 cm-1 and fitted by gaussian
and Lorentzian peaks. To acquire a targeted Raman spectrum various transmission filter were

used (from 20 % to 100 % of the total laser power).
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Chapter 4
HIPIMS Low-Pressure Plasma
Nitriding

The effect of nitriding voltage (from -500 V to -1100 V) on the structural, microstructure and
chemical composition of the specimens are discussed in the first part of this chapter. The second
part of the chapter examines mechanical, tribological and electrochemical properties of the
untreated and HIPIMS plasma-nitrided specimens (except the samples treated at -500 V).
Samples nitrided at -500 V showed an undesirable coating structure which makes it unsuitable

for the desired application.

4.1. Microstructural Analysis

The phase composition of the nitrided layers and the untreated surface was investigated by
glancing angle X-ray diffraction (GAXRD) at 2° incident angle (figure 4.1). XRD data of the
untreated CoCrMo substrate showed a predominantly face-centred cubic (FCC) structure,
called y austenite phase (PDF No: 01-071-4651) with peaks around 44.5° and 51.4° along with
a hexagonal closed-packed (HCP) structure, called € phase (ICDD Powder Diffraction File No:
04-004-4360). It has been reported that both FCC and HCP structures coexist in CoCrMo
alloys. However, generally at room temperature the FCC structure is predominant [1 In the
case of -500 V, the XRD pattern showed the (111) and (200) reflections of the FCC structured
CrN/NbN at 36° 20 and 42° 26 respectively, as well as a reflection from Cr2N at 62.5°. This
analysis revealed that at low nitriding voltage (-500 V), a thin (Cr-Nb)-nitride layer was
deposited on the sample surface despite intensive re-sputtering of the bombarded surface. It
can be stated however that at - 500 V, a nitrided layer is also formed, as revealed by the presence

of a higher angle substrate diffraction peak at around 75 °260, which corresponds to the & (110)/
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v (220) phase mixture. On the other hand, samples treated at higher bias voltages (from -700 V
to-1100 V) showed yN (111) and yN (200) peaks corresponding to an expanded austenite phase
which are shifted to lower 20 angles compared to the as polished untreated substrate. This shift
is mainly due to the expansion of the FCC lattice by the insertion of nitrogen in the octahedral
sites of such structure during nitriding, even though residual stress and stacking faults can also
cause such lattice expansion. It is important to note that the XRD data of -1000 V and -1100 V
also showed traces of CrN and CraN compounds unlike -700 V and -900 V samples. It has been
already reported that the precipitation of chromium nitride compounds was observed when the

nitriding was carried out at 520 °C [2].
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Figure 4-1: X-ray diffraction data of untreated and nitrided samples at various bias voltages.

In this research, during the nitriding of -1000 V and -1100 V samples, the actual process
temperature increased up to 510 °C because of the intense ion bombardment due to high bias
voltages, even though the set value was much lower at about 400 °C. In the case of -700 V and
-900 V samples, the actual process temperature was around 430° C, hence no chromium nitride
compound precipitation. Table 4.1 shows peak positions, the calculated interplanar distances
(d), lattice parameters (a) and lattice expansions (Aa/ag) from the (111) and (200) peaks for the
yN phases in the various (nitrided and untreated substrate) samples. The (111) peak in the

sample nitrided at -1100 V exhibited a maximum shift of about 3.5° 26 and the (200) peak in
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the -900 V sample showed about a 6° 26 shift as compared to the substrate peaks. In the [111]
direction, the lattice parameter (a) increased significantly from 0.368 nm to 0.384 nm while
increasing the bias voltage from -700 V to -1000 V. However, it decreased to 0.370 while
further increasing the bias voltage to -1100 V. It is important to highlight that the lattice
parameter (a) for austenite cubic (111) phase in equilibrium state is 0.374 according to the Co-
N phase diagram. The highest lattice expansion, (Aa/ag) of 9.40 % was observed for samples
treated at -1000 V as compared to the untreated sample. Therefore, it can be argued that lattice
expansion has reached saturation point at -1000 V. In [200] direction, the maximum lattice
expansion was found to be 12.99 % for the sample treated at -1000 V as compared to the
untreated sample. The lattice expansion, (Aa/ao) in [200] direction was found to be higher as
compared to [111] direction for all nitrided samples. Similar behaviour was observed by Ozturk
et al. [3] for 316 stainless steel alloy. The sample treated at - 1100 V exhibited the highest
difference of about two-fold while comparing the lattice expansion in [111] and [200]

directions.
Texture coefficient, (T*) was calculated using the following equation, [4]:

Thki/Rux Equation 4-1

= (1/m) X6hia/Ruia)

Where I(hkl) is the measured peak intensity from the (hkl) reflections, R(hkl) is the reference
standard (random) peak intensity from the (hkl) reflections and n is the number of reflections
considered. The results from these calculations for all nitrided samples are listed in Table 4.1.
The texture analyses revealed that at a lower bias voltage of -700 V, the predominant
crystallographic orientation of the nitrided layer is (200) whereas at higher bias voltages (from

-900 V to -1100 V), the layer developed mixed (111) and (200) texture.
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Table 4-1

d spacings, T* and lattice parameters of untreated, and HIPIMS nitrided at different bias voltage: -
700V, -900V, -1000V and -1100V. Note: sample nitrided at -500 V is not included here due to
presence of coating phases (Cr-Nb)N. The parameters calculated and presented in table 4-1 only for
nitrided layer only.

Sample ID 20° d (nm) a (nm) 295100 (%) T*(%)
ag

vy (111)  py (200) (111) (200) (111) (200) (111) (200) (111) (200)

Untreated v(4453) v(5143) 0203 0177 0351 0.354

700V 39.84 4588 0213 0197 0368 0394 510 1129 151 9848
900V 40.91 4617 0220 0.196 0381 0392 856 10.73 4354 56.45
1000V 40,57 4505 0222 0200 0384 04 940 1299 33.83 66.16
1100V 41.05 4532 0214 0199 0370 0398 541 1242 28 72

In summary, XRD measurements revealed that the use of HIPIMS discharge with
various combination of nitriding voltage has led to changes in phase composition of the nitrided
layer. It also confirms that the optimum combination of process parameter provides favourable

conditions to develop mix phase nitrided layer [yy(111): y5(200), 43.54:56.45].

4.2. Secondary Electron Microscope Study:

4.2.1. Plan View:

Figure 4.2a shows the SEM image of the untreated CoCrMo (F75) alloy microstructure.
The structure consists of a metastable f.c.c austenite (y) and h.c.p (y) phase matrix with a
random distribution of metal carbide dendrites [5][6]. To understand the metal carbide
composition in depth, EDS (energy dispersive spectroscopy) analysis of the untreated alloy
was performed. Results showed that the carbide phases consisted of a mixture of metals (Co,

Cr, Mo and Mn) of around 66.7 at% in total with a carbon concentration of around 33.3 at %.
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Figure 4.2b shows the carbide phase at high magnification (indicated by a square inset in figure

4.2a) and the chemical composition of the carbide phase (inset table).

Figure 4-2: (a) Low magnification image of the microstructure of CoCrMo (F75) alloy in plan-view. (b) Selective
area EDS analysis of the carbide phase and the results obtained from the compositional EDS analyses.

The metal carbides can be found in different shapes and sizes depending on the crystal
structure of the phase. These finely distributed carbides can be identified as M23Cs, however
the size, transformation (into MeC) and distribution of this phase can vary based on the
manufacturing process and the composition [7][8]. As exhibited in figure 4.2(a), the carbide
phases in the microstructure of the alloy used in this study had irregular shapes and sizes.
Moreover, they had a dense and blocky appearance which is typical for M23Cs type of metal
carbide [7]. Apart from the carbides, porosity (indicated by the circular inset in figure 4.2a)

resultant due to the breaking of brittle carbide phases during polishing could also be observed.

Figure 4.3 (a-d) shows the microstructures of the specimens nitrided at different
voltages in a plan view. As observed in figure 4.3(a-b) and the XRD results the microstructure
of the nitrided layers (-700 and -900 V specimens) consisted of a mixture of equiaxed and
elongated grains of y, phase and randomly distributed carbides (mainly M23Cs phases) within
the y phase. Presence of equiaxed grains of the €y phase was also visible. Interestingly, yx

phase dominated the microstructure in the case of the two specimens nitrided at lower voltages.
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Microstructure of the specimens treated at higher nitriding voltages (-1000 V, and -1100 V),
figure 4.3(c-d), also exhibited equiaxed grains of y, phase along with the random distribution
of M23Cs carbides. However, a striking difference in the microstructure for these specimens
was the presence of ¢ plates and deformation twins within the y, phase grains (inset image of
figure 4.3c). In this case, deformation twins were visible at high magnification with the distance
between two lines in the range of 60-80 nm. No deformation twins were visible in the case of
-1100 V. However, the number of e plates within the y phase increased substantially (figure
4.3d). This implies that higher nitriding voltages (>1000 V and -1100 V in this case) promoted
the formation of €, phase, which makes the surface much harder. Earlier work on HIPIMS
plasma nitriding on CoCrMo alloy [9] showed that the texture of these nitrided specimens
changed from a predominant (200) orientation (-900 V nitrided specimen) to a mixture of (111)

+ (200) orientations (-1100V nitrided specimen).
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Grain
Boundary

Figure 4-3: SEM microstructure of plasma nitrided CoCrMo alloy at (a) -700 V (b) -900 V (c)-1000 V and (d) -
1100 V. Inset images in (c) and (d) show a selected area at a higher magnification with deformation twins and ey
plates respectively.
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4.2.2. Cross-Sectional Analysis:

Compound Layer

Compound Layer 4
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Figure 4-4: Cross-Section SEM images of nitrided samples at various bias voltages (a) -500 V (b) -700 V (c) -
900 V (d) -1000 V and (e) -1100 V. (Note: Wight layer indicates diffusion layer, CosN and Thick Gray layer
indicates compound layer, C02.3N+CosN)

Cross-section SEM images of CoCrMo samples nitrided at various bias voltages are depicted
in Figure 4.4a-e. The formation of both compound and diffusion layers can be clearly seen in
-700 V and -900 V samples whereas -1100 V and -1000 V sample showed only a compound
layer. The diffusion depth measurements using SEM also showed that the depth increased with
increasing bias voltage. Maximum depth of about 3.7 um was observed for the sample treated

with -1100 V followed by 3.3 um, 1.8 um and 0.97 um for -1000 V, - 900 V and - 700 V

102|Page



respectively. EDS analysis (not shown) of these samples showed the absence of target material,

Nb in these layers which indicated that these layers are nitrided layers, not (Cr-Nb)N coating.

The sample treated at - 500 V (figure 4.4a) showed a highly dense layer with a unique
microstructure as compared to the other samples. EDS analysis of this sample showed that the
layer is comprised of Cr, Nb and a small amount of nitrogen. However, it was impossible to
establish with EDX that the detected Cr was mainly due to the deposition of (Cr-Nb)N coating
as this layer was very thin at approximately 0.97 um and the substrate also contained a
substantial amount of Cr. But the presence of Nb indicated that the deposition of target material

has also taken place.

The diffusion depth was roughly estimated because it is not possible to image the whole
diffusion layer using SEM. Nevertheless, these values when further defined by EDS

corroborated the findings from XRD and SIMS, GDOES analysis.

In summary, SEM analysis revealed that the change in nitriding voltage influences the
depth and microstructure of the nitrided layer. It was evident from the analysis that the layer
combination changes from mixture of diffusion/compound layer [CosN+Co2-3N, -700 V and -
900 V] to pure compound layer [Co2-3N+Cr2N, -1000 V and -1100 V]. Also, increase in bias
voltage increases the thickness of nitrided layer significantly. Therefore, effect of bias voltage

on microstructure and thickness was investigated.

4.3. Elemental Depth Analysis (SIMS and GDOEYS):

Generally, duplex nitrided layers such as diffusion layer (CosN) and compound layer
(Co23N) are formed during the nitriding of CoCrMo alloy [10][11]. According to the Co-N
equilibrium phase diagram, at 400 °C, CosN is formed when the concentration of N is about
20 at. % [12]. Further increase in the nitrogen concentration will lead to the formation of other

under-stoichiometric Co based nitrides such as CosN and CozN followed by the stoichiometric
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CoN when the concentration of N is 50 at. % [11]. The elemental depth profiles of treated
samples obtained using glow discharge optical emission spectroscopy (GDOES) are depicted
in figure 4.5(a-b). Generally, nitrogen depth profile exhibits plateau-type shapes with sharp

leading edges [10]. For samples treated at higher bias voltages (from -700 V to -1100 V),
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initially, the concentration of nitrogen was about 40 at. % and stable up to a certain depth which

then gradually decreased to the lowest value before remaining almost constant.
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Figure 4-5: (a) GDOES nitrogen depth profile of -700 V, -900 V and -1100 V (b) SIMS nitrogen depth profiles
of nitrided samples at various bias voltages including -500 V.
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The diffusion depth was found to be increased while increasing the bias voltage from -
700 V to -1100 V. It has been reported that the optimum energy needed to form a deep nitrided
layer was of about 1 keV. In this study, the sample with the highest bias voltage of 1100 V (1.1
keV) showed the maximum diffusion depth of about 6 um. At this energy level, the density of
N2* and N* ions was found to be increased threefold as compared to 0.5 keV as evidenced by
the corresponding increase in substrate bias current. Constant currents and voltages at the
cathodes indicated a constant plasma density was generated in the chamber. The substrate
bias currents (both average and peak) were proportional to the bias voltage due to the increased
area of collection by each sample associated with an increased sheath width. The data confirms
our earlier plasma density measurements in the same operating range [13]. Additionally, the
intensive ion bombardment generates defects on the surface for these ions to diffuse faster, (ion
irradiation enhanced diffusion). The dissociation of neutral N into ions was also achieved by
igniting Cr and Nb targets using HIPIMS/UBM sources at low power densities. The diffusion
depth of the other two samples with bias voltages of -700 V and - 900 V was 1.2 um and 2 um

respectively.

The formation of these layers can be explained by the diffusion model proposed for stainless
steel by Williamson et al, 1992 [14] due to the similarity of CoCr to stainless steel [15].
According to this model, the Cr atoms act as trapping sites for N and inhibit the diffusion until
all Cr trap sites are occupied, resulting in a nitrogen rich compound layer. Subsequently, further
incoming N diffuses freely through the compound layer into the substrate, producing transition
and diffusion zones, respectively. Also, this model was further refined by Parascondola et al.
[16] which included a thermal de-trapping mechanism of N from trap sites with detrapping
activation energy of 1.45 eV. Akvile Petraitiene et al. [15] adapted this model for CoCr which
consisted of nitrogen adsorption on the surface, nitrogen concentration dependent diffusion

coefficient of nitrogen and alloy's swelling processes.
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The sample treated at -500 V showed a slightly different (very thin plateau) profile with highest
nitrogen concentration of about 40 at. % up to ~200 nm depth which then sharply decreased to
25 at. % before gradually reducing to the lowest level shown in figure 4-5a. Notably, the
concentration of Cr increased sharply up to 18 at. % before following the similar trend observed
for the other treated samples. Also, it is important to highlight that the concentration of target
material, Nb, was found to be approx. 13 at. % in this region unlike the other nitrided samples.
Therefore, this thin layer can be attributed to the deposition of a thin (Cr-Nb) N coating. Also,
it can be argued that diffusion of nitrogen has also taken place since the nitrogen concentration
didn't reduce to zero immediately after the coating and this can be correlated with XRD data

obtained for this sample. (Refer section 4.1).

In summary, utilisation of HIPIMS discharge led to diffusion of nitrogen faster and
deeper with change in bias voltage. The amount of nitrogen diffused within the compound layer
was found to be twice the value reported in literatures. Note: concentration of nitrogen and
other elements were compared with standards to conclude the quantitative analysis. Further,
GDOES and SIMS data were compared to stablish the contribution of each element mainly

nitrogen within layer.
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4.4. Surface Roughness Analysis:
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Figure 4-6: Surface roughness values of the untreated and nitrided specimens.

A Dektak profilometer was used to measure the surface roughness of the samples. As
can be seen from figure 4.6, the Ra value of the untreated sample was in a range of 15 nm to
20 nm after polishing with (1 um) diamond slurry. The lowest R, value of 29 nm was recorded
for the sample that was partially nitrided at -500 V whereas the -1100 V sample showed the
highest value of 124 nm. The roughness value of the samples treated with -700 V, - 900 V and
-1000 V was found to be 71 nm, 65 nm, and 82 nm respectively. It is important to note that the
roughness value increased two-fold while increasing the bias voltage from -900 V to -1100 V.
The increase in roughness value can be attributed to the intense bombardment of highly
energetic N/H and metal ions at higher bias voltages which produces a significant surface

sputtering effect. The roughness will be further influenced by the lattice volume expansion due
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to the incorporation of nitrogen into the metallic lattice during the nitriding process. The results

summarised in Table 4-1 clearly demonstrate this trend where the lattice expansion (i—a) for
0

both (111) and (200) orientations follow the increase of the nitriding voltage.

4.5. Mechanical Studies

This section discusses in detail mechanical properties such as microhardness, nanohardness,
fracture toughness, impact load fatigue, toughness etc. of the untreated and nitrided specimens.
Sample nitrided at -500 V has been excluded from the study such as fracture toughness and

impact fatigue analysis as it is coating and does not fit the requirement of the application.

4.5.1. Microhardness Analysis
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Figure 4-7: Microhardness value of the untreated and nitrided specimens. Note: Observed error was around 10
%.
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Figure 4.7 shows the surface microhardness data of untreated and nitrided CoCr
samples at various bias voltages. To measure only the microhardness of the nitrided layer
eliminating the substrate effect, the applied load was kept fixed to 10 g. The surface hardness
of treated samples with high bias voltages (from -700 V to -1100 V) increased considerably as
compared to untreated CoCr alloy due to the formation of expanded austenite phase. The
maximum hardness value of about 2750 HKo.010 at 10 g applied load was observed for the
sample treated at -1100 V which was about five orders of magnitude higher that of the untreated
sample, 525 HKo.010. The samples treated with -700 V, -900 V and -1000 V exhibited hardness
values of 1410 HKg.010, 2230 HKog.010 and 2180 HKo 010 respectively for the same applied load.
The increase in microhardness while increasing the bias voltage could be attributed to the
increase in nitriding depth and the compressive stress in (yy) phase due to high ion
bombardment [8][10][17]. On the other hand, the surface hardness of the sample treated with
relatively low bias voltage, -500 V exhibited a very low hardness of 550 HKo.010, even at a low
load of 10 g due to the very thin nitrogen diffusion layer at this voltage which allows for

substrate hardness interference.

4.5.2. Fracture Toughness (Kic) Analysis:

To evaluate the fracture toughness value Kic of the relatively thin nitrided layer, an
alternative method based on vickers indentation was used on HIPIMS nitrided and the untreated
alloys [18]-[22]. In this indentation based method, the contact pressure is independent of the
indentation size (IDS) and the quality of the indentation is evaluated in terms of plastic
deformation and crack propagation from the edges and corners of the residual indentation
impression. A STRUERS microhardness tester equipped with a pyramidal shape Vickers
indenter was used to make indentations. A fixed and excesivelly high penetration load of 50

kgf was applied irrespective of the nitrided layer thickness in order to promote crack initiation.
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Figure 4.8 shows the calculated K¢ value for the untreated and the nitrided specimens
at different nitriding voltages. Kic value for the untreated specimen was around 906.9

MPamm?2

a relatively high value as expected for the softer base material, (figure 4.7). The
highest K¢ value of 1011.7 MPammY? was found for the -700 V specimen. A further increase
in the nitriding voltage (-900 V) deteriorated the Kjc value to 872.9 MPamm?*2, However this
value increased further as the nitriding voltage increased from -900 V to -1100 V, as shown in
figure 8. The change in K¢ value could be linked to the change in the texture of the compound
layer [23]. The texture analyses of the specimen nitrided with -700 V showed that the
predominant crystallographic orientation of the compound layer was (200). Whereas, at higher
nitriding voltage from -900 V to -1100, the compound layer developed a mixed texture of (111)

and (200). As the volume fraction of (200) texture increased from 56.42 % (-900 V) to 72 % (-

1100 V), the fracture toughness value showed an increment accordingly (prefer Table 4-1).
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Figure 4-8: Calculated fracture toughness (KIc) values of the untreated and specimens nitrided at =700 V to
—1100 V (Note: the error was within £10 %) .
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Investigation of the surface morphology of the impression after indentation is also essential in
order to evaluate the resistance of the nitrided alloys against cracking. In the Vickers
indentation method, usually, two kinds of crack modes namely Palmquist and radial cracking
along the edges of the indenter, can be observed [21]. As per the formula (equation 3-10), Kic
is inversely proportional to the crack length formed along the edges of the indentation after
unloading. Figure 4.9(a-c) shows the indentation impression on the surface of the untreated
specimen for a fixed normal load of 50 kgf. No evidence of any types of cracks along the edges
of the square impression due to a fracture was evident in the SEM studies. This suggested that
the untreated alloy had high resistance against cracking as expected for a lower hardness and
high plasticity material. However, high magnification SEM analysis showed shear cracking

along the diagonals of the impression (figure 4.9b).

Shear bands

Figure 4-9: SEM images of microindanatation on the untreated specimen (b) a high magnification image of the
deformed area along the diagonal and (c) area near the edge and corner of the square impression.
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Formations of such crack can be attributed to the manufacturing defects (micro-voids) and the
associated localised strain around them. Further analysis of the area around the indentations
showed that the surface deformed plastically during the loading-unloading cycle, which was

also made evident due to the presence of shear bands, [24] around the indentation (figure 4.9c).

In this case, the area around the square edges and corresponding corners of the
impression were found crack free which indicates a good fracture toughness of the nitrided
layer. However, further detailed surface analyses revealed interesting features of the
deformation behaviour of such layers. For example, shear cracks were found in the areas near
to the intersection of the diagonals (figure 4.10b) and very adjacent to the diagonals formed
due to the point load concentration and high strain rates. Figure 10c shows the area where the
diagonals meet at one of the corners of the square impression. In this image, shear bands along

with the cracks and the surface texture of the nitrided surface were prominantly evident.
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Figure 4-10: (a-c) shows the indentation made on the specimen nitrided at -700 V.
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Figure 4-11: SEM images of (a) the indent on the surface of the specimen nitrided at —900 V (c) high
magnification image of center of the impression and (d) one ofvthe edges of the square impression.

For specimens at higher nitriding voltages of -900 V, -1000 V and -1100 V, both
Palmquist and radial mean type cracks were detected. Most of these cracks had their origin and
extinction within the faces of the impressions, which followed the direction of loading. For
specimens nitrided with -900 V, initiation and propagation of these cracks (Palmquist and
radial) can be seen in figure 4.11(a-d). They were predominantly present around the boundary
of the square impression (figure 4.11(a-b)). Similar to -700 V specimen, the cracks within the
center of impression (figure. 4.11c) were found, but with higher density. Figure 11(d) shows a
high magnification image of the radial cracks near the edges of the square. Apart from these
cracks, shear bands which were further forced away from the indentation were also found (Fig.
11a). It is considered that hemispherical plastic zone (or semi-circular plastic zone) and radial
stresses are responsible for the formation of these primary shear bands during the indentation

[25][26][27].
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Figure 4-12: SEM images of (a) indents on the surface of the specimens nitrided at -1000 V (b) high magnification
image of center of the impression and (c) one of the edges of the square impression.

Figure 4-13: SEM images of (a) indents on the surface of the specimens nitrided at —1100 V (b) high magnification
image of center of the impression and (c) one of the edges of the square.

Figures 4.12(a-c)-4.13(a-c) exhibit the impression after indentation on the specimens
treated at -1000 V and -1100 V respectively. It can be concluded from the above images that
as nitriding voltage increased from -1000 V to -1100 V, the number of radial cracks along the
edges and around the corners decreased while the cracks within the impression (pyramidal
faces) increased in population and became wider and symmetrical.

Table 4-2

Nanohardness (Hp). Young’s modulus (E), Indentation depth after unloading (lq),
calculated elastic (H/E) and plastic (H3/E?) index of the untreated and nitrided specimens.

Hp E ld H3/E? H/E
Sample ID
(GPa) (GPa) (nm) (GPa) (GPa)
Untreated 8.0 24915.0 0.01 0.03
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-700 22.0 266+4.0 21 0.15 0.08

-900 23.0 290+4.0 22 0.14 0.08
-1000 21.0 272+14.0 32 0.13 0.08
-1100 23.0 343+31.0 22 0.1 0.07

The difference in the fracture behaviour of the layers nitrided at lower voltages (-700
V, - 900 V) as compared to those produced at higher nitriding voltagees, (- 1000 V, - 1100 V)
can be explained on the basis of specific hardness to Young’s modulus ratios. A layer with a
high value of H3/E? ratio designates the surface to be of a high toughness with reduced plastic
deformation. Also, a high H/E ratio defines the crack density, which means specimens with a
high H/E ratio will have less crack population than the specimen with the lower value of H/E
[28]. In our work, we also found similar trends where H/E (table 4-2) ratio decreased with an
increase in nitriding voltage. Hence in this work, -700 V specimen was found to be having the
best K¢ value since it had the least crack population (Palmquist and Radial) despite being the
thinnest of all nitrided layers. However, when compared to the untreated alloy properties the
HIPIMS plasma nitrided layers consistently showed a significant hardness increase and
significant increase of the H3/E2 values in some cases up to almost two orders of magnitude,

(see Table 4.2) and therefore enhanced fracture toughness.

It has been widely reported that state of the art nitriding improves hardness, but results in
surface embrittlement [29][30]. In our case, similar hardness increase was observed associated
with the changes in the phase composition of the nitrided layer. However, in this work, we
found that as the nitriding voltage increased the number of the shear band (after impact load
tests) decreased which evidenced an improvement in the fracture toughness of the treated
layers. In addition to the above made argument regarding increased Kic values, it can be

speculated that this unusual behaviour is also due to structure specific properties namely
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nitrided layer density. This is expeted to be much higher thanks to the high energy ion

bombardment, (ion peening) achieved with utilisation of the highly ionised HIPIMS discharge.

4.5.3. Load Macro Impact Fatigue Analysis:

In order to evaluate the effectiveness of the nitriding process, the impact resistance
response of the specimens was tested using a dedicated impact load tester. In this test, a fixed
normal load of 500 N was applied, whereas the number of total impacts was varied to better
trace the impact size progression with time. For each specimen, the test was interrupted initially
after 250 impacts and then progressed to 1x10° impacts. The profile of the resulted crater were
studied using a Dektak Stylus profilometer by conducting a linear scan across the crater after
each stage.. The values of the initial crater depth (di) after 250 impacts and final, crater depth

(ds) after 1x10° impacts are shown in figure 4.14.
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Figure 4-14: Impact crater depth values of the untreated and the nitrided specimens after initial impacts (250)
and final impact (one million impacts).

From figure 4.14, it is apparent that the deepest crater, after both, 250 and 1x108 impacts
were observed for the untreated alloy, which was around 12.73 pum. The HIPIMS plasma
nitrided specimens showed a better response against both initial and final impacts compared to
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the untreated specimen. In the case of the specimen nitrided at -1100 V, the values of di=7.16
pm and df = 7.23 pm observed respectively were the lowest values amongst the specimens
investigated. The steady decrease in both dj and dr values with an increasing nitriding voltage
demonstrated that nitriding significantly improved the impact load resistance of the surface of

the CoCrMo alloy.

Metal oxide layer

Figure 4-15: SEM images (a) impact crater on the untreated alloy after 1.106 impacts, (b) FIB cross-section
near shear bands (SB) (c) SB near the impact crater and (d) FIB-CS in zone 2 (middle) of the impact crater.

Figure 4.15(a), shows the crater surface morphology of the untreated alloy after one
million impacts. The impact area can be divided into two different zones; Zone 1: the area
around the periphery of the crater and Zone 2: middle of the crater. Zone-1 distinctively showed
an accumulation of wear debris displaced from the impact crater. High magnification SEM

image of zone-1 revealed that the surface deformed via a continuous formation of shear bands
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(parallel to each other). These bands appeared to criss-cross each other, as shown in figure
4.15(c). Also, cracks near the bottom of these shear bands were detected in the FIB-CS
((Focused lon Beam-cross section), figure 4.15b). On the other hand, in zone 2, the crater was
found with islands of metal oxides adhered to the base metal which had a thickness of about
0.7 um confirmed via FIB-CS and EDS (Energy Dispersive Spectroscopy) elemental mapping
(figure 4.15d and 4.17 respectively). Despite the high number of impacts of one million, no
evidence of any crack formation in the underneath material was observed in this zone. It is
believed that plastic deformation, oxidation of the surface followed by subsequent removal of

these oxides due to cracking seemed to be the main mechanism of crater formation.

Figure 4-16: SEM images of impact craters on the specimens nitrided at (a) -700 V (b) -900 V (c) -1000 V and
(d) -1100 V after one million impacts.
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The impact crater surface analysis of specimen nitrided at -700 V to -1100 V revealed
that in this voltage range the diameter (and consequently the depth of the craters) reduced with
higher rate from 575 um for -700 V to 518 um for -1100 V as shown in figure 4.16 and 4.14.
However, in all cases the increase in nitriding voltage resulted in an improvement in impact
resistance of the nitrided layer which can be attributed to the synergistic effect of the changes
in thickness, surface texture, microstructure, phase composition and hardness on the increase

in the shock-absorbing capacity of the nitrided layer.

Untreated

=700V

-900V

-1000V

-1100V

Figure 4-17: EDS elemental mapping of impact craters on the untreated and plasma nitrided specimens at -700
V to -1100 V.

EDS elemental mapping was performed to better understand the chemistry of the
various compounds formed on the surface of the craters. The colour coded EDS elemental maps
are shown in figure 4.17. In general, the brighter the colour (assigned to an element) in the

map, the higher is the concentration of that element. In addition to the main elements such as
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Cobalt (Co), Chromium (Cr) and Molybdenum (Mo) of the alloy and Nitrogen (N) due to the
treatment, the elements Oxygen (O) and Tungsten (W) were also investigated to reveal the
effect of the surrounding environment (impact due to oxidation) and potential material transfer
due to the impact wear of the WC counterpart. The analyses showed that the crater surface of
the specimen nitrided at -700V was fully covered with an oxide layer. The amount of oxide
formation reduced gradually as the voltage increased from -900 V to -1100 V, as shown in
figure 4.17 and FIB-CS images, figure 4.18(c-d). One possible reason for this behaviour could
be the increase in the amount of CrN/Cr2N in the nitrided layers. In concurrence, the material
transfer from the WC counterpart also increased. This behaviour can be attributed to the overall

increased hardness and toughness of the nitrided layer.

i a, B
- - -
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Nitrided layer

Figure 4-18: Sub-surface SEM micrographs of impact craters on the specimens nitrided at (a) -700 V (b) -900
V (c) -1000 V and (d) -1100 V.
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The sub-surface microstructure of the material beneath the impact craters of the nitrided
specimens was investigated by FIB-SEM analyses, figure 4.18. In the case of specimens
nitrided at -1000 V and -1100 V (figure 4.18c-d), fatigue cracks within the base metal beneath
the nitrided layer were observed. Interestingly, no such cracks were observed in -700 V and -
900 V specimens. In this study, the nitrided layers formed at -900 V showed the best
combination of oxidation resistance and impact energy damping capability. Whereas, in the
case of -1000 V to -1100 V, impact energy absorbed by nitrided layers has transferred to the

base metal resulting in crack formation.

An important correlation between the plasticity index, H¥/E? and impact response was
presented by Chen and co-workers in 2011 where they found that the specimen with higher

plasticity index, (H3/E2) was found to have a better response against nano impact [19].

Table 4.1 and 4.2 summarises the data regarding the surface nanohardness (H), elastic modulus
(E), texture coefficient (T*), elastic index (H/E) and plasticity index (H3/E?). It can be stated
that whilst the hardness values of the nitrided layers produced at different nitriding voltages
were found approximately similar, the E values showed an increase from 265.5 GPa for -700
V to 343.1 GPa for -1100 V. This is reflected by the values of the plasticity index where the
maximum plasticity index, H¥/E? (H= 22 GPa and E= 265.5 GPa) value of 0.15 was observed
for specimen nitrided at -700 V whereas it decreased to 0.10 (H= 23 GPa and E= 343.1 GPa)
for specimen nitrided at -1100 V. Hence specimens nitrided with -700 V and -900 V
demonstrated the best impact energy damping capability therefore resulting in excellent
resistance against impact fatigue cracking, even though the nitrided layer thickness was much
lower as compared to the specimens treated at -1000 V and -1100 V. It is believed that the
impact energy was transferred from nitrided layer to the base metal, thereby leading to an

increase in the fatigue crack density (within and beneath the compound layer). Thus impact test
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results suggest that -900 V, despite the thinner layer, shows the best combination of high

oxidation resistance and high value of the plasticity index H3/E2.

In summary, overall surface hardness of the CoCrMo alloy increased significantly due
to nitriding at higher bias voltage which directly led to increase in toughness, fracture toughness
amd endurance limit of the base metal. No cracks beneath and within the nitrided layer indicates
the treatment at -700 V and -900 V samples have high load imoact fatigue limit then the one

treated at higher nitriding volatges.
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4.6. Tribological Analysis

In this section, analysis of friction and wear mechanisms of the untreated and nitrided
specimens are discussed in detail. To understand the wear mechanism such as failure mode,
and oxide formation of the untreated specimen, four different sliding distance (0.5, 1.0, 1.5 and
2.0 km) were selected. For nitrided specimens, two different sliding distances (0.5 km and 2.0
km) were selected to explore the failure mode and oxidation behavior of the nitrided layer

formed at different nitriding voltage.

4.6.1. Effect of tribo-layer formation on the tribological properties of

untreated CoCrMo alloy

Figure 4-19 shows the friction curves of untreated CoCrMo alloys obtained from pin
on disc dry sliding tests run at various sliding distances. The wear coefficient (Kc) was

calculated using the wear volume measured by the Dektak profilometer.
0.5 km sliding distance:

The friction curve for the sample tested at 0.5 km sliding distance, (figure 4.19a)
exhibited two different regions: a run-in period followed by the first steady state region. At the
start of the run-in period, the friction coefficient was very low for a short duration due to the
presence of an ultra-thin initial oxide layer, which then slowly increased to 0.75 and remained
in that range for a while in the first steady state region. This increase in friction coefficient may
be attributed to the interaction of the asperity contacts present on the CoCrMo substrate with
alumina ball after the removal of the initial oxide layer. Subsequently, the asperity contacts are
broken down into fine debris and further fragmented, leading to three body abrasion. The wear
coefficient was about 1.1+0.35x10"® m®N-*m in this region. The nature of the sliding contact

determines the wear regime such as severe and mild. The severe wear observed during the run-

124|Page



in period and first steady state period was due to the direct alumina-CoCrMo metallic contact

made in the absence of an oxide film.
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Figure 4-19: Friction curves of CoCrMo alloy with various sliding distances a) 0.5 km, b) 0.75 km, ¢) 1 km, d) 2
km.
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Figure 4-20: Plan view SEM images of worn surfaces of untreated CoCrMo alloy a) 0.5 km, b) 0.75 km, ¢) 1
km, d) 2 km.

The plan-view SEM micrograph of this sample, figure 4.20a, shows the wide and deep
grooves formed due to ploughing, parallel to the sliding direction during abrasive wear (red
arrow in the figure indicates the sliding direction). Also, these grooves are found to be filled
with pulverized asperity contact wear debris due to their smearing by the stationary counterpart.
Generally, the oxidized area looks brighter during SEM observation due to electric charge
accumulation as a result of reduced electric conductivity of such a surface. In this sample, the
worn area looked little brighter as compared to the unworn area. However, the energy
dispersive X-ray (EDX) analysis revealed only the presence of the main alloy elements Co, Cr

and Mo but didn’t detect any oxide formation in the wear track at this stage.
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0.75 km and 1 km sliding distance

The friction curve at the longer sliding distance of 0.75 km (figure 4.19b) showed three
distinct regions namely run-in, with continuously increasing friction coefficient; steady state
where the coefficient of friction remained almost constant followed by an unsteady state region
where huge variations of the friction coefficient were observed. The length of the unsteady
state region further increased for the sliding distance of 1 km (figure 4.19c¢). It is important to
highlight that the maximum value of p in this region was found to be around 1. Generally, the
wear debris generated during the run-in period are further compacted into very fine
agglomerates while increasing the sliding distance. The volume of the wear debris also
increases but more importantly they also intensively oxidize due to the high flash temperatures
at the asperity contacts. At the same time, a thin oxide film also grows on the clean worn
CoCrMo surface, which is periodically removed, and a fresh clean surface is exposed on each
wear traversal. This oxide layer, along with the above said wear debris particles, is then
fragmented and compacted onto the worn surface to form slightly raised 'islands’. The area,
number and thickness of these islands increases with increasing sliding distance. The complex
and repeated interactions between the wear debris, oxide layer and oxide islands with the
alumina ball could be the reasons for the unsteady state region with huge fluctuation in friction
values. In this region, a transition from a severe to a mild wear regime was observed depending
on the extent of the oxide layer formation. The wear coefficient of 0.75 km test was found to
be 9+0.31x10* m3NTm™ when the worn surface is dominated by non-continuous 'raised
islands'. The Kc further decreased to 6.4+0.22 x10* m3N-*m when the continuity and

compactness of these islands further increased while increasing the sliding distance to 1 km.

Plan-view SEM image (figure 4.20b) of the wear track of 0.75 km sample confirmed
that the wear surface was only partially covered with compacted wear debris forming isolated

“islands” whereas the remaining surface showed morphology of fine grinding which is typical
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for three-body sliding contact wear. Also, figure. 4.20c confirmed the formation of a
compacted, non-continuous layer when increasing the sliding distance from 0.75 km to 1 km.
The worn surfaces appeared to be relatively rough with distinct dark and bright areas (most
likely due to the formation of oxides). The observation of oxygen along with the substrate
constituents by EDX analysis confirmed that these worn surfaces were in fact oxidized. Cross-
section SEM analysis (figure 4.21a and b) revealed that the thickness of the islands (0.75 km)

and the compacted layer (1 km) was 0.3 um and 0.7 um, respectively.
2 km sliding distance

In the second steady state region figure. 4.19d, the friction coefficient value dropped
considerably to 0.85 immediately after 1 km and continued to slowly drop further with very
little variation while increasing the sliding distance to 2 km. The mean p value was found to
be 0.83 and this drop could be attributed to a smooth, near-continuous oxide layer formed as
the extent of this layer is further increased in this region. Hence, the CoCrMo substrate made
occasional contact with the alumina counterpart, resulting in a very low Kc value of 2+0.17
x104 m3NTm,

The worn surface was found to be much brighter as compared to its counterparts, clearly
demonstrating that the surface is heavily oxidized (figure 4.20d). This oxide layer appears to
be uniform, compact and near-complete without any interruptions. The EDX analysis also
confirmed that this layer is a mixture of oxygen and other substrate elements. The thickness of

this layer was about 1.2 um (figure 4.21c).
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Figure 4-21: Cross-section SEM images showing tribolayers on the worn surfaces of untreated CoCrMo alloy a)
0.75 km, b) 1 km, c) 2 km.

In summary, the friction coefficient value increased sharply after 0.5 km and remained
high for a while, which then considerably decreased as the sliding progressed. The friction
behaviour and the coefficient of friction values in the above explained individual regions
remained almost unchanged for all the four sliding distances. All four curves showed an almost
identical run-in period of about 400 m length followed by the first steady state region of about
100 m length. Usually, the friction coefficient tends to be lower in the mild wear regime than
that observed in the severe wear regime. However, it has been reported that the oxide layers do
not always reduce the friction coefficient [31]. In this study, the friction coefficient in the mild
wear regime is found to be higher than that in severe wear. Nevertheless, the growth of the
oxide layer decelerated the wear of untreated CoCrMo alloy. The characteristic dry sliding
wear mechanisms involving adhesion, abrasion, severe plastic deformation along with oxide
tribolayer formation determined the wear behaviour of the CoCrMo alloy at the various stages

of sliding test.

4.6.2. Dry sliding wear and friction mechanism of nitrided CoCr alloys:

Figure 22 shows the friction coefficient curves of CoCrMo alloy nitride at various bias
voltages after sliding for 0.5 km and 2 km respectively. Table 4.3 lists the thickness,
microhardness, average coefficient of friction (i) and coefficient of wear values (Kc) of all

samples for both sliding distances. As expected, the p and Kc values decreased while increasing
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the sliding distance from 0.5 km to 2 km. However, these values from 2 km tests were

considered for the discussion since the effect of the oxide tribo layer is more pronounced at

such a long sliding distance. The wear behaviour of nitrided metallic alloys depends on the

type (compound and/or diffusion), hardness and thickness of the nitrided layers along with the

characteristics of the tribo layer. It is expected that a hard and thick nitrided layer along with a

well-adhered smooth top oxide layer would exhibit better wear performance during sliding. In

the case of nitrided stainless steel alloys, it has been reported that the diffusion zone is solely

responsible for the wear resistance, fatigue strength and the load bearing capacity of steel

components in the absence of a compound layer [32].

Table 4-3

Nitrided layer thickness, microhardness, coefficient of friction (1) and wear coefficient (Kc) of

the untreated and nitrided specimens.

Sample  Thickness Microhardness  Friction Coefficient ()

Wear Coefficient (Kc)

pm HK m3Ntm?
0.5 km 2 km 0.5 km 2 km
Untreated 0.76x0.008  0.8+0.01  0.5x10™ 2 kmx10?°
-700V 1 1400 0.72+£0.01 0.61+0.01 4.2+0.15 2.18+0.09
-900V 1.8 2230 0.65+0.004 0.62+0.01 1.98+0.06 1.11+0.35
-1000V 3.3 2180 0.60+0.005 0.58+0.005 7.38+0.31 4.02+0.09
-1100V 3.7 2750 0.65£0.01 0.59+0.005 8.58+0.2 4.42+0.19
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Figure 4-22: Coefficient of friction curves of various nitrided alloys a) 0.5 km b) 2 km.

As anticipated, all nitrided samples showed increased wear resistance due to increased
hardness as compared to untreated CoCrMo alloy. In all the cases, the wear debris generated
from the nitrided case participated in the wear process rather than that of inert alumina
counterpart as it did not undergo severe wear [Refer Sec. 4.6.3]. The lateral crack observed at
the nitrided layer/CoCrMo substrate interface in -700 V sample, (figure 4.23a) could be
attributed to the fatigue failure at the interface due to tensile stresses developed in the CoCrMo
base material during the sliding test since this is the thinnest nitride layer among the four
samples of about 1 um, including a very thin diffusion layer. The micro hardness of this sample
was also found to be very low, in the range of 1400 HK. This sample exhibited the p and Kc
values of 0.61+0.01 and 2.18+0.09x10% m3N"2m, respectively. Despite showing few typical
surfaces and/or subsurface cracks, the sample nitrided at -900 V exhibited the lowest Kc of
about 1.11+0.35x10%° m3N"m™ with p of 0.62+0.01. The microhardness, 2230 HK, of this

sample is much higher than that of -700 V sample. Thus, the smooth oxide tribolayer formed
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on the worn surface is well supported by the underlying 1.8 um thick hard nitrided layer. It is
important to reiterate that this sample generated more nanoscale debris during the asperity
contact at the beginning of the wear process due to smooth surface morphology rather than
large scale wear debris particles which facilitate severe wear. Hence, in this case, it can be
argued that the oxidative mild wear appears to be the dominating wear mechanism rather than
micro abrasion. Also, this sample showed a distinct bright, relatively thick diffusion layer
beneath the compound layer and clearly enhanced ductility as discussed in section 4.6.2.1. The
enhanced ductility of the nitride zone in this case provides for the increased load bearing
capacity of such material. Therefore, the synergy between the oxidative mild wear and the
enhanced load bearing capacity of the nitrided layer is seen as a main reason for the low Kc

value determined for this case.

It is well understood that using higher nitriding voltages such as -1000 V and -1100 V
results in the formation of a thicker nitrided layer with increased hardness along with increased
residual stress. The increase in the hardness could also be attributed to the formation of Cr2N
compounds (observed by XRD, see section 4.1) at such high voltages. The thickness of the
nitrided case was found to be 3.3 um for bias voltage of -1000 V and 3.7 um for bias voltage
0f -1100 V. The -1100 V sample showed the highest hardness value of 2750 HK. However, the
microhardness value observed for HIPN-1000V sample, 2180 HK was found to be slightly
lower than that of -900 V sample. These samples showed a similar coefficient of friction p
value of about 0.59+0.005. The wear coefficient of -1000 V and -1100 V samples was found
to be 4.02+0.09x10"%> m3N"tm™ and 4.42+0.19x10°" m®Nm, respectively, which represents
a nearly four-fold increase as compared to the -900 V sample. As explained in Raman and XRD
(section 4.6.3), these coatings produced large scale wear debris particles at the beginning of
the wear process as they are very rough, brittle and fragile due to increased hardness and

residual stress. These large-scale wear particles further aggravated the wear loss as the sliding
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progressed. Even though the -1000 V and -1100 V samples showed almost a factor of two
thicker nitrided case compared to -900 V sample, the wear behaviour was dominated by the
combined effect of higher surface roughness, hardness and residual stress levels which lead to
poor wear resistance due to the operation of a severe three body micro abrasion wear

mechanism rather than oxidative wear despite the formation of oxide tribolayer during sliding.

Figure 4-23: FIB cross-section SEM images showing tribolayers formed on the worn surfaces of CoCrMo alloy
(sliding distance: 2 km) nitrided at various bias voltages a) -700 V, b) -900 V, c) -1000 V, d) -1100 V.
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4.6.2.1.  Surface morphology of wear track:
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Figure 4-24: Plan view SEM images showing worn surfaces of CoCrMo alloy (sliding distance: 0.5 km) nitrided
at various bias voltages a) -700 V, b) -900 V, ¢) -1000 V, d) -1100 V.

The wear scars generated during these tests were analysed using scanning electron
microscopy. The plan view SEM images of the wear tracks of all nitrided samples after sliding
for 0.5 km are shown in figure 4.24. As explained in Section 4.6.1, during the initial stages of
the tribo-test, the asperities on the surface are ground out and the wear debris oxidized under
favourable conditions after the removal of the initial air-formed film. Subsequently, a tribolayer
is formed due to the adherence of wear particles to the parent worn surface through the process
explained in section 4.6.1. When imaged using SEM, the surface also exhibited dark and bright
areas (electric charge due to oxygen). The wear scars of the samples treated with -700 V and -
900 V showed a relatively smooth surface, characterised with shallow grooves and very fine
micro cracks, which is typical for fine polishing. This wear behaviour could be due to the initial
smooth surface morphology of these samples with roughness (Ra) values of about 71 nm and

65 nm when nitrided at bias voltages of -700 V and -900 respectively. In this case, it can be
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argued that due to the small size of the wear debris, they do not inflict severe damage by micro-
cutting but are mostly compacted onto the worn surface of the parent material in the
tribocontact to form very thin layers. Therefore, it is believed that the predominant wear
mechanism in this case is two-body rather than three-body even though the wear debris are still
generated. In contrast, the deformation grooves found in the wear tracks on the other two
samples nitrided at higher bias voltage of -1000 V and -1100 V were wider and deeper when
compared to -700 V and -900 V samples. This difference is attributed to the higher initial
surface roughness obtained when higher nitriding bias voltages are applied. The increased
roughness in these conditions results from the more intensive bombardment of the nitrided
surface by highly energetic N/H and metal ions which produce a significant surface sputtering
effect. The roughness is further influenced by the lattice volume expansion due to the
incorporation of nitrogen into the metallic lattice during the nitriding process. It was found that
the sample nitrided at - 1000 V with a relatively higher roughness value of Ra = 82 nm showed
moderate damage, and no formation of any largescale wear debris was observed for this case.
However, further increase of the surface roughness to Ra = 124 nm due to the application of
higher nitriding bias voltage of -1100 V, resulted in severe wear damage due to the operation
of three body contact abrasive wear mechanism, figure 4.24d. The wear scar in this case was

very rough with debris of different shapes as reported by Li et al. [33].
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Figure 4-25: Plan view SEM images showing worn surfaces of CoCrMo alloy (sliding distance: 2 km) nitrided
at various bias voltages a) -700 V, b) -900 V, ¢) -1000 V, d) -1100 V.

Figure 4.25 summarises the SEM images of the worn surfaces of all nitrided samples after
sliding for 2 km. As expected, the extent of the wear damage and oxidation has increased with
increasing sliding distance for all four samples. Low magnification images in figure 4.26 also

show the surface morphology over a large area of the worn surface.
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Figure 4-26: Low magnification plan view SEM images showing worn surfaces of CoCrMo alloy (sliding
distance: 2 km) nitrided at various bias voltages a) -700 V, b) -900 V, c) -1000 V, d) -1100 V.

4.6.2.2.  Sub-surface analysis of worn surface:

Figure 4-27: FIB cross-section SEM images showing tribolayers formed on the worn surfaces of CoCrMo alloy
(sliding distance: 2 km) nitrided at various bias voltages a) -700 V, b) -900 V, c) -1000 V, d) -1100 V.
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The subsurface structure of all nitrided samples after sliding for 2 km was investigated
using a Focused lon Beam milling (FIB) enabled Scanning Electron Microscope. The distinct
tribolayers formed on the worn surface of all nitrided samples can be clearly seen in figure
4.27. The tribolayer formed on -700 V sample is comprised of semi-compacted, coarse, small
scale wear debris particles generated during dry sliding (figure 4.27a). On the contrary, the
tribolayer formed on -900 V sample appears to be fully compacted, relatively smooth without
any coarse wear debris particles (fig. 27b). The -1000 V and -1100 V samples showed a
tribolayer with an extremely rough surface which consisted of largescale wear debris particles

[figure 4.27 (¢ & d)].

Figure 4-28: FIB cross-section SEM images showing surface and subsurface morphology of worn areas of
CoCrMo alloy (sliding distance: 2 km) nitrided at various bias voltages a) -700 V, b) -900 V, ¢)-900 V
(longitudinal), d) -1000 V, e) -1100 V, f) -1100 V (longitudinal).

Figure 4.28a shows a micro crack initiated on the worn surface of the sample (where
the tribolayer appears to be thin) nitrided at -700 V and its propagation towards the soft CoCr
substrate. A micro void parallel to the surface can also be seen formed close to the nitrided
case-substrate interface. In contrast, no surface initiated, or subsurface micro cracks were found
in this particular worn area for the -900 V sample (figure 4.28b). A thorough investigation of

138|Page



the entire wear track by longitudinal FIB cross sectioning discovered only a small subsurface
crack parallel to the sliding direction, formed due to the shear deformation of the nitrided layer
(figure 4.28c). In comparison with the nitriding at bias voltage of -700 V, the nitriding at higher
bias voltage of -900 V has produced a layer with clearly enhanced ductility. However, the
nitrided layer ductility deteriorated when the nitriding voltage was further increased. FIB cross
sections of the wear track produced in both directions (longitudinal and perpendicular) to the
sliding showed that the samples produced at nitriding voltage of -1000 V and higher were
severely damaged with micrographs showing an increased number of surface cracks [figure
4.28 (d & €)] and cracks propagating through the entire nitride layer towards the substrate

(figure 4.28f].

4.6.3. Chemical and Phase analysis of oxide layer formed on worn surfaces:

(a) (b)

Amorphous CrO|

Intensity (arb.units)

Relative Intensity (arb.units)

Untreated Untreated

200 300 400 300 600 700 800 900 1000 35 70 73 55 55 50
Raman Shift (cm ™)) 2Th[’]

Figure 4-29: (a) Raman spectra (b) X-ray diffraction spectra of worn surfaces of the untreated and various nitrided
specimens. Note: The Raman and XRD spectra of -1100 V was found similar to that of -1000 V.

X-ray diffraction and Raman analysis were used to investigate the phase composition

of the wear debris formed on the worn surfaces of the untreated CoCrMo substrate and nitrided
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samples after sliding for 2 km. The Raman spectra of the worn surfaces are shown in figure
29a. All the samples showed Raman peaks originating from chromium and molybdenum-based
oxide compounds, however, with slight shift in their positions. Table 4.4 lists the assignment
of various Raman peaks to such oxide compounds. Raman peaks originating from MoO. were
observed in the 455 cm™ - 480 cm™ regions. The characteristic Raman peak of Cr,O3 was
observed in the range of 532 cm™ to 551 cm™ [34][35][36][37]. The peak observed between
650 cm™* and 680 cm™! could be originating from Cr,03 and/or MoOs [38][39]. Also, a peak
observed between 800 cm tand 900 cm ™ was assigned to various chromium based oxides such

as CrOy, CrOzand CrgO21 as they overlap each other [40][41][42][43].

Table 4-4
Assignment of various Raman peaks to respective oxide compounds formed on the worn
surfaces of untreated and nitrided alloys (sliding distance: 2 km).

Sample Raman shift (cm™) Peak assignment
457 MoO2
532 Cr203
HRITEEES 652 Cr.03zand/or MoO3
800-900 Cr based oxides
475 MoO-
544 Cr,03
HIPN-700V 679 Cr,0z and/or MoO3
800-900 Cr based oxides
463 MoO2
534 Cr203
HIPN-900V 657 Cr,03 and/or MoO3
800-900 Cr based oxides
475 MoO2
551 Cr203
HIPN-1000v 667 Cr,03and/or MoOs
800-900 Cr based oxides

Figure 4.29b shows the XRD patterns of worn surfaces after sliding for 2 km. Table 4.5
shows peak positions and their assignment to respective oxides. Diffraction peaks due to the

formation of Cr and Mo based oxide compounds were observed for all the samples including
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untreated CoCrMo substrate. However, the diffraction patterns of nitrided samples showed
significant differences between them in the peak number, peak position and the composition of
oxide compounds formed on the worn surfaces. These differences could be mainly due to the
degree of oxidation and the nature of the oxide compounds formed on the selected area of
interest for the XRD measurement as only a fraction of the worn surface was analysed. The
XRD pattern of the untreated CoCrMo substrate also revealed the formation of a Co (major
substrate constituent) based oxide compound. These results, along with Raman analysis
confirmed that the tribolayers formed on the worn surfaces are indeed oxidized compounds of
CoCrMo alloy [44][45][46][47]. Also, it is important to that note that both Raman and XRD
analyses did not detect alumina on the worn surfaces of the nitrided specimens. Hence it can

be argued that the wear of inert alumina counterpart is marginal.

Table 4-5
Assignment of various XRD peaks to respective oxide compounds formed on the worn surfaces

of untreated and nitrided alloys (sliding distance: 2 km).

Sample Peak Position Peak assignment
44.2° C0304
Untreated CoCrMo 45.7° Cr.03
substrate 48.3° MoO3
52.7° Cr03
54.7° MoOs
47 .4° Cr,03
48.6° MoOs3
HIPN-700V 49 9° MoOs
52.7° Cr,03
36.2° Cr,03
HIPN-900V 55 20 MoO3
45.9° Cr203
46.7° MoO3
HIPN-1000V 50 5o CrOs
55.2° MoOQO3
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In summary, all the nitrided samples exhibited enhanced wear resistance as compared
to the untreated CoCrMo alloy. Among the three nitrided samples, the sample nitrided at -900
V was identified as the best with the lowest wear coefficient of K¢ = 1.11 x 10 m3 Ntm?,
thickness of 1.8 um and Knoop microhardness of 2230 HK0.010. The wear resistance and the
load bearing capacity of the nitrided layers are strongly influenced by its microhardness and
ductility. In this case, the oxidative mild wear mechanism was identified as the dominant wear
mechanism. The FIB-SEM analysis of the worn area of this sample showed near scratch-free
surface and subsurface layers, indicating the enhanced ductility. The synergy of enhanced
hardness, oxidative mild wear and ductility resulted in increased load bearing capacity which

in turn enhanced the wear behavior.
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4.7. Corrosion Study:

4.7.1. Electrochemical Analysis in 3.5 wt.% NacCl:

Figure 4.30a displays the evolution of OCP as a function of time. All the nitrided
specimens exhibited a rapid increase in the potential values before reaching near-steady state
values. The untreated CoCrMo alloy had the lowest rate of increase, which suggested a gradual
passivation of the surface. The specimen nitrided at -900 V had the best OCP value followed
by specimen nitrided at -700 V and -1000 V. Barring the -1100 V specimen, which exhibited
a gradual drop in the curve after attaining a peak (around 750 seconds of recording), all the
nitrided specimens performed better as compared to the untreated alloy. Smooth, unfluctuating,
and continuous nature of the OCP curves suggests that the nitrided layers were homogenous,

defect free and continuous in structure indicating a superior quality.
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Figure 4-30: (a) Open circuit potential (OCP) and (b) Potentiodynamic polarisation curves of the untreated

specimen and specimens nitrided at various bias voltage (-700 V to -1100 V) submerged in 3.5 wt.% NaCl
solution.

The potentiodynamic polarisation curves of the untreated and nitrided specimens are
shown in figure 30b. Corrosion current densities (Icor, MAcm™2), corrosion potentials (Ecor,
mV) were extracted from the polarisation curves using standard Tafel analysis (using the
Sequencer software-ACM instruments) and values are presented in Table 4.6. As evident, all

the specimens showed a clear difference in terms of Ecorr values, anodic dissolution, passivation
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and transpassivation domains and the significance of nitriding voltage and consequential
microstructure in determining them was enormous. Amongst these, the shift in Ecor Values was
noticeable. It is evident that, irrespective of the nitriding voltage, the improvement in corrosion
resistance of the base CoCrMo alloy was significant. In comparison, the untreated CoCrMo
alloy exhibited a clear and a stable passivation domain in the potential ranges of -380 mV to
+100 mV. This passive behaviour has been attributed to the formation of Cr based oxides films
(mainly to the formation of Cr.0s/Cr(OH)3z))formed in air which are difficult to remove
[48][49]. Beyond +200 mV formation of Cr (VI) species in the passive layers, increasing
fraction of CoO and Mo, dissolution of Co at higher anodic potentials, significant increase in
the passive layer thickness and dissolution of these passive films along with the water
oxidation reactions led to the rapid rise in the current values [34][37][48][52]. Despite a limited
but a clear and stable passive domain, the bare alloy exhibited higher anodic currents and had
the lowest Ecorr Value (-527 mV) among the samples analysed thus implying a poor corrosion

resistance.

Table 4-6

Corrosion analysis data obtained from the polarisation curves of the nitrided specimens and
the untreated specimen when analysed against 3.5 wt% NaCl.

Electrolyte 3.5 wt.% NacCl
Repetition SET-1 SET-2
Sample ID Ecorr Icorr OCP Ecorr Icorr OCP

(mV) (mAcm3)  (mV) (mV)  (mAcm?) (mV)

Untreated -591 8.50E° -186 -601 8.68E70° -189
-700 V -126 1.35E* -13 -167 1.51E% -31
-900 V -133 6.06E° -96 -179 4.71E% -57
-1000 V -158 9.19E° -154 -177 2.60E%4 -172
-1100 V -351 2.21E* -258 -335 1.11E% -260
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The sample nitrided with -900 V showed a significant upward shift to exhibit the best
Ecorr value (-126 mV). The corrosion Kinetics of this sample could be described as follows.
After a brief passivation in the -150 mV to 60 mV polarisation interval, the polarisation curve
indicated a high dissolution rate in the 60 mV to 260 mV interval, followed by the tendency of
re-passivation in the potential range of around +250 mV to +460 mV. The microstructure of
this specimen, figure 4-4c, predominately consisted of a distinct, uniform S phase band at the
interface of the base alloy and a compound layer consisting of both M2-3N and MsN (where M
is mostly Co dominated). Several reports on nitriding of CoCrMo or Fe based alloys in the
literature have attributed the improvement of corrosion resistance to the presence of the S phase
structure [10][53][54]. On the other hand, structures dominated by Co based compounds have
shown a poor corrosion performance due to the ready dissolution of the Co from these
compounds [52]. Thus, consistent with the literature, the corrosion behaviour of the -900 V
nitrided specimen seemed to be a weighted mixture of the corrosion performances of the two
microstructures: namely the S phase and the Co based compounds. Improvement in the ECorr
value and lower corrosion currents in the anodic ranges unto +60 mV could be attributed to the
presence of a distinct but a homogenous S phase diffusion layer. The smaller repassivation
attempt of the specimen above +250 mV (potentials between +250 mV and +460 mV) could
be attributed to the passivation of Cr (either from the base alloy or dispersed Cr present in the
nitrided layer). Beyond potentials of around + 460 mV, the polarisation curve was dominated
by the dissolution of both Co and Cr [50]. The specimen nitrided at -700 V nearly mimicked
the corrosion performance of the -900 V, except for a slight drop in the Ecorr value (-230 mV)
and the repassivation potentials (a drop in value from +250 mV to around +180 mV). The
microstructure of this specimen, figure 4.3a, essentially, also resembled to -900 V, albeit a
thinner compound layer and a slimmer diffusion band consisting of the S phase structure. Thus,

the reduction in Ecorr value of -700 mV sample was consistent with the microstructural changes.
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In the case of -1000V and -1100 V specimens, figure 4-4 (d-e), the microstructures
were made up of relatively thicker compound layers which consisted of a mixture of both M».
3N and MsN compounds and were also estimated to have a thin S phase diffusion band at the
interface between nitrided layer and the base alloy. XRD results (figure 4.3(e)) also showed
peaks pertaining to precipitation of CrN (-1000 V) and CrzN (-1100 V) phases as a result of
temperature rise leading to a localised heating (for e.g., temperatures reached 520 °C in the
case of nitriding with -1100 V) due to the intense bombardment of the ions. Despite having
thicker compound layers, the corrosion performance of -1000 V and -1100 V specimens, in
general, was inferior compared to -700 V and -900 V specimens. The Ecorr Value of -1000 V
specimen (-158.17 mV) and -1100 (-351.33 mV) was lower to -700 V (-126.28 mV) and -900
V (-133.39 mV) specimens, but higher than the untreated base alloy (-590.63 mV). The anodic
domains of these were identical as far the shape is concerned and showed a high dissolution
(one of the highest Icorr Values in this study), with no tendency to passivate until potentials of
around +140 mV for -1000 V specimen and around +20 mV for -1100 V specimen. The clear
difference in performance between the -1100 V specimen and other specimens is the
observation of a broader passive domain, albeit higher corrosion currents, between potentials
+20 mV and +370 mV and could be attributed to the limited passivation, in this case, offered
by the thinner S phase layers and to some extent by the Cr precipitates [50][55]. The
disadvantages of Cr precipitates in the nitrided microstructure was consistent with those

reported earlier [56][52].

Thus, in this study, when analysed against 3.5 % NaCl, the corrosion performance of
the nitrided specimens showed a strong dependency on the microstructure. A clear passivating
behaviour of the untreated CoCrMo alloy (because of the readily available Cr from the metal
matrix composite) was lost to the nitriding process. However, this loss appeared to be

compensated by the S phase structure and the metal nitrides (mostly Co) obtained by nitriding;

146 |Page



evident in terms of higher Ecorr values and lower Icor Values in most anodic domains for -700

V and -900 V nitrided specimens.

4.7.2. Electrochemical Analysis in Hank’s solution:

CoCrMo alloy has been widely used in medical implant applications such as hip
replacement. The body environment is considered to be very complex and contains various
salts, amino acids, lipids and proteins [57]. Once the implant submerges in the body fluids such
as saliva and buffer solution, the behaviour of the material changes exceedingly changes due
to corrosion process [58][59][60]. Hence, analysis of the untreated and nitrided specimens for
its corrosion behaviour in simulated body fluid (SBF) was deemed essential. In this study,
Hank’s solution was chosen as the SBF and the composition of Hank’s solution is presented in
table 4.7.

Table 4-7

Composition of Simulated body fluid (Hank's Solution).

Inorganic Concentration Amino Acids Concentration
Salts (mg/L) (mg/L)
CaClz-2H20 185 L-Arginine hydrochloride 126
MgCl2-6H20 100 L-Cystine 21
MgSOs-7H20 100 L-Glutamine 292
KCI 400 L-Histidine hydrochloride- 42
H20

KH2PO4 60 L-Isoleucine 52
NaHCOs 350 L-Leucine 52
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NaCl 8000 L-Lysine hydrochloride 73

NazHPO4 48 L-Methionine 15
Glucose-D 1000 L-Phenylalanine 32
L-Threonine 48

L-Tryptophan 10

L-Tyrosine 36

Figure 4.31a shows the OCP curves recorded as a function of time. Similar to the NaCl results,
all the nitrided specimens exhibited a rapid increase in the potential values with time before
reaching near-steady state values. However, in the case of the untreated alloy, the potential rose
gradually to a near-steady state suggesting that passive layer formation was less effective in
retarding the corrosion currents as compared to the nitrided specimens. A clear hierarchy in the
OCP values was observed where the specimen nitrided at -900 V had the noblest OCP value
followed by those nitrided at -700 V, -1000 V and -1100 V respectively. Table 4.8 provides
the corrosion parameters such as lcorr (COrrosion current density, mAcm-2), Ecorr (COrrosion

potential, mV) deduced from these polarisation curves.

Figure 31b shows the polarisation curves recorded for the specimens when tested against
Hank’s solution. In the case of the untreated alloy, similar to the performance against 3.5%
NaCl solution, a stable passive domain was observed until potentials of around +150 mV.
However, the Ecor value was found to be significantly lower, at around -789 mV, which

suggested an inferior corrosion performance as compared to against 3.5% NaCl solution.
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Figure 4-31: (a) Open circuit potential curve and (b) Potentiodynamic polarisation curves of the untreated
specimen and specimens nitrided at various bias voltage (-700 V to -1100 V) in Hank’s solution.

Dissolution of CoCrMo alloy has been considered sensitive to a number of factors such
as the type of BSF, it's pH value, protein build-up, oxidation reactions and consequent changes
in electrochemical potentials [50][58][61]. Literature suggests that, on immersion in Hank's
solution, Co from the alloy readily undergoes dissolution by the outward migration through the
passive layers [52][62]. A number of corrosion studies on CoCrMo alloys against serum
solutions also suggest that passive layer formation based on Co does not occur and in turn
retards the formation of Cr based passive layers [58][52]. Thus, it can be inferred that Co
dissolution starts as soon as specimens are immersed into the solution due to the complex
organic molecular structure. There is a consensus among researchers that Cr based oxide layers
(mainly Cr203 along with some Mo oxide) once formed remain stable when in contact with the
serum and only dissolve gradually [63]. Thus, the observed complex behaviour of the untreated
CoCrMo alloy, consisting of stable passive domain but a higher dissolution current observed
in this study against Hank's solution, could be attributed to the passive layers based on Cr but
along with the dissolution of Co. In the transpassive region (beyond +150 mV), the rapid rise
in the corrosion current could be attributed to a number of complex phenomena consisting of

formation of Cr (V1) species in the passive layers, increasing fraction of CoO and Mo (up to
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around 0.79 mV), dissolution of Co beyond 0.79 mV, significant increase in the passive layer

thickness and water oxidation reactions [48][50][51].

Figure 4.32 shows the surface of the untreated CoCrMo alloy after the potentiodynamic
polarisation tests against Hank’s solution. Figure 4.32a shows the optical microscopic image
of a partially exposed and partially unaffected (which was masked) as-polished surface.
Porosity associated with the manufacturing technology of the alloy could be observed
prominently in both the areas. The area exposed to the solution (figure 4.32a and 4.32b) during
the test clearly showed a preferential dissolution of the € and y phases (as compared to the
carbides) along with the eventually protruded but somewhat less corroded M23Ce carbide
dendrites. Thus, the Cr oxide based passive layers along with the relatively inert M23Ceg offered
some protection from corrosion. Raman analysis of this exposed area confirmed the formation
of Cr and Mo based oxides (figure 4.36). These results were found to be consistent with the
literature and with the higher anodic tranpassive dissolution currents recorded in this study.
SEM images (figure 4.32c and d) show this exposed area at higher magnification. No pitting

was found within the exposed area.
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Figure 4-32: (a-b) Optical micrographs (c-d) SEM plan view of exposed area of the untreated alloy in Hank’s
solution at room temperature. It seems (a) has 1000 um scale bar, while (b) has 500 um

However, transgranular micro-cracks, presumably abetted by stress-corrosion (due to
residual stress), linking the spaced-out metal carbides within the grains could also be observed
in both these images. The presence of these cracks suggests that apart from matrix dissolution,
abrupt removal of more corrosion resistant carbides due to matrix cracking could also act as an
additional material removal mechanism. It is worth mentioning, that these cracks appear thicker
than the passive layers, which are estimated to be a few manometer thick, suggesting that they

ran deeper into the underneath grains.

Table 4.8 provides the Ecorr and the lcorr values extracted from the polarisation curves
of all the specimens when analysed against Hank’s solution. A substantial improvement in Ecorr

values of the nitrided specimens (in the range of 500 mV noble compared to untreated alloy)
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could be observed clearly. Contrary to the results obtained against 3.5% NaCl solution,
nitriding voltage did not show a clear bearing on the improvements in the Ecor values. In
general, the shape of the polarisation curves, especially samples nitrided at the higher voltages

(-1000 V and -1100 V) mostly resembled with those obtained against the NaCl solution.

Table 4-8
OCP and polarisation data obtained from the polarisation curves of the nitrided
specimens and the untreated specimen in Hank’s solution (0.9 wt.% NaCl). All the

electrochemical potentials reported are with respect to Ag/AgCI reference electrode.

Electrolyte SBF (Hank’s Solution)
Repetition SET-1 SET-2
Sample ID Ecorr Icorr ocCp Ecorr Icorr ocCp
(mV) (mAcm?)  (mV) (mV) (mAcm?)  (mV)
APS =776 2.42E =777 -763 2.50E* -738
-700 V -223 1.63E% -62 -231 1.52E% -62
-900 V -218 4.12E% -19 -205 3.18E™ -56
-1000 V -260 6.58E% -149 -243 6.92E% -155
-1100 V -250 4.00E% -183 -240 3.61E® -197

A significant influence of the nitriding process (voltage and hence microstructure) can
be observed on the corrosion currents recorded. According to the corrosion currents recorded
until around +800 mV, the results could be divided into two categories: (1) results which had
significantly lower anodic corrosion currents for specimens nitrided at low voltages (-700V
and -900V); and (2) results which show higher corrosion currents amid a stable passivation

domain for samples nitrided at higher voltages (-1000 V and -1100V).

As described in section 4.2.2, the microstructure of nitrided layer for -700 V and -900
V samples [figure 4.4 (b,c)] predominately consisted of a distinct, uniform S phase band at the
interface of the base alloy followed by a compound layer consisting of both M2sN and MsN
(where M is mostly Co dominated) amid slight differences in thickness. Despite the solution

being made up of several inorganic salts and aggressive chloride and sulphate ions, the
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beneficial effect of the diffusion- based S phase and the Co2.3N + CosN compound layer in
retarding the dissolution of the passive layers and the outward diffusion of Co were clearly
evident from the polarization curves. Figure 4.33 shows SEM images of the corroded surfaces

of the samples nitrided at -700 V and -900 V specimens.

Figure 4-33: SEM plan view images of the corroded areas (a) -700 V sample: centre of the exposed area (b) high
magnification image of corroded metal carbide (c) -900 V sample (d-€) area depicting the intersection of y, and
metal carbide after potentiodynamic polarisation test in Hank’s solution.

The low magnification SEM image of the corroded surface of the -700 V nitrided
sample (figure 4.33a) shows different grains with a varying degree of corrosion intensity,
however, exposing the partially dissolved metal carbides, most of them protruding prominently
from the surrounding matrix, irrespective of their concentration in the grains. Figure 4.33b

shows the corroded surface at a higher magnification of the same sample. The image focuses
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on a metal carbide surrounded by a €, and a y, grain. Extensive preferential dissolution of a
€y grains (grain boundary) and the metal carbide interface could be observed along with
extensive micro pitting in the €, grain in the immediate vicinity of the metal carbide. Similar
results of preferential dissolution of grain boundaries surrounding the metal carbides (due to
Cr denudation leading to enhanced galvanic effects) have been reported earlier [64]. Inherent
porosity arising from the manufacturing technology could also be observed. In general, the y
grains exhibited negligible changes in spatial features suggesting a gradual corrosion of these
which was consistent with the gradual rise in the corrosion currents observed in the polarisation
curve recorded for this sample. Figure 4.33(c-e) shows the corroded surface of the -900 V
nitrided sample. In this case as well, preferential dissolution of the e, grains resulting in the
carbides being exposed (figure 33c), preferential dissolution of the interface of metal carbide
and ey grain (figure 4.33(d-e)) could be observed prominently. Table 4.9 gives the atomic
percentage (at%) of Cr and N measured in the y, and the e, grains of the uncorroded nitrided
specimens in this study with the help of the EDS technique. The results suggest that the ey
grains are depleted of Cr as compared to the y, grains. This could explain the preferential
dissolution of the ey since they lose out on the protective Cr oxide based passive layer
formation [65]. The lower corrosion rate of the -700V and -900 V nitrided samples as compared
to the untreated could be thus attributed to corrosion resistant yn grains and to some extent to

the thicker ‘S’ phase diffusion layer (around 123-283 nm).

Table 4-9

Elemental composition in terms of Cr and N content measured in the yn and

the en grains with the help of EDX technique.

Sample ID Phases (at. %)
YN EN
-700 vV Cr 249 +0.34 23.6 £0.32
N 26.9 £ 0.26 29.13 £ 0.03
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-900 V Cr 255+0.15 244+0.21
N 26.5+0.08 23.2+0.17
-1000 V Cr 243 +0.14 23.9+0.16
N 24.7+0.28 25.6 £0.50
-1100 V Cr 26.16 +0.14 24.2+0.19
N 20.56 £ 0.21 25.23+0.19

Figure 4-34: (a) Bright field optical micrograph of the -1000 V sample (b) SEM plan view of centre of exposed
area of sample and (c) SEM plan view of dissolved grain boundary area along the ey grains at higher
magnification.

Figure 4.34 shows the exposed surface area of sample nitrided at -1000 V after
potentiodynamic polarisation test in Hank’s solution. At low magnification, the microstructure
of the sample showed random distribution of fine grains of ey (dark constrast) y, (bright
contrast) phases (figure 4.34a). The dark contrast in the bright field optical image was due to
the scattering of light associated with roughness due to corrosion. Figure 4.34 (b) shows the
SEM image of this corroded area at higher magnification. On a closer look, significant
dissolution of the grain boundaries, preferably along the ey grains could be prominently
observed. Literature suggests that any precipitation of CrN/Cr2N will happen along the grain
boundaries [66][67]. Figure 34c shows such a dissolved area near the grain boundaries at a
higher magnification. It revealed that these terminate into pits which run deeper into the
specimen, presumably breach the diffusion-based S phase layer and reach untreated alloy with
the passage of time. It could also be speculated that, the application of higher nitriding voltages,
results in S phase diffusion layer with higher defect densities due to the more intensive ion

bombardment. XRD results also suggested that higher nitriding voltages (>1000 V and -1100
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V in this case) promoted the formation of e, phase 1. Thus, the poor corrosion resistance of the
ey grains along with the amplified galvanic effects due to compositional changes associated
with nitride precipitation along the grain boundaries could be attributed to the enhanced
corrosion of these areas. This is consistent with the steep rise of corrosion currents recorded
for this sample from the Ecorr to almost +200 mV (figure 4.31b). The sharp passivation domain
seen from around +200 mV to around +800 mV could be thus attributed to the response from
the corrosion resistant S phase [55] (albeit thinner than the previous two samples) and the

freshly exposed base alloy.

Figure 4.35 shows the corroded areas of the sample nitrided at -1100 V. As evident
from the bright and dark contrast areas in the optical image (figure 4.35(a)), the corrosion
performance and mechanism of this sample resembled to that of the -1000 V. Figure 4.35(b),
shows a pit formed at the junction of three different grains due to preferential dissolution. Apart
from the grain boundary dissolution mechanism, intergranular cracks were also found for this
sample. XRD results showed that this sample had the maximum lattice expansion due to higher
nitrogen incorporation along with the preferred formation of ey phaset. Thus, the cracking
could be attributed to higher intrinsic stress of the nitrided layer facilitated by corrosion (stress-

corrosion), which in turn contributed to the higher corrosion currents by providing the solution

a direct path to the areas below.

Figure 4-35: Corroded area of the sample nitrided at -1100 V; (a) Optical micrograph of the corroded area (b)
SEM image of pit formed near the grain boundaries (c) Intergranular cracking.

156 |Page



Figure 4.36 exhibits the Raman spectra of the nitrided, and untreated specimens obtained from
different section of the corroded area (which were peculiar and anticipated to be associated
with the corrosion products). It was clear from the Raman spectra, that all the specimens
indicated the formation of metal oxides (MOs) mainly based on Cr and Mo. No evidence of Co
based oxides was found throughout the exposed area, which reiterated that Co did not form

oxides which reaffirms results available through the literature.

From the figure 4.36, it could be seen that no phases of any MOs were observed in the
frequency range of 200-400 cm™ for untreated alloy. Above 400 cm™ frequency, peaks related
to CrO2, MoO:> (Eg band), Cr203 (both Aig and Eg band), CrO, (B2g band), CrOs, CrsO21 and
Mo4O11 could be observed [61]-[72]. Most of these peaks originated from the areas near the yy
and carbides. However, no clear peaks on €, phases were found. Even though the intensity of
the Cr.03 and CrO2/MoO> peaks changed as the sample was scanned from different areas

within the corroded portions, the nature and the combination of the phase remained the same.

Raman spectra obtained for nitrided specimen hinted the formation of different Cr and
Mo oxides. As it could be seen form the figure 4.36, Cr.O3 phase dominated in all nitrided
specimens. The highest intensity of Cr.Os was observed in the case of -700 V which
corresponded to Eg bending. Whereas, for -900 V sample, both A1y and Eg bending of Cr203
contributed the most compared to other Cr and Mo oxide phases. Apart from these phases,
spectra of nitrided specimens were also found to have three extra MO peaks which were

observed at the start of the scan (200-400 cm™).
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Figure 4-36: Raman spectra obtained from the corroded areas of the untreated and the nitrided alloys.

As presented in table 4.10, these peaks corresponded to the formation of MoOs, CrO4
and CrOg and correlates to the v4 bending mode [68][69]. However, peak position of these
phases were slightly shifted from the original position (285 cm™ Byg: § O=M=0, wagging) [68].
Peak shifting is often associated with the roughness of the exposed area due to the multiple
scattering of phonons. Surprisingly, both CrO4 and CrOs phases were not observed for the -700

V and -1000 V samples. On the other hand, MoO3s was observed for all sample nitrided at
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higher voltage (> -900 V). At the same time, no evidence of CrO; (B2g) and M04O11 was found
in any of the nitrided specimens. At the end of the spectra, a board peak (frequency range

between 800 to 900 cm™) was observed which corresponded to amorphous Cr oxides.

Some of the peaks were found to have similar frequency as other phases such as CrOs or
CrgOziand Mo4O11 which have orthorhombic crystal structure. The peak at 907 cm
corresponded to both CrO3z and M04O11, whereas this peak (M04011) was attributed to terminal
Mo-O vibration. Interestingly, Raman peaks related to Co oxides (balanced element) were not
found which indicated that Co mainly dissolves during the tests into electrolyte (Hank’s

solution). Likewise, CrO and MoO phases were absent and could not be indexed.

Table 4-10

Raman spectra obtained from the corroded area of the untreated and the nitrided alloys.

Type of Metal Oxide APS Sample A SampleB SampleC Sample D

274.6 280.19 287.41
MoO3x
CrOs (va4 bending) 335.53 337.93
CrOes (v bending)
391.66 387.83
CrO2 (Eg) 479.92 464.3 465.44 472.65 497.51
MoO:z2 (Eg) 508.08 514.3 516.76
522.94 526.38 531.19
Cr20s3 (Aig)
540.15 540.9
626.98 627 609.78
Cr20s (Eg)
634.81 663.8 668.32 654.59
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683.31 665.3 675.54

702.86
CrO2 (Bg)
709.09
733.37
Mo4O11
746.68
829.59 857
CrOs or CrsO21
885.92 862.5 886.45 878.43 870.41
907.82
Mo4O11
923.47

In summary, A significant improvement in the Ecor vValues was observed irrespective of the
nitriding voltage as compared to the untreated alloys. Microstructure played a significant role
in determining the corrosion resistance, wherein the grains and the grain boundaries seemed to
preferentially corrode as compared to the grains. Also, precipitation of Cr based nitrides (CrN
and CrzN) observed for higher nitriding voltages of -1000 V and -1100 V deteriorated the
corrosion resistance of the nitrided alloy. The nitrided alloy appeared to draw its corrosion
resistance from the corrosion resistant grains and the diffusion-based S phase layers. CS-SEM
studies revealed that this layer was thickest in the case of -900 V. The specimens nitrided at
-900 V exhibited the best corrosion resistance followed by the those nitrided at -700 V in both
test environments. This could be attributed due to right combination of a thicker S phase
diffusion-based layer at the substrate interface and a compound layer (M2-3N and MsN, where
M is mainly Co dominated) which produced Cr + Mo based passive layers when subjected to

corrosive conditions.
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Chapter 5
Comparison between HPLN and
DCPN

This part of the thesis compares the commercially DC plasma nitrided (DCPN) CoCrMo alloy

with HIPIMS plasma nitrided one -900 V (HLPN).

5.1. Phase Composition Analysis of DCPN and HLPN

(a.u)

Intensity

Untreated - (111)

Figure 5-1: X-ray diffraction plot of untreated CoCrMo alloy, nitrided specimens (DCPN and HLPN).

Figure 5.1 depicts the X-ray diffraction of the untreated CoCrMo specimen and
specimens nitrided with different techniques (DCPN and HLPN). Spectra obtained for the

untreated specimen exhibited peaks which corresponded to the face centred cubic (f.c.c) y

171|Page



phases (44.53 [y(111)] and 51.43 [y(200)]) along with hexagonal close packed (h.c.p) a phases

(peaks at 41.5 [¢(100)] and 47.5 [e(101)]).

The XRD pattern obtained for HLPN showed the presence of peaks corresponding to two
different expanded y phases, yn(111) and yN(200), which were found to be shifted to lower
values of 20 as compared to untreated CoCrMo alloy. Peak shifting has been attributed mainly
to the diffusion of N at octahedral position (Co-Co) in FCC crystal structure, which leads to
the expansion of lattice points [1][2]. A shift in peak towards lower angle could also be due to
the presence of compressive residual stresses and staking faults [2]. On the other hand, XRD
patterns obtained for DCPN showed peaks corresponding to yyx(111) phase, (at a higher angle
compared to HLPN by 1.5° (20)) and Cr precipitates in the form of Cr2N (peaks at 37.5° (20)).

Presence of a substrate peak (g(101) indicated that the DCPN nitrided layer was thinner as

compared to that of HLPN.
Table 5-1
Caption. d, a, lattice expansion and T* of the untreated, HLPN and DCPN.
Untreated HLPN
Parameters DCPN
y(111) y(200)  yn(111)  yN(200)
d (hm) 0.203 0.177 0.220 0.196 0.213
a 0.351 0.354 0.381 0.392 0.368
*
Ad/e*100 i 8.56 10.92 4.84
%
T - - 43.5 56.5 -

Table 5.1 contains interplanar distance (d), lattice constant (a), lattice expansion
(Aa/ap*100) and texture coefficient (T*). The highest d and a value were calculated for HLPN.
The percentage of lattice expansion calculated for yN(111) was 8.56 % and for yN(200) was
around 11 %, whereas it was 4.84 %, YN(111) for CPN. T* calculated for HLPN showed a mix-
phase crystallographic orientation [(111):(200), 43.5:56.45]. In the case of CPN, (111) was
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found to be the predominant crystallographic orientation. Previous works suggested that the
layer consisting of both (111) and (200) phase had better corrosion, mechanical and tribological
properties [2]. A (200) phase contributed to hardening of the nitrided layer whereas (111) phase

enhanced it’s corrosion and tribological properties [2][3][4].

5.2. Elemental Depth Profiling of DCPN and HLPN:

In principle, nitriding is a thermochemical process in which nitrogen diffuses into the
matrix crystal structure through defects such as dislocations [5]. The depth of the diffusing
species depends on the temperature as well as on the process time. As per the equilibrium phase
diagram of Cobalt-Nitrogen (Co-N) at 400 °C, expanded v (yn) phase also can be represented
as CosN, contains nitrogen around 20-25 at%. If the diffused extra nitrogen concentration
exceeds 25 at%, it develops a new phase which can be called as expanded a (an), Co2-3N. Once
the total amount of nitrogen reaches 50 at%, it forms a stoichiometric coating (CoN) containing
an equal amount of Co and N. Figure 5.2 (a) illustrates the N2 depth profile obtained for nitrided
specimens using secondary ion mass spectrometry (SIMS) technique. As observed in the
figure, the initial intense signal (count intensity) observed at the beginning of the depth profiles
can be attributed to the sputtering of the thin (<10 nm) adsorption layer. As the test progressed,
the concentration of N gradually decreased. Comparing the SIMS results with those of the
standard calibrated specimens revealed that the maximum N concentration for HLPN was
around 42 at% which also suggested the formation of Co2.3N. As the test progressed, the N
concentration decreased gradually and steadily to around 30 at% approximately at a depth of
1.3 um from the surface. This further decreased and reached to around 2 at% giving rises to
the formation of a CosN based diffusion layer at a depth of approximately 2.7 um from the

surface.
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Figure 5-2: SIMS data of (a) N2 depth profiling of DCPN and HLPN (b) Depth

profiling of precipitation layer (Cr.N) formed on the very top of the compound layer, DCPN.

The nitrogen depth profile obtained for DCPN was similar to that of HLPN. However,
observed nitrogen concentration was half of the HLPN up to control depth of 1.5 pm. At start
of the test, nitrogen counts for DCPN (5.5x10° c/s) was found to be far higher than that of
HLPN (1.8x10° ¢/s) indicating the presence of Cr precipitation (lower Cr recorded up to depth

of 115 nm) as shown in figure 4.38(b).

5.3. Thickness Analysis of DCPN and HLPN:

.

Coy,N+Co, ;N

Figure 5-3: Cross-sectional SEM image of (a) HLPN and (b) DC PN.
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Figure 5.3(a-b) illustrates the cross-sectional SEM images of the specimen’s plasma
nitrided in different discharge conditions (HLPN and DCPN). A specimen nitrided utilising
HIPIMS discharge, figure 3a, clearly showed two distinct regions: (a) a thinner diffusion layer
(CosN or also denoted as S-phase) with a bright contrast extending upward from the base
CoCrMo alloy and (b), a thicker compound (Co23N) layer with a grey contrast extending
upward from the diffusion layer. Interestingly no distinct S-phase (CosN) layer was observed
in the case of the DCPN nitrided specimen, figure 5.3b. The combined thickness (diffusion +
compound) of the HLPN nitrided layer was around 2.8 um and was twice thicker than that of
the DCPN (1.4 um). No evidence of chromium precipitation (CrN or Cr2N) in the nitrided layer
was found in the case of HLPN. The interface between the substrate and the nitrided layer was
uniform and mainly maintained the flatness achieved through polishing the substrate. The
nitrided layer appeared dense, uniform, and free of defects associated with contamination or
sputtering such as chamber dust or other macroparticles. As described in the section 4.8 and
4.9 results, though no clear from the images, formation of Cr2N on the top of the nitrided layer

was observed in the case of DCPN specimens.
5.4. Mechanical and Tribological Studies of DCPN and HLPN:

Table 5-2

Hp, E, friction coefficient, wear coefficient (Kc), layer thickness (Dt), elastic (H/E) index, plastic index (H%E?) and
Fracture toughness (K|c) value of the untreated, HLPN and DCPN.

Sample 1D Hp E (GPa) u Kc Dt H/IE H¥E? Kic
(GPa) (MPamm??)
(MN“m?) "TSIMS CS-SEM
(um) (um)
Untreated 8+0.0.1 249+49  0.81 6.00E-14 - - 0.04  0.008 908
HLPN 23+0.5 287+3.8 0.62 1.18E-15 2.9 2.8£0.13 0.08 0.148 950
DCPN 20+0.2 276x2.6 0.60 2.20E-15 2.1 1.4+£0.10 0.07 0.105 917
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Table 5.2 compares the data on the surface hardness (H), Elastic modulus (E),
coefficient of friction (i), wear coefficient (Kc), elastic ratio (H/E), plastic ratio (H3/E?) and
fracture toughness (Kic) values of the specimens analysed in this study. The highest friction
coefficient, p= 0.81 was measured for the untreated alloy. In comparison, irrespective of the
nitriding technology, the nitrided specimens exhibited a near similar but lower steady state
friction coefficient values of 0.6. Similarly, the K¢ values measured for the nitrided specimens
were more than one order of magnitude lower than that of the untreated specimen (Kc=
6.00x10* m3Nm™) indicating a marked improvement in their wear resistance. The lowest
Kc value was measured for the HLPN nitrided specimens (Kc= 1.18x107*® m®N'm™) which
also exhibited the highest hardness value of 23 GPa as compared to 20 GPa and 8 GPa
measured for DCPN and untreated specimens respectively. The microstructure of the HLPN
nitrided layer was comprised of a diffusion layer (CosN) and a compound layer (CosN + Coo-
3N) whereas the diffusion layer was missing in the case of DCPN specimens. Thus, the superior
wear resistance of the HLPN specimens could be attributed to its superior compound layer
microstructure with a higher hardness and being ably supported by the diffusion layer from

beneath.
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5.5. Fracture Toughness (Kic) Analysis of DCPN and HLPN:

Figure 5-4: SEM images of Vickers diamond indenter impressions produced under an applied load of 50 kgf,
on: (a-b) untreated alloy, (c-d) HLPN and (e-f) DC PN.

Fracture toughness (Kic) is one of the important materials properties which determines the
material’s resistance to crack propagation and requires special attention in applications of
dynamic loading conditions. Indentation-fracture technique is one of the well-established
methods to calculate fracture toughness of bulk materials and thin films, [6][7]. Recently, this
approach has been successfully applied in characterising the fracture toughness and defining

the K¢ value of the modified layer obtained using diffusion techniques such as nitriding, [3][6].

Table 5.2 provides the K¢ values calculated for all the specimens. In the conditions of
the experiment the untreated alloy showed a K¢ value of around 908 MPa.mm?*? which was
relatively high considering the hardness of the alloy in the untreated state. Under the same
conditions, the highest K value of 955 MPamm?*? was obtained for HIPIMS nitrided alloy.
The commercially nitrided specimen (DCPN) showed around 5% lower value than that of

HLPN. Increase in K¢ value was found to be linked to the texture of the compound layer. The
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texture values for both HLPN and CPN were calculated using the formula proposed in [3]. As
per the T* analysis, the DCPN nitrided layer showed a predominant crystallographic (111)
orientation whereas the HLPN nitrided layer developed a mixture of both (111) and (200).
Volume fracture calculated for HLPN specimens suggested that contribution of (111) phase in

the nitrided layer was (43.54 %) and for DCPN it was around 89 %.

Surface analysis of indentation impressions reveals further important information
related to the fracture toughness of the modified surface layers. It was reported that in the
indentation method, ideally two different types of crack modes, called radial mean and
Palmquist type cracking, can be observed along the edges of the pyramidal square indent,
[3][7]. Based on the proposed method, fracture toughness, Kic is inversely proportional to the

crack length created along the edges of the square indents after the loading-unloading cycle.

Figure 5.4(a-f) illustrates the pyramidal square indentation impressions produced on the
untreated and nitrided alloys. As expected for a material with a lower hardness (8 GPa) and
high plasticity, the edges of the indentation on the untreated specimen were found to be crack
free, figure 5.4(a-b). At higher magnification, the area surrounding the square indent showed
presence of shear bands indicating plastic deformation during the loading-unloading cycle
along with the presence of shear cracks. Development of such cracks can be attributed to the
complex stress distribution in the material during the penetration of the indenter as well as the
presence of some imperfections, such as micro voids (manufacturing defects) present within

the substrate and the high strain developed around these voids.

Figure 5.4(c-d) shows the indentation produced on the specimen nitrided utilising the
HIPIMS discharge. In general, at a lower magnification, (figure 5.4c) the area around the
pyramidal square edges appeared to be crack free and implied a superior fracture toughness of
the compound layer (Co23N+CosN). At a higher magnification, a thorough surface

examination showed some interesting features around the plastically deformed area, especially
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around the boundary of the square impression. Both Palmquist and radial mean type cracks
(figure 4.40d), which initiated and extinguished within the pyramidal faces of the indentation,
were observed. Apart from these cracks, shear bands resulting from the hemispherical plastic
zone (or semi-circular plastic zone) and radial stresses during the indentation were also

observed [9][10][11].

Figure 5.4(e-f) shows the indentation on the specimens treated by DCPN. Numerous
cracks, which were parallel to the square edges as well as parallel to the diagonals of the
impression were observed. Cracks extending from the diagonals of the impression into the
surrounding un-indented area were also visible. The impression was heavily cracked as
compared to the HLPN and untreated impressions. At the same time the area surrounding the
impression exhibited no shear bands or cracks which suggested that the layer did not deform
plastically. The radial and Palmquist cracks (almost 9 to 10 um in length) were found to have
their initiation within the faces of the square impression. These findings implied that the
nitrided layer was brittle in nature, had poor resistance to cracking and hence poor fracture

toughness.

Literature suggests that the higher the H/E (elastic strain to failure ratio) and H3/E?
(plastic index) ratios, the tougher is the material with a higher ability to absorb shock without
yielding (plastic deformation). This applies for all materials irrespective if the material is bulk,
nanostructure coating or nitrided layer, [12][13]. In our research, the highest H/E and H%/E?
was calculated for the HLPN treatment which was two orders of magnitude higher than that of

the untreated specimen, which demonstrates the high efficiency of the process.
5.6. Corrosion Analysis of DCPN and HLPN:

In a CoCrMo alloy, Cr contribution is around 28-30 wt% which makes this alloy more

suitable for applications such as Hip and Knee implants where better corrosion resistance is an
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essential requirement. The physiological environment is considered to be complex and contains
amino acids, protein, lipids and various salts such as NaCl (0.9 wt.%). As soon as the metal
implant submerges in the body fluid such as salt buffer solution, the material surface behaviour
changes radically due to corrosion. Thus, corrosion analysis of the nitrided specimens and the

as polished specimen in Hank’s solution was necessary.

Figure 5.5 illustrates the polarisation curves recorded for the untreated and nitrided specimens
when tested against a simulated body fluid (Hank’s solution). The untreated specimen had the
lowest Ecorr Value (around -780 mV) and thus exhibited a poor corrosion resistance. A marked
improvement in the Ecorr Value was observed for both. HLPN (around -164 mV) and DCPN
(around -180 mV), which implied that nitriding itself, irrespective of the technology, had a

beneficial effect on the corrosion resistance of the alloy.

The curves could be easily distinguished into 3 regions: anodic dissolution domain, passive
domain and a transpassive dissolution domain. In the transpassive domain (around +200 mV
and above) all the specimens had a near similar behaviour and a steadily increasing corrosion
current was the main feature. The formation of Cr (V1) species in the passive layers, increasing
fraction of CoO and Mo, dissolution of Co at higher anodic potentials, significant increase in
the passive layer thickness and dissolution of these passive films along with the water oxidation

reactions can be attributed to the rapid rise in the current values [14][15][16].

Even though it had the lowest Ecor Value, the untreated alloys showed a stable passive region
in the potential ranges of - 400 mV to + 200 mV. This stable passive region has been attributed
to a mechanically stable Cr based oxide layer (mainly Cr.O3 along with some Mo oxide) which
slowly dissolves in this potential range [2]. Co, on the contrary, preferentially and steadily
dissolves by an outward migration through the passive layer [16]. Thus, even though the
polarisation curve shows a steady passive domain, it’s current density (Icor= 2 x 10 mAcm?)

was the highest amongst the specimens analysed in this potential range. In comparison, the
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HLPN specimen exhibited the lowest Icorr value (5x10° mAcm2) whereas the DCPN specimen

had an intermediate lcorr value of 1x10* mA cm™.

Thus, it was clear that the HLPN specimens had the best corrosion performance in this
study which could be attributed to the superior microstructure consisting of a combination of a
uniform S phase band and a compound layer consisting of both M2.3N and MsN (where M is
mostly Co dominated). In the case of the DCPN specimens, absence of the distinct S phase
layer as well as the presence of the CroN precipitate layer on the top led to higher corrosion

currents as compared to the HLPN specimens [2].
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Figure 5-5: Electrochemical polarisation curve of the untreated and nitrided CoCrMo alloy in Hank’s solution.

181|Page



Table 5-3

ICPMS metal ion concentration measured for untreated, HLPN and DCPN.

Co (ppb) Cr (ppb) Mo (ppb)
Untreated 0.7 2.2 1.3
HLPN 0.3 0.6 0.1
DCPN 0.1 15 0.2

Literature suggests that corrosion of the implant when in application can release Cr
metal ions which can have a carcinogenic effect on the human body. With this perspective,
Hank’s solution from the corrosion tests was analysed to investigate for traces of any dissolved
metal ions from the tests. Table 5.3 shows the concentration of Co, Cr and Mo ions found in
the test solution. The lowest quantity of Cr metal ions was found in the HLPN test solution
(0.6 ppb) followed by the DCPN (1.5 ppb) which confirmed the beneficial effect of nitriding,

and in particular of, HIPIMS nitriding on the reduction of the Me-ion release.
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Chapter 6

Conclusions and Future Work

6.1. Conclusions

In this work, the effect of HIPIMS nitriding voltage (Bias) on the phase composition,

microstructure, micro and nano hardness and dry sliding wear properties such as wear

coefficient, friction coefficient, and electrochemical properties of CoCrMo alloy was

investigated. Later, results were compared with benchmarked commercial DC plasma nitrided

CoCrMo alloy. The following points were concluded from this work.

1.

Nitriding voltage had a significant effect on the microstructure and phase composition
of the nitrided layer due to the subsequent increase in ion bombardment which led in
an increase in surface temperature from 400°C (-500 V) to 520°C (-1100V). The layer
composition changed from pure coatings at -500V to compound layer (Coz2-3N) at -700
V, and further to mix-phase (CosN+Co2-3N) at -1100 V. Below -700 V, the formed layer
would be solely dominated by (Cr-Nb)N coatings whereas the voltage above -700 V
promoted the formation of a layer dominated by y (200) [T*=73%]. HIPIMS nitriding

process was almost 10 times faster than that of the benchmarked DCPN.

Microstructures of the samples revealed that lower nitriding voltage (-700 V) formed a
layer which has two distinct interfaces (substrate/diffusion layer and diffusion/
compound layer). As voltage increased further (above -900 V) the diffusion layer
disappeared leaving the substrate/compound layer, voltages of -1000 V and -1100 V
formed pure compound layer. Elemental depth analysis of the nitrided layer showed
that the nitriding depth increased from 1.2 um (at -700 V) to ~6.0 pum (at -1100 V).
Further GDOES analysis showed that the nitrogen concentration in compound layer

reached up to ~45 at% (CozN) and gradually decreased to below 30 at.% (CosN). The
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lowest N concentration observed in all cases was 2 at.% (CosN). As compared to
DCPN, HIPIMS nitrided samples have a higher (about two times) nitrogen

concentration in the compound layer, estimated at the control depth of 1.5 um.

3. Surface hardness tests showed that a significant increase in hardness after HIPIMS
nitriding (Hp: 23 GPa and HKO0.01= 2750, at -1100 V) was achieved which was better

than DCPN (Hp= 20) and 5 times harder than that of untreated alloy.

4. Systematic increment in the elastic (H/E) and plastic (H3/E2) index ratio indicated an
increase in fracture toughness (Klc values) especially at lower nitriding voltages (-700
V and -900 V). A general improvement in shock absorbing capacity, crack resistance
and thereby in fatigue resistance under cyclic impact loading was observed for HIPIMS

nitrided samples.

5. Dry sliding wear resistance of the CoCrMo alloy increased by almost two orders of

magnitude with reduced friction values.

6. A significant improvement in the corrosion resistance of the CoCrMo alloy (NaCl:
Ecorr=-590 mV and Hank's: Ecor=-776 mV) was observed after HIPIMS nitriding for
both NaCl (Ecor=-133.39 mV) and Hank’s solution (Ecorr=-205 mV) with two orders
of magnitude lower corrosion current as a result of a uniform, defect free and with an
uninterrupted microstructure. ICPMS analysis revealed that HIPIMS nitriding provides
a reliable barrier, which reduces metal ions release significantly from bio-grade

CoCrMo alloy.

Finally, it can be concluded that the nitrided layer formed using HIPIMS discharge at -700 V
and -900 V may be used as a layer which can provide a stress/hardness gradient for depositing

a top nanostructured coating to realise duplex surface treatment.
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6.2. Future Work:

e Deposition of duplex coating (HIPIMS nitriding and nanostructured multilayer
coating).

e Microstructural and phase composition analysis of the duplex coatings.

e Analysis of mechanical properties such as hardness, elastic modulus, fracture
toughness (Kic), toughness and load impact fatigue of the alloy.

e Corrosion and tribocrossion analysis of the duplex coatings.

e Analysis of metal ion release during corrosion and tribocrossion analysis of the

duplex coatings.
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