Evaluating the Effect of Titanium-Based PVD Metallic
Thin Films on Nitrogen Diffusion Efficiency in Duplex

Plasma Diffusion/Coating Systems

by:

Gorkem Yumusak

A dissertation submitted in fulfilment of the requirements for the
degree of

Doctor of Philosophy

The
University
Of
Sheffield.

Department of Materials Science and Engineering

AUGUST 2018



ACKNOWLEDGEMENTS
Firstly, I would like to express my great appreciation to my supervisors, Dr Adrian Leyland
and Prof. Allan Matthews for their encouragement, guidance, support and immense knowledge.
| also gratefully thank the Council of Higher Education of Turkey and Marmara University for
the financial support to cover all my expenses. Without this financial support, it would be

impossible for me to start a PhD study here in the UK.

My grateful thanks go Ms Dawn Bussey for her assistance for nanoindentation, Dr Nik Reeves-
McLaren for his assistance for various XRD machines, Dr Le Ma, Dr Peng Zeng, and Dr Cheryl
Shaw for their assistance in Sorby Centre for electron microscopy, Mr John Lowndes for fixing

the PVD equipment.

Great thanks also go to my colleagues in the research centre in surface engineering in the
University of Sheffield: Ms Lynne Hopkins, Mr. Xiao Tao, Dr Chanon lamvasant, Dr
Xingguang Liu, Dr Chang Liu, Mr. Wei-Yu Chen, Dr Fahima Indeir, Dr Husein D Meshreghi,
Mrs Nora Yaakop, Dr Lian Liu and Mr. Jack Cooper. | also want to thank all my Turkish

friends in Sheffield for their help, and the memorable time we spent together.

Finally, special and deep appreciation to my beloved wife (Cansu Yumusak), my parents (Umit
Yumusak, Hulya Yumusak and Gizem Yumusak) and my son (Ali Aras Yumusak born in
22.11.2017) for all their love and encouragement. | would not have completed the PhD study

without their grateful support.


mailto:n.reeves@sheffield.ac.uk
mailto:n.reeves@sheffield.ac.uk

ABSTRACT
Titanium is a very popular engineering metal due to its outstanding properties, such as low
density and high specific strength. However, the wear resistance of titanium is very poor in
many industrial environments. Wear-resistant hard coatings can be used to increase the service
lifetime of manufactured products, but the effectiveness of these coatings on titanium is
sometimes low due to the inadequate load-bearing capacity of the substrate. Therefore, titanium
alloys benefit from a substrate strengthening thermochemical diffusion pre-treatment before

the Physical Vapour Deposition (PVD) of hard ceramic coatings.

In this work, triode plasma nitriding (TPN) has been applied to increase the load-bearing
capacity of titanium alloys. It is known that the effective adhesion between PVD hard coatings
and titanium alloy substrates can be improved significantly after substrate diffusion pre-
treatment. TPN treatments were used in this work because the diffusion of the nitrogen can be
achieved more efficiently (than conventional nitriding techniques) at lower temperatures and
shorter times, without the need for hydrogen in the gas mixture. Also, the (low) treatment
pressure regime allows the coating and diffusion treatment stage to be combined and integrated
into the same treatment equipment. Thus, the risk of hydrogen embrittlement is entirely
avoided, and the treatment temperatures well below the alloy beta-transus minimise the grain

growth (that can reduce the core strength and the fatigue life of the materials).

The effectiveness of triode-plasma diffusion treatment can, however, be increased by applying
a thin PVD metallic layer on titanium alloy substrates before the plasma nitriding stage. In this
context, different compositions of B-titanium coating (stabilised by addition of Nb) were
produced on o+ Ti-6Al-4V and B Ti-4Al-10V-22Mo substrate materials; the effect of
formation of the  phase in Ti-Nb coatings before nitriding on diffusion treatment efficiency

(and on nitride phase formation after TPN treatment at 700°C) was analysed.



The hardening effect for Ti-Nb coated Ti-6Al-4V substrate was found higher than the other
(uncoated and Ti coated) Ti-6Al-4V substrates after 4-hour triode plasma nitriding treatment.
On the other hand, the hardening effect for Ti coated Ti-4Al-10V-22Mo substrate was found
higher than other (uncoated and Ti-Nb coated) Ti-4Al-10V-22Mo substrates. Besides the
hardness results, the wear coefficients of the Ti-Nb coated Ti-6Al-4V, and Ti coated Ti-4Al-
10V-22Mo substrates (after 4-hour triode plasma nitriding treatment at 700 °C) were found
approximately 16% and 31% lower (compared to their untreated counterparts) respectively.
The enhanced performance of the duplex treated samples suggested that the coating deposition
process (prior to diffusion treatments) needs to be optimised for each Ti alloy to attain adequate

results.
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1 INTRODUCTION

Wear is one of the most harmful forms of deterioration sustained by the surface of engineering
materials. The reduction of such surface damage is thus very important because it directly
affects the lifetime costs of the component. Conversely, increased product service life
decreases the number of part replacements, which in turn reduces the maintenance cost. Surface
modification techniques are used to improve wear-resistance of materials, especially in the
transport sector where the use of light alloys, such as titanium, is increasing year after year,
and in many other industries (e.g. food & chemical processing, biomedical implants and
devices) due to the superior properties such alloys exhibit. However, it is almost impossible to
use these alloys for moving parts without surface modification technology. In this study, PVD
surface pre-modification followed by Triode Plasma Nitriding (i.e. deposition of a thin a-Ti or
B-Ti PVD surface layer before TPN treatment) was applied at 700°C on different titanium alloy
substrates. The thermochemical treatment was applied on uncoated, Ti coated, and Ti-Nb

coated titanium alloy substrates (o+f Ti-6Al-4V and B Ti-4Al-10V-22Mo).

To date, numerous examples relating to coating layers combined with diffusion treatment (or
alone) can be found in the literature for titanium alloys [1]. Examples are; PVD metal layers
deposited on titanium alloy substrates prior to plasma thermochemical treatment to decrease
surface roughening during the TPN process [2], [3], NiTi (superelastic) interlayer deposited
between an aluminium substrate and a CrN hard coating to increase tribological performance
of hard and wear resistant coatings on soft compliant substrates [4], Ni deposited before TiN
coating on 304 stainless steel to improve corrosion protection [5], and Ti interlayer deposition
on steel before diamond coating to enhance coating adhesion [6], pre-coating of Ti-6Al-4V

with IVD Al-Mg followed by PEO oxidation [7].



Titanium is an allotropic metal which can be found in different crystal structures (HCP= a
phase and BCC= 3 phase) at specific temperature ranges. In normal equilibrium conditions, the
alpha to beta phase transformation temperature is 882.5°C [8]. The beta phase can be stabilised
by using suitable amounts of alloying elements (such as Nb, V, Mo) at room temperature.
Achache et al. [9] reported the deposition of the B phase titanium alloy coatings (Ti-Nb) on
glass substrates by sputtering of pure metallic targets. They found a fully o phase structure
when the Nb concentration is between 3 and 9 at.%. A mixture of a and B phases was seen
above 17 at. % Nb. The fully B-stabilised structure appeared at 34 at. % Nb. The amount of a
phase progressively decreases with Nb addition > 10 at. % because of the beta stabilisation
effect of the Nb. The polymorphic structure of Ti can also provide some advantages to the TPN
process. The literature suggests that nitrogen diffusion coefficients in B-Ti are about three
orders of magnitude higher than in a-Ti [10,11]. On the other hand, the rate of nitrogen
diffusion in a surface nitride compound layer is claimed to be 20-30 times lower than for o-Ti

[12].

1.1 Aims and Objectives

e The aim of this research was to improve the efficiency of the nitriding process of different
titanium alloy substrates by depositing PVD metallic surface layers (before nitriding) to
increase the load-bearing capacity and the wear performance of the titanium alloy

substrates.

The research involves two main stages. The first stage was to deposit a PVD metallic Ti and
Ti-Nb coatings on different titanium alloy substrates. The second stage was to apply Triode
Plasma Nitriding process on uncoated and previously coated titanium alloy substrates. The four

main objectives to achieve the aim described above were thus:



e Designing Ti and Ti-Nb PVD metallic coatings considering their phase structures
depending on their compositions and deposited substrate types. The first objective was
to find almost fully § phase for Ti-Nb coatings by doping a minimum amount of Nb.
The redundant increase of Nb may have detrimental effect on further nitrogen diffusion
efficiency.

e Pre-depositing a pure Ti (o phase) coating layer on titanium alloy (with better results
expected on B-Ti alloy substrate) before nitriding to decrease N diffusion rate (maintain
nitrogen supersaturation at the near surface) and provide improved strengthening by N
interstitial solid solution.

e Pre-depositing a Ti-Nb (B phase) alloy layer on titanium alloy (with better results
expected on o-Ti or a+B-Ti alloy substrates) before nitriding to speed up N diffusion
rates inside the substrate and to provide deep hardened zone.

e Applying Triode Plasma Nitriding (plasma assisted diffusion treatment) on uncoated
and previously coated titanium alloy substrates to modify the surface by changing its
chemical composition (with acceptable surface roughness) and to provide hardened

diffusion layer.

1.2  Structure of this Thesis

Chapter 2 focuses on the literature work which is related to the story of this study. The starting
point is titanium metal and its insufficient wear performance. This is followed by the surface
engineering methods which can be used to improve wear properties. The nitriding process is
then investigated deeply, by searching the nitrogen diffusion mechanisms in titanium metal and
the required process parameters. Finally, new attempts to improve the nitriding efficiency are

discussed, one of which is the main idea of this thesis.



Chapter 3 describes the production and testing methods (used in this study), with their brief
theoretical backgrounds and their experimental procedures. The production stage consists of
two steps: the deposition of metallic surface layers on the various substrates and the subsequent
nitriding of them. Characterisation techniques (such as XRD, SEM, EDX, nanoindentation)
were used to demonstrate the change on the surface (or near-surface) after coating and nitriding

processes.

Chapter 4 presents the results related to the first production stage of this study which includes
the Ti and Ti-Nb coating deposition. The optimisation of the Ti-Nb coatings, the effect of the
type of substrate and working distance on the Nb concentration were described. The deposition
rate of the coatings was estimated by measuring the coating thickness for different process

durations.

Chapter 5 focuses on the results related to the nitriding process of uncoated, Ti coated, and Ti-
Nb coated titanium alloy substrates. The effect of nitriding temperature and process duration
were analysed. The effect of the thickness of the PVD metallic surface layer on titanium alloy

nitriding performance was investigated.

Chapter 6 describes the results related to the wear performance of the uncoated, Ti coated, and
Ti-Nb coated titanium alloy substrates after various nitriding process by applying the micro-

abrasion test.

Chapter 7 (the final chapter) presents the main conclusions which can be obtained from this

study. It is followed by the future work plan.



2 LITERATURE REVIEW

2.1 Titanium Metal

Titanium is one of the more abundant metals in the world. Its content in the Earth's crust is
about 0.63% by mass [13]. This occurrence means that titanium comes ninth in all elements
and seventh in all metals. It is a transition metal which is found in the fourth period and 1VVb
group in the periodic table. Titanium is increasingly used because of its unique and superior
properties (Table 2-1). Its density is lower than many other commonly available metals such as
iron, nickel, and copper. It is also very corrosion resistant in many environments and can be

used in the human body with its favourable biocompatibility.

Table 2-1 Physical properties of pure a titanium at 25°C [8], [14], [15]

Property Value
Atomic number 22
Atomic weight 47.88
Melting point (°C) 1668
Density (kg/m?®) 4540
a=0.295 nm
Lattice parameters €=0.468 nm
c/a=1.587
B-transus temperature (°C) 882
Elastic modulus (GPa) 115
Shear modulus (GPa) 44
Thermal expansion coefficient (10°K™) 8.36
Thermal conductivity (W/mK) 14.99
Specific heat capacity (J/kgK) 523
Electrical resistance (10° Qm) 564.9



Titanium was discovered by William Gregor (British mineralogist) in 1791 as a “black sand”
which is now known as “ilmenite (FeTiO3z)”. The iron was then removed with a magnet, and
the sand was treated with HCI (hydrochloric acid) in order to produce an oxide of a new
element. After more than 100 years later (in 1910), Matthew Albert Hunter, isolated the metal
by heating TiCly (titanium tetrachloride) with Na (sodium). Finally, in 1932, Wilhelm Justin
Kroll (known as the father of the titanium industry) produced some amount of titanium by
treating TiCls with Ca (calcium). He then showed reducing TiCls with Mg (magnesium)
commercially in the USA in 1940. Today, it is the most widely used method which is known
as the “Kroll Process” [14]. DuPont Company (in 1948) was the first to produce titanium
commercially. Titanium cannot be found in a pure state, and the difficult processing makes it
expensive metal. Besides the form of ilmenite (inside the mineral sands), titanium can be found
as TiO; (titanium dioxide or rutile) in Mexico, India and Australia. The production routes for
titanium are very versatile. It can be forged, cast (investment casting), formed and machined.
Powder metallurgy and additive layer manufacturing are also used to produce titanium

components [8], [16]-[18].

Besides its high corrosion resistance, titanium also shows high specific strength. Aerospace,
chemical, medical and leisure sectors of industry all use titanium alloys because of these two
salient properties. Only a few engineering materials (such as fibre-reinforced plastics) exhibit
higher specific strength than titanium below 300°C. Titanium alloys are eligible for higher
temperature applications up to 600-700°C, in principle. However, the high specific strength
property is limited for many titanium alloys when the temperature is above 500°C because of
the adverse effects of oxidation on ductility and fatigue strength. Ti-Al intermetallic alloys
overcome this problem and show higher specific strength than steels and superalloys up to
1000°C, but their low-temperature ductility is poor. Continued efforts are needed to develop

titanium-based alloys to satisfy high temperature requirements [14], [19].



2.1.1 Crystal Structure

Pure titanium has hexagonal close-packed (o) crystal structure at room temperature. The atoms
are changing their position at higher temperatures and form the body-centred cubic structure
(B). In normal equilibrium conditions, the alpha to beta phase transformation temperature is
882.5°C [8], but titanium can be alloyed with different elements to maintain beta phase stability
at lower temperatures. Titanium alloys are categorised as a, near-a, a+f3, metastable-f and 8
alloys (Figure 2-1). Therefore, titanium is a critical material having two crystal structures and
adjustable transformation temperatures to create various types of alloys having different

properties.
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Figure 2-1 Titanium alloy classification [14]

The addition of elements which change the o/p transformation temperature can be divided into
two main groups: alpha and beta stabiliser. Al, O, N, C, B, Ga, Ge are a stabilisers and can

increase the transus temperature. On the other hand, P stabilisers decrease the transformation



temperature. They are categorised into two groups:  isomorphous and B eutectoid elements.
V, Mo, Nb, Ta are used as B isomorphous elements. The beta phase can be stabilised by using
a suitable amount of these elements at room temperature. Cr, Fe, Si, Ni, Cu, H, Mn, W, Pd, Bi
are used as P eutectoid elements. Also, there are some elements which behave neutrally such
as Zr, Hf, Sn decreasing the transus temperature a little at smaller amounts, then increasing it

when they are added in high amounts [20].

Because of the different crystal structures and phases, Ti alloys have various characteristics.
The hexagonal crystal structure of titanium shows anisotropic mechanical properties. The
elastic modulus of an a titanium single crystal is 145 GPa when the load is perpendicular to the
basal plane, and it is 100 GPa when the load is parallel to the basal plane. The alpha phase is
more closely-packed, and this tends to affect the diffusion properties inversely. The bulk
diffusion coefficient of B-Ti is reported to be significantly higher than the alpha phase of Ti.
The self-diffusion of Ti is 100 times bigger in beta phase at 1000°C (Dqri= 10° m/s, Dgri= 10°
13 m/s). The different diffusion rate of the two phases is dependent on the microstructure, and

this affects mechanical properties such as creep resistance and superplasticity [14].

2.1.2 Plastic Deformation

The plastic deformation of metals depends on their crystal structure. It can be clarified with
three factors. The first of these is the total number of available slip systems. The total is 3 in
the o phase crystal structure and 12 in the B phase crystal structure. The slip planes and
directions determine the number of slip systems. It can be derived from this information that

plastic deformation is easier in BCC structures than in HCP structures [14], [21].

The HCP alpha phase has a different c/a ratio than ideal hexagonal lattices. The lattice
parameters for Ti are a= 0.295 nm, and ¢= 0.468 nm and this value give a c/a ratio of 1.587. In

the ideal case, the c/a ratio is 1.633. The ratio is different from the ideal case because of the



phase transformation (B to a), in which {110} planes in BCC structure transform to {0001}
basal planes in HCP structure. The distance between {110} planes is different from the
corresponding distance between the basal planes, so the c axis is shrunk. The reduced ratio can
be increased by diffusion of some interstitial elements into Ti or substitution of some elements
which have a smaller atomic radius. When the c/a ratio is small, the space between the prismatic

planes become high. In this condition, titanium can exhibit slip on prismatic planes [14].

2.2 The Necessity of Surface Engineering for Ti

With its mechanical and physical properties, such as low density and good strength to weight
ratio, titanium is always an active candidate in many structural engineering material
applications. However, the wear performance of Ti is inadequate for tribological environments.
When titanium and other metals come together, the oxide film on the titanium can easily break
and then surface damage occurs. There are some reasons to explain why Ti has a weak

performance in tribological systems:

The atomic number of Ti is 22, and it is a transition metal. The electronic configuration of Ti
finishes with 3d?. Because of this low d bond character (the relation between d bond character
and friction coefficient is seen in Figure 2-2), the surface of the Ti is more active and needs to
create adhesive bonding when the contact occurs. This will tend to result in a high CoF and

poor wear resistance [22].
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Figure 2-2 Coefficient of friction for various transition metals in contact with the diamond
surface as a function of percent of metal's d-Bond character [23]

The shear modulus of Ti also affects the friction behaviour [23]. Materials which have a low

shear modulus, tend to show more adhesion with a high coefficient of friction. Figure 2-3 shows

the relationship between the shear modulus and coefficient of friction. The reduced c/a ratio

affects the shear property of Ti because of the different slip type. On the other hand, HCP

metals with c/a ratios closer to the ideal value of 1.633, show lower friction coefficients.
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Figure 2-3 Coefficient of friction for various transition metals in contact with the diamond
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The friction coefficient of pure Ti is 0.47 when in contact with itself, and it would be

commented at the end of the measurement that some transfer and deformation had occurred.

On the other hand, the Ti6Al4V alloy (a+f) has a friction coefficient of 0.36 when it contacts
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itself under the same test conditions [24]. Alloying of Ti with other metals can reduce the
friction coefficient. The weak tribological property of Ti and its alloys needs some surface
engineering modification to increase the wear resistance property and the range of application.
The lifetime of the moving parts of the engineering application, such as bearings, can also be

increased in this way.

2.3 Surface Engineering Methods

Surface engineering methods are used in many industrial sectors, such as aerospace and
biomedical, which often require components with an excellent tribological performance in
applications on moving parts under load. There are lots of methods available to harden the
surface of materials for better wear properties. However, these methods will not always work,
or give only a small improvement on substrates such as titanium and its alloys, because of its
lower load-bearing capacity. Before starting the coating process, it is critically important to
analyse the substrate properties because this will affect the quality of the modification. In this
context, the hardness of the substrate plays a prominent role in tribological coatings. When the
substrate, which has low hardness, is coated with hard materials, the substrate cannot support
the coatings because of the contact stress level. This phenomenon is called the egg-shell effect
[25]. The solution for this undesirable condition is to apply a preliminary treatment (such as
nitriding) before hard coatings deposition. In addition to this, the nitriding treatment can
increase the surface hardness, but it often cannot significantly change the surface
tribochemistry of the substrate and may have little effect on the wear properties. It is preferred
that multi-layered coatings, duplex or hybrid techniques be used for this purpose. The
combination of thermochemical diffusion treatments and coatings deposited by plasma-
assisted physical vapour deposition is an example of hybrid techniques [26]. On the other hand,
to increase the efficiency of this preliminary thermochemical treatment (and/or control surface

finish more precisely), the substrates can be coated with a (pure or alloy) metallic thin PVD
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coating. After deposition of this metallic layer, nitriding treatments can be applied to them, and
the effect on surface properties can be compared with the requirements of the area in which the
material will be used. The formation of nitride phase (after diffusion treatment) can be different
depending on the pre-deposited metallic thin PVD coatings. For example, nitriding of PVD Ti-
coated titanium alloys could result in a Ti2N or TiN nitride layer of low surface roughness; on
the other hand, Ti-Nb alloy layer coated Ti alloys could result with TiINbN nitride layer. It
should be noted that there could be no or very thin compound layers on the surface if the correct
processing parameters are chosen. Besides this, the nitrogen diffusion zone thickness inside
the substrate can be improved by using this pre-deposited metallic coating before nitriding. The
different phases of titanium and its alloys have different behaviour in terms of nitrogen
interstitial diffusion. If the formation of a thick compound layer occurs rapidly (at the beginning
of the process), nitrogen will not diffuse into the substrate material easily because the
compound (ceramic) layers inhibit further nitrogen diffusion. The surface layer coatings
deposited before nitriding can increase or decrease the nitrogen diffusion rate. It will depend
on which surface layer coating is chosen for which titanium alloy. If the titanium alloy (desired
to be nitrided) has fully or almost B structure, it should be considered that the nitrogen diffusion
coefficient is very high for this alloy and a pure o-Ti surface layer coating can be deposited on
it to keep the nitrogen concentration sufficiently high near the surface (increased the
hardenability). If the titanium alloy which is desired to be nitrided contains a large quantity of
a phase, a cubic phase of titanium surface layer should preferentially be deposited. In this
condition, the nitrogen is considered to diffuse faster into the o or o+p Ti alloys, and the onset
of compound layer formation can be delayed. This is the main logic and novelty of the work
performed in this thesis for improving the nitrogen diffusion efficiency in both a-rich and p-

rich Ti alloys.
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2.3.1 Physical Vapour Deposition
Physical Vapour Deposition (PVD) is a process that evaporates a solid material source under
vacuum and condenses this vapour on a chosen substrate material to create a coating. The PVD

method is classified into three main categories:

e Thermal Evaporation
e Sputtering

e Cathodic Arc Evaporation

2.3.1.1 Evaporation Deposition

Evaporative PVD (Figure 2-4) is a process which uses a heating source (thermal) such as
resistive heating [27], e-beam [28], inductive heating [29] or laser (ablation) [30] to evaporate
the material to be coated on the desired substrate. This method needs vacuum levels better than
10 > mbar. The main principle of this method can be explained as basically: a generation of
the vapour; transportation of the vapour and finally condensation of the vapour. The different
vapour pressure of each material at a particular temperature will help to manage the process
and adjust the final product’s specifications. The advantages of this method are: vaporisation
materials can be in different geometries (bulk, powder, wire, etc.) so it is easy to maintain
source materials for this technique, and it makes this process cheaper when compared to others.
The control of the power supply on the vaporisation source allows to monitor the deposition
rate easily, and it is easy to reach higher deposition rates. On the other hand, the major
drawback of purely thermal evaporation is that the density of the packing (during
condensation), and the adhesion of the coating to the substrate, are not very good. This is
because of the mean free path (1) of the low-energy vaporised species which travel from source
to substrate is bigger than the distance between source and substrate, and so the energy of the

incoming particles is low due to self-scattering and “thermalisation” of the vapour species. The
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flight path of the vaporised particle is also “line of sight”. It means that the side and back of
the substrates often cannot be coated effectively. Moreover, the deposition of some alloys or
compounds could be tricky because the evaporation rates of the components of a mixture are
related to their vapour pressure therefore high vapour pressure component will have vaporised
faster. In this condition, one of the components could vaporise completely while the other one

remains in the molten pool and it can be difficult to obtain the desired concentration of final

coatings.
Fixture temperature b 2:;3;?1
monitor {contact) W tooling “Glow bar™ for
- " plasma cleaning
6 =] {negative high voltage)
Fixtura
heatar (contact) = Substrate holding
Daposition fixtura
pattarm S e R L Substrate
masks - Daposition rate
{optional) Q{_ i moniter
Gas Mgl oes— \"t - Substrata temperature
) ™ % monitior {optional)
High vacuum o
N C: A
gauge < Shutter

== Vicwpart
Substrata \%
hoater  e——t—- TOGH o
{radiant) - | Vaporization
SOUrce
Vacuum - I
chamber «_ Thermocoupla
{matal) VACUUM gauge

High vacuum Rough
pumping pumging

Figure 2-4 Components of an Evaporative Deposition Chamber [31]

The high melting temperature of vaporised material such as Mo and Nb could cause some
difficulties to transfer from solid to vapour phase, and it needs more energy and time to
complete the process. It can be advised that some eutectic alloys have lower melting
temperatures than the melting temperatures of individual components. The usage of this kind

of alloy makes the process more applicable. The hard-ceramic compounds (such as Al>O3,
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TiO2) can be deposited on desired substrates by evaporating the compound directly and
condensing onto the substrate [32]. By evaporating only metal (such as Fe, Ti, Al, Cr) and
supplying reactive gas (such as N, O2, CO») into the evaporation chamber (to create a reaction
between metal vapour and reactive gas) will have a reactive product onto the substrate surface
[33]. This method is called reactive evaporative deposition. The decorative coatings (gold on
plastic or other materials) [34], corrosion resistance coatings (Al or Ti on steel) [35],
electrically conductive coatings (Ti-Pd-Au on ceramic substrates) [36] can be examples of

some applications which use thermal evaporation as a vapour generating source.

2.3.1.2 Sputtering

Sputtering (Figure 2-5) is another type of PVD method that includes physical vaporisation of
atoms from a target surface to create a flux of coating material atoms for deposition. It works
by a momentum transfer mechanism through the bombardment of a target surface with
energetic particles (ions of gas) -which is called sputtering- and the deposition of the sputtered
material onto the substrate surface which is referred to as sputter deposition. The sputter
deposition method needs vacuum levels better than 10 > mbar. This technique can be classified
as magnetron sputtering (conventional balanced magnetron, Type 1 unbalanced magnetron,
and Type 2 unbalanced magnetron) (Figure 2-6) [37], RF sputtering [38], high power impulse
magnetron sputtering (HIPIMS) and ion beam sputtering [39]. If any compound material
desired to be coated, it can be used as a compound target material or elemental target material
in a reactive gas environment (reactive sputter deposition). Compound materials have stronger
chemical bonding, and they have a lower sputter yield (i.e. compared to TiO2 and Ti). Sputter
yield is a very important term for this technique and can be explained as a ratio of the number
of ejected atoms from the target surface to the number of the incident particles to the target

surface.
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Figure 2-5 Schematic of a Sputter System [40]
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Figure 2-6 Schematic representation of the plasma confinement in balanced and unbalanced
magnetrons [37]

It is related to the degree of chemical bonding of the target materials and the degree of energy
which the incident particles have. The deposition rate and composition of sputtered alloy films
(e.g. Ti-Nb, Cu-Al) can be controlled by using the metallic target element’s sputtering yield
value, the distance between target-substrate and the amount of applied power on the target. If
multiple targets are used, the chemical composition of the sputtered films can be controlled by

applied power on each target. The other parameters such as total gas pressure, the composition
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of the reactive gas, the geometry of the chamber and substrate holder, substrate temperature

are also critical to obtain reproducible processes.

The advantages of this method are: very wide selection of materials can be used as a target
(alloys, compounds) and it is possible to use metals which have high melting temperature as a
target material. The system has less radiant heating (by using target cooling system) when
compared to the evaporation deposition, and so the distance between target and substrate can
be adjusted shorter, and the substrate materials whose melting temperature are low (such as
polymeric materials) can be coated without any degradation. Sputtering conditions can be set
easily, and it increases the reproducibility of this technique. On the other hand, the target
materials could be more expensive, and the energy usage could be higher when compared to
other PVD techniques. Also, poor target utilisation due to the “race track™ effect in magnetron
sputtering can make this technique less efficient. The electrical coatings (e.g. ITO) [41],
magnetic coatings (e.g. Fe-Al-Si-N) [42] can be examples of some applications which use

sputtering as a vapour generating source.

2.3.1.3 Cathodic Arc Evaporation

Arc Evaporation (Figure 2-7) is another type of PVD method where an electrode (target) is
vaporised under the arcing condition to obtain highly energetic vaporised material. The
principle of cathodic arc evaporation is that gas cations (from the flux of ionised vapour)
bombard the negatively polarised cathode, and this will eject of electrons from the cathode
surface. The ejected electrons will move to the positively polarised anode. Because of this
motion, an arc discharge will be struck between cathode and anode. Then, it will result in
evaporation of the cathode material. The evaporated metal atoms will be ionised (because of
the high electron density). It is not only evaporating the material, but also it is provided high

ion energy. The main difference between the arc vapour deposition and the conventional
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evaporation system is that, because an arc discharge produces the vapour, the target metal flux

is mostly in an ionised state.
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Figure 2-7 Components of Cathodic Arc Vapour Deposition System [31]

On the other hand, the material is directly heated for conventional evaporation, and the metal
flux is mostly in the neutral (thermalized) atomic level. The reactive arc deposition can be
applied by supplying the reactive gas into the deposition chamber. The advantages of arc
vapour deposition are: the flux of ion which arrives at the substrate surface has high ion energy
(10-100 eV). The densification of the coating (reflects its hardness) and the adhesion of the
coating (how long it can work as a functional coating) are beneficial for this method because
of a high ion energy of incoming flux. It does not need a high substrate temperature which
allows this use of a polymeric substrate (with no damage to the substrate) to be coated. The
formulations of the source material and the formulation of film material can be held same (for
alloy deposition). The possibility of the formation of molten globules (because of the erosion
from the cathode spots) and deposition of these droplets onto the substrate surface can be a
disadvantage of this technique. A plasma duct can be used to solve this problem by directing

the charged particles onto the walls of the duct. The corrosion resistant coatings (TiN/TiAIN
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on steel) [43], decorative coatings (TiN as a replacement for gold) [44], protective coatings
(hard carbon films) [45] can be examples of some applications which use cathodic arc

evaporation as a vapour generating source.

2.3.1.4 Ion Plating

lon Plating is an “atomistic film deposition process” [46] in which the substrate (and depositing
film) is bombarded by energetic particles (inert or reactive) before and during film formation.
The bombardment before the film formation cleans the substrate surface (sputter cleaning). The
depositing atoms can be obtained by vacuum evaporation (vacuum ion plating), sputtering
(sputter ion plating) or arc evaporation (arc ion plating). The ion plating process was (initially)
used to obtain better adhesion and increase the density of the PVD films [47]. Then, it was
shown that the continuous or periodic bombardment could control the film properties such as
morphology, growth, density, residual stresses. lon plating can be categorised which related its
ion source: plasma-based ion plating (Figure 2-8) and vacuum-based ion plating (Figure 2-9).
In plasma-based ion plating system, the bombarding particles (ions) are supplied from plasma.
On the other hand, the ions are supplied from an ion source for vacuum-based ion plating. The
bombardment stages which happen in ion plating process can be sorted as: bombardment for
substrate sputter cleaning (surface activation), bombardment during the nucleation (the density
of nucleation is increased), bombardment during interface formation (the thermal energy on
the substrate surface is increased, and diffusion is incited), bombardment during film formation
(the film density is improved and supply thermal energy to the surface). The deposition of the
compound materials can be applied by reactive ion plating system which the reactive species
(such as N) are activated by a plasma, or an ion source can produce the reactive and inert ions.
The chemical reactions and density of the compound films can be improved by bombardment
during the process. The concentration of the coating films can be controlled by adjusting the

reactive species availability in the system, and this will give a chance to produce graded

19



coatings. The advantages of ion plating system are: the substrate surface can be cleaned during

the process (in situ).
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Figure 2-8 Plasma-based ion plating system using a cathodic arc vaporisation source with
bombardment from the plasma [48].
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Figure 2-9 Vacuum-based ion plating system using a thermal evaporation source and an ‘ion
gun’ for bombardment [48].

The deposition material can be supplied from various sources (sputtering, evaporation, etc.).

The film properties can be controlled flexibly by changing the bombardment condition. On the
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other hand, the number of process parameter which must be controlled is high. The substrate
heating can be extreme (related to other processes) so materials which are not durable at high
temperatures cannot be suitable for this process (or the process parameters must be adjusted
carefully). The geometry of the substrate and the position of the substrate in the chamber are
very important criteria because the establishment of the bombardment uniformity is difficult.
The hard decorative coatings (gold coloured TiN) [49], wear and oxidation resistance coatings

(Ti-Al-N, TiN) [50], [51] can be examples of some applications for ion plating process.

2.3.2 Thermochemical Treatment Methods: Nitriding

The tribological performance of titanium and titanium alloys can be enhanced by
thermochemical treatments (such as nitriding), to allow better load-bearing capacity (by
diffusion of interstitial materials from the surface) and thereby improved adhesion between
titanium alloys (substrate) and subsequent coatings. The surface of titanium can be hardened
by the formation of hard nitrides, and the following nitrogen diffusion zone can support the
compound layer. Nitriding is the most widely used method for this purpose. There are several
methods by which nitrogen can be diffused into titanium and its alloys, to harden the surface

of the substrate:

2.3.2.1 Gas Nitriding

Gas nitriding is one of the thermochemical methods and is applied to titanium at higher
temperatures to maintain the proper diffusion rate. The main advantages of this method are that
the initial equipment cost is low and does not require a special rig. It is easy to treat any size of
materials (limited only the size of the furnace), and it is suitable for complex geometries. On
the other hand, when the working temperature (750°C-1150°C) passes the beta-transus
temperature, this affects the microstructure of the bulk materials irregularly. The high

temperature and long working time (it is always increased when the temperature is decreased)
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are the main disadvantages of this method. Also, gas nitriding can increase the surface
roughness of the substrate materials (compared to plasma nitriding), partly because the gas
nitriding process is generally applied at higher temperatures [52]-[54] where surface adatom

mobility and surface diffusion kinetics are also higher.

2.3.2.2 Laser Nitriding

Laser nitriding is a thermochemical method where laser heating melts the surface of the
substrate in a nitrogen environment. It is a relatively rapid method (followed by rapid cooling)
that forms nitride layers on the surface of the samples. The composition of the nitride layer can
be controlled, and the microstructure of the near surface region can be rearranged (it does not
alter the bulk properties). The bonding between the substrate and nitride layers can be better
because this method allows for melting of the surface and it is possible to have metallurgical
bonding with nitrogen. On the other hand, the formation of surface cracking, the requirement
of special equipment and the dependency on the shape of the materials are the disadvantages

of this method [55]-[57].

2.3.2.3 Ion Beam Nitriding

lon beam nitriding is another choice of the thermochemical technique that is used for producing
hard nitrides on the surface of the substrate which is exposed to an ion beam. The ion beam
can contain argon (besides nitrogen) to control the partial pressure of the gases. The method
has some advantages, such as having controlled parameters, using the shorter time for treatment
and having less distorted materials over conventional nitriding methods. It can be applied at
low temperatures (such as 400-600°C) and lower pressures (around 10°-10° mbar) which
inhibit the possibility of contamination from oxygen. On the other hand, the different angle of
incidence for ion beam can affect the film thickness and diffusion depth for complex shaped

samples. The relatively high surface roughness after nitriding and the sputtering off the nitrided
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layer (which is formed during the nitriding process) from the surface can be the main

disadvantages of this method [58], [59].

2.3.2.4 Plasma Nitriding (Fundamentals)

Plasma (ion) nitriding is one of the thermochemical methods in which a voltage (from an
external source) is introduced between the substrate (cathode) and process chamber (anode).
The working/reactive gases (such as argon, nitrogen) are ionised which supplies active gases
to the nitriding environment for surface treatment [60]. The power supply for plasma
generation can be direct current (DC), alternating current (AC), radio frequency, microwave,
etc. The temperature for the conventional nitriding process is generally selected high (around
1000°C) to possess fast nitriding kinetics. However, the high process temperatures can cause
grain growth and microstructural change in substrates, and this affects the mechanical
properties of the substrates (it can reduce the ductility and fatigue strength). Therefore, plasma
nitriding is preferred because it is practicable at low temperatures [61], [62]. Moreover, easy
control of the compound phase formation such as TiN or Ti2N (by controlling the process
parameters such as temperature, duration, pressure or applied cathode bias voltage), requiring
a shorter time for nitriding than conventional methods. It is also more efficient and clean

process [63], [64].

In the diode plasma system, the applied voltage provides the ionisation of the gas (such as Ar)
and initiate a plasma. By this happening, the activity of the gases is increasing, and they are
colliding with each other. Therefore, positively charged ions are formed. After the interaction
of these ions with the cathode, secondary electrons will be emitted from the cathode. These
secondary electrons travel back to the anode direction and will provide the plasma stabilisation
through ionising collisions with the gas atoms. The average travel distance of these secondary
electrons before collision (with an atom while they are travelling to the anode) is referred to as

“cathode sheath area” or “dark space area” which is one of the main regions of the ion plating
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discharge system [65]. The dependence of electron emission from the cathode can result in low
ionisation in the diode plasma system. The possibility of the collision of the energetic ions with
gas atoms is high in this system. Therefore, the energy of the ions could decrease before
reaching the cathode (substrate) surface. The loss of this energy will affect the process
performance such as the formation of any chemical reaction on the surface. For obtaining
higher ionisation, plasma potential distribution can be controlled by changing the ratio of
sheath thickness (L), and ion mean free path (A). With an increase in the L/ A ratio, more
collisions will happen, and the average energy of the ions will drop. Other than the energy of
the species inside the plasma, the average energy of these species reaching the substrate surface
is also important. Figure 2-10 shows the energy distribution of ions depends on the L/ A ratio

[66], [67].
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Figure 2-10 Energy distribution of ions at various values of L/ A [67]
A decrease of this ratio will allow increase of the energy transported to the cathode and the

fraction of ions with maximum energy. Therefore, this ratio needs to be decreased to get less
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collision in the cathode sheath, and the cathode surface would be bombarded with higher
energy. However, this is not possible for the diode plasma system because gas pressure and
applied voltage both need to be decreased to reduce the L/ Am ratio. If these process parameters
are reduced, the secondary electrons in the system are also decreased, affecting the plasma
stability, and it will result in quenching of plasma [68]. As a result, to obtain a lower L/ Am

ratio, an auxiliary energetic electron source should be provided.

The advanced (more recently) method allows increasing the control of the ionisation in plasma
nitriding by intensifying the glow discharge with a thermionic electron emitter. It is generally
referred to as “triode configuration”. This addition supplies extra energetic electrons, which
collide with gas molecules. Therefore, the glow discharge can be maintained at a lower
pressure, and the degree of ionisation is increased (which means that the number of the
energetic particles is high) [69]. With this type of plasma configuration, the dependence on the
secondary electrons which are ejected from the cathode surface to maintain the plasma will
disappear. Regarding the negative bias voltage applied to the substrate, it was reported that
values below 1000 V provide some improvement for triode system and the values between
500V and 200V will give superior nitriding performance [70]. The development of the plasma
nitriding incites diffusion of the nitrogen at lower temperatures and shorter time (improved the
efficiency and the kinetics of nitriding). The triode nitriding mechanism also has more
advantages that the gas discharge is controlled better and the substrate heating is reduced, and
the nitriding of the complex shape substrate (a thin sheath is needed for better recess
penetration) is possible with triode plasma nitriding because the cathode voltage can be

decreased to very low values [70]-[72].
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2.4 The nitrogen diffusion in titanium and titanium alloys

When nitrogen penetrates the surface of pure titanium, the formation of an interstitial solid
solution is seen (by dissolving nitrogen in Ti). The o titanium can only dissolve a limited
amount of nitrogen in solid solution. It is seen from the Ti-N binary phase diagram (Figure
2-11) that a maximum of 23 at. % N can be dissolved in a titanium at around 1000°C. When
the concentration of the nitrogen exceeds the amount which o titanium can dissolve, the
development of new structures (i.e., nitride phases) by titanium and nitrogen reaction is seen.
The (hexagonal phase) titanium nitride has the chemical formula y-Ti2N. In this condition,
titanium substrate has a nitrided layer which involves titanium-nitrogen precipitates (Ti2N)
embedded in a nitrogen-saturated diffusion zone. Ti2N has a solubility limit of about 34 at. %
N at 850°C. When the nitriding time further increased, and the nitrogen concentration goes up,
the nitride phase will change at the surface of the titanium substrate. A new face-centred cubic
compound forms (with the chemical formula TiN). The schematic representation of the
formation of the nitride layers on o titanium and the nitrogen diffusion zone is seen in Figure
2-12 [56], [73].
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Figure 2-11 Ti-N phase diagram [56]
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Figure 2-12 Kinetics of formation and growth of nitride surface layers on titanium [74]

The nitriding process for titanium alloys can be different depending on the alloying elements
added. Many of the different alloying elements also form nitrides such as V2N or form some
alloy nitride phase with titanium [75]. The alloying elements will affect the o to B transus
temperature. Sha et al. [76] reported that the nitriding of titanium alloy is more efficient when
applied just below the transus temperature. However, beta titanium alloys tend to have lower
transus temperatures and therefore require a lower nitriding temperature. The diffusion rate
will be much lower at such lower temperatures, and conventional gas nitriding techniques will
be less effective for the beta titanium alloys. Because, the amount of nitrogen which is diffused
inside the substrate will be lower (surface diffusion kinetic is low), and it will reduce the
hardening effect on the sample (in this condition). Therefore, the selection of both the nitriding

technique and the different titanium alloys is very important to maintain the effective results.

The different crystal structures of the o and B phases (in different titanium alloys) result in

various nitride structures in both compound layer and nitrogen (interstitial solute solution)
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diffusion zone (saturated layer). At any given temperature, the nitrogen diffusion coefficient is
different for the a.and B phases of titanium. B-Ti is believed to have a more significant diffusion
coefficient (by as much as three orders of magnitude), and thus the depth of the diffusion zone

may be expected to be more prominent on nitriding.

A comparison of the nitrogen diffusion zone hardness profile of three different types of
titanium alloy is seen in Figure 2-13. H represents the hardness value (which can generally be
correlated with nitrogen content) while | represents the distance from the substrate surface. The
depth and strengthening of the nitrogen-saturated layer of titanium alloys are based on the
phase compositions. The morphology of these layers also depends on both the phase
composition and the nitriding process temperature. On the other hand, the formation and
thickness of nitride compound layers, such as TiN and Ti;N (see Figure 2-12) are directly
associated with the type of titanium alloys. The change of the thickness of the nitride layer

(with time) on the o alloys is bigger than J titanium alloys [77].
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Figure 2-13 Distribution of hardness value after nitriding of a- (a), a+p- (b), B- (c)
titanium alloys at (T > T o) [77]

The formation of the nitride phase on the surface prevents or decreases the rate of the nitrogen

diffusion into the substrate because the nitrogen diffusion coefficient of the titanium nitride is
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lower than that of the metallic titanium phases. The diffusion coefficient of the nitrogen gas in
TiN is 3.76x1012 cm?/s, for o titanium is 1.29x1072° cm?s, for P titanium is 3.92x10® cm?/s at
950°C [77]. If there is little or no nitride compound layer on the surface of the titanium, it
means that there is no diffusion barrier and that the passage of nitrogen into the titanium alloy
substrate will be as high as possible (at the chosen temperature). In this condition, the partial
pressure of the nitrogen is a key factor for enhancing the nitriding process. By decreasing the
partial pressure of the nitrogen, the formation of the nitride compound layer will be postponed.
Figure 2-14 illustrates the effects of partial pressure, temperature and nitrogen flow rate on the
structure of the surface layers on titanium alloys. Therefore, the creation of the compound layer
will not be instant (or the thickness of the continuous nitride film will be very small). Besides
this case, the penetration of the nitrogen will be high, and the depth of the diffusion zone will

increase. On the surface, a solid solution of nitrogen in titanium metal (alloy) will form.
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Figure 2-14 Influence of temperature and nitrogen partial pressure on the structure of
the surface layer of titanium alloys [77]

Besides its barrier effect on diffusion, a compound layer such as titanium nitride on the surface
of the titanium alloys may also cause some failures such as microcracks because of the brittle

(and high elastic modulus) structure. Furthermore, the formation of a nitrogen stabilised layer
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(o case) [78], which is also brittle and an undesired phase, in turn, leads to a decrease in some
properties, such as fracture toughness or ductility. It is important to choose an accurate nitriding
parameter to avoid the formation of this phase (particularly during the early stages of nitriding).
There are more remedies to increase the nitriding efficiency, such as increasing the sputtering
time before plasma nitriding treatment to remove surface the oxide layer and the utilisation of

gas mixtures instead of only nitrogen to control the partial pressure of nitrogen [75].

In the light of this literature information above, in this work, a B-Ti alloy PVD coating will be
deposited on titanium alloy substrates before plasma nitriding to understand the effects on the
nitriding process efficiency. The additional group Vb and VIb elements for this beta titanium
alloy will be selected with special attention to the predetermined plasma nitriding temperature
(particularly between 500 and 700°C). As a result, the low hardenability and other issues, such

as the poor wear resistance of the beta alloys will be addressed.

2.5 The effect of nitriding process parameters on material properties

Nitriding is a very complicated process where there are a high number of variables that can
play a role in the treated materials’ final structures and properties. There are several works in
the literature which show while different parameters such as process temperature, process time,
total gas pressure, nitrogen partial pressure and substrate bias voltage affect the final properties
such as surface hardness, surface roughness, the structure of the compound layer, the thickness
of the compound layer, etc. The type of the nitriding process is also very important; for
example, 24 h conventional gas nitriding process could give a similar result with 4 h triode
plasma nitriding. In conclusion, when the variables are high, the possibility of creating different
nitriding path is increasing and, because of this issue, it is sometimes difficult to find similar

work to compare with this study. The review paper (2017) related to “plasma diffusion
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techniques of Ti-6Al-4V alloy” which was written by Xing et al. [79] may be useful to those

who are looking for detailed information about plasma nitriding technique and its parameters.

2.5.1 Process Temperature
Nitriding is a thermochemical diffusion process where the process temperature has a significant
effect on the resultant properties. The temperature dependence of the diffusivity (D) can be

seen as a form of Arrhenius equation [80]:

D = Dye~9/RT Equation 2.1
where
Do is a pre-exponential factor (m?/s)
Q is the activation energy (J)
R is the gas constant (8.31 J/mol*K)
T is temperature (K)
It is mentioned in the literature that e-Ti>N phase is the dominant phase in the nitriding layer at
lower temperatures (500°C-700°C), on the other hand, 3-TiN is the dominant phase in the
nitriding layer at higher temperatures [81]-[85]. Besides the type of nitride phase, it was also
mentioned that the thickness of the nitrided layer (compound layer thickness and nitrogen
diffusion layer thickness) could be increased with temperature [86]-[92]. By linking all these
changes on the “near surface” of the titanium and titanium alloys, the increase of the surface
hardness was also seen [63], [87], [90], [91], [93]-[97]. Because of the diffusion-controlled
nature of the nitriding process, the diffusion is highly activated by the increasing of the
temperature, and the formation of the nitride layer and nitrogen saturation are accelerated. As
a result, the hardness and the thickness of the diffusion layer are increased [56]. Additionally,
the increase of the temperature of the nitriding process can lead to increase of final surface
roughness values which can be detrimental for the wear performance of titanium and its alloys

[64], [95], [98].
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2.5.2 Process Time

Process duration is also one of the more critical parameters which can influence the structure
of the nitride layer. It is mentioned in some works that increasing the process duration can
allow to change the nitride phase structure from &-Ti>N to 3-TiN or to increase the intensity of
the present peaks (depend on the structure and thickness of the compound layer). Because, the
amount of nitrogen on the near surface is increased by the time [81], [85], [99]. The nitrogen
concentration from the surface to the inside of the titanium alloy can be increased by time and
consequently the hardness values from the surface to the core of the material is increased [100].
The effect of the process time on the thickness of the nitrided layer was reported as the
thickness increased linearly with the square root of the process duration [101]. The relationship

of the diffusion depth with time can be seen in Equation 2.2.

Diffusion depth « /D .time Equation 2.2 [102]

It should be noted that the efficiency of the nitriding process can be increased by increasing
both time and temperature. The temperature should be selected carefully depending on which
titanium alloy is nitrided. There are various studies which reported that the use of high nitriding
temperature could affect the bulk mechanical properties (grain growth). It was also reported
that the use of the temperature above the alpha to beta transus temperature (above 850°C) could
affect the nitriding process negatively [53], [81], [103]. It can be thought that the increase of

the duration can sometimes be a better option for the overall nitriding performance.

2.5.3 Total Gas Pressure

The higher total pressure of the conventional plasma nitriding treatments has some problems
such as surface contamination or arc formation. The created nitride layer could be very thin
although a very long nitriding time was chosen. D.C glow discharge under a triode condition

can be used in a low pressure, to reduce the possibility of the worst effects [71]. Triode
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configuration achieved with a third thermionic electron source (biased tungsten filament is used
in this study) can exhibit higher ionisation levels than the diode configuration [104]-[106]. The
effect of the working pressure on the surface microhardness was also reported as the pressure
is increased from 10 Pa to 30 Pa (in the plasma ion nitriding process), the surface microhardness
decreased from 500 HV to 300 HV for pure titanium which may be related to the formation of
the compound layer. It is also reported that the surface microhardness reached very high values
(1200 HV) at about 7 Pa and decreased to lower values (500 HV) at 5 Pa and 10 Pa (at higher
and lower total pressures). It is related to the optimisation of the glow discharge intensification

with pressure [62].

2.5.4 Nitrogen Partial Pressure

In nitriding processes, the reactive gas (nitrogen) is used either as a pure gas or as a mixture
with hydrogen and/or argon gases. Argon is an inert gas which should not create any reaction
in the system. On the other hand, hydrogen is a reactive gas which could build up some
reactions in the treatment environment. It was reported that the B-Ti (H) and 8- TiHx phases
could be expected in the diffusion layer when an N2-H> gas mix was used [107]. The nitride
layer formation is also affected by the condition of gases used in the process. An 80 vol. % N>
— 20 vol. % H> gas mixture (rather than the use of pure nitrogen) was reported to lead to the
preferred formation of TiN phase (rather than the Ti>N phase) in the compound layer. In the
same work, it was also mentioned that the compound layer was found thicker for the process
which used the gas mixture rather than pure nitrogen [108]. The same group also reported that
the surface microhardness was higher for 80 vol. %Nz — 20 vol. %H> gas mixture conditions
than pure nitrogen conditions for the plasma nitriding process of Ti and Ti-6Al-4V substrates
[109]. It was also reported that the compound layer was found thicker when using 20 %
hydrogen (in the N2-H> gas mixture) rather than 20 % argon (in the N2-Ar gas mixture) in

plasma nitriding process (on Ti-6Al-4V substrate) at 800°C. It is probably (mainly) due to more
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effective oxide surface layer removal when hydrogen is used. Beside the thicker compound
layer, the hydrogen absorption while modifying the surface structure was also mentioned, and
vacuum annealing under an inert atmosphere was suggested for dehydrogenation [110]. The
effect of the nitrogen partial pressure (in N2-Hz and N2-Ar gas mixture comparing with pure
nitrogen environment) on the surface nitrogen concentration after the plasma nitriding process
was studied in detail. It was reported that the surface nitrogen concentration (measured with
Rutherford backscattering spectrometry and nuclear reaction analysis) was varied between 59
and 64 at. % for pure nitrogen gas plasma, 56 and 60.5 at. % for hydrogen-nitrogen plasma,
62.5 and 63.5 at. % for nitrogen-argon plasma. It should be noted that these surface nitrogen
values are valid with the other parameters which were used in their study [111]. The surface
roughness change depends on the gas mixture as reported by Ali et al. [61], the use of pure

nitrogen gas rather than N2-H2 gas mixture made the final surface roughness value lower.

2.5.5 Applied Substrate Voltage

The bias voltage is also one of the more important parameters which can influence the thickness
and the structure of the nitride layer. Rie et all. [91] mentioned that the thickness of both Ti>N
and TiN compound layer was increased by increasing voltage. The compound layer thickness
increased from 0.77 um to 1.99 um when the applied voltage was increased from 350V to
650V. It was also found in the same study that the plasma nitrided Ti-6Al-4V substrates
showed 951 HKo05 (Knoop Hardness) when it as applied with 350V, on the other hand, the
hardness rose up to 2140 HKo.0s while applying the same process with 650V substrate bias
voltage. In the meantime, the surface roughness values increased from 0.16 um to 0.29 um. In
another study by Cassar et all. [112], the use of higher substrate negative bias voltage ended
up with higher surface hardness. A higher nitrogen concentration on the surface was obtained,
and consequently, the XRD peaks of the TioN and TiN ceramic phases were stronger. On the

other hand, the more profound nitrogen penetration was found when the substrate negative bias
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voltage decreased from 1000V to 200V. It should be noted that the thicker compound layer on
the surface and higher hardness values obtained from high voltage process must be balanced
with further nitrogen diffusion inside the substrate to improve the load-bearing capacity of the
titanium alloy substrates. The applied bias voltage may be selected moderately, or the nitriding
process may start with low voltage value, and it can be finalised with higher substrate negative
bias voltage [113].

2.6 New attempts to improve nitriding efficiency: The effect of depositing thin a-Ti

and pB-Ti alloy surface layer coatings on material properties

It was already discussed in Section 2.5 that the conventional plasma nitriding process which is
applied at higher temperatures and for longer process times brings about the degradation of the
materials properties such as higher surface roughness and grain growth that lowers the core
strength of the substrate. These drawbacks can affect the mechanical properties of the materials
in a bad way. The temperature and time need to be decreased, to get rid of these problems but,
in such cases, it will affect the diffusion kinetics, and it will not be possible to obtain sufficient
diffusion depth. Therefore, different approaches need to be found to speed up the nitrogen
diffusion rate. The literature suggests some attempts to accelerate the diffusion rate such as
applying explosive shock treatment before plasma nitriding [114], [115], applying severe
plastic deformation (SPD) treatment before plasma nitriding [116], applying plasma based ion
implantation (PBII) technique [117], [118] or using low-pressure plasma nitriding treatment

techniques (Triode Plasma Nitriding (TPN) was also used in this study).

Although TPN technique is much more efficient than the conventional nitriding processes, the
changing of variables such as temperature, applied voltage, and the addition of different gas
mixtures to the plasma environment can change the hardness depth profile, fatigue life, surface
roughness, etc. Beta titanium alloys, which often have a relatively large grain size (as well as

a smaller packing density value), need more interstitial elements for strengthening (or create a
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nitride compound layer on them). A high treatment temperature may be needed to achieve the
required level of interstitial element saturation. Under these circumstances, the surface
roughness of the substrate will increase unacceptably. According to Cassar et all. [2], the
roughness value of a Til5Mo substrate increases from 0.04 pum to 0.71 um when it is triode
plasma nitrided for 8 hours at 800°C. This roughening effect was suppressed by depositing a
thin o-Ti layer before the process of plasma nitriding. In this study, PVD surface pre-
modification followed by triode plasma nitriding (i.e., by depositing a thin a-Ti or B-Ti PVD
surface layers) before TPN treatment was applied at 700°C on different titanium alloy

substrates to improve the nitriding efficiency.
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3 EXPERIMENTAL PROCEDURE

3.1 Production Stages

The production stage of the duplex plasma diffusion/coating system for this study includes two
main parts. The first part is Ti and Ti-Nb surface layer deposition on Ti-6Al-4V (Ti-64) and
Ti-4Al-10V-22Mo (Ti-AVM) substrates. The second part is the triode plasma nitriding process

which was applied to uncoated, Ti coated, and Ti-Nb coated titanium alloys.

3.1.1 Tiand Ti-Nb Coatings

3.1.1.1 Substrate Preparation

The two titanium alloy substrates (Ti-64 and Ti-AVM) were selected for this study to show the
different nitriding behaviours of different crystal structured titanium alloys. The rectangular
Ti-64 coupons (15 mm x 15 mm x 2.5 mm) and Ti-AVM coupons (12 mm x 14 mm x 2.5 mm)
were sectioned by using a precise abrasive cutting machine. The samples were firstly mounted
in bakelite and grinded by using P120, P400, P800, P1200, P2500 and P4000 SiC abrasive
grinding papers (3 minutes each) respectively. Finally, they were polished with 1 um diamond
suspension and 0.06-micron colloidal silica suspension respectively (10 minutes each). The
mirror polished titanium alloy (see in Figure 3-1) substrates were removed from the bakelite
carefully and cleaned in ultrasonic cleaner using acetone and isopropyl alcohol respectively
(15 minutes each) and finally were dried by compressed air. All the substrate coupons have
about 0.02 um mean surface roughness (as measured by surface profilometry) before the

deposition process.

Figure 3-1 Mirror polished Ti-64 (left) and Ti-AVM (right) substrates
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3.1.1.2 Deposition Process

An unbalanced magnetron sputtering rig (Nordiko, UK) was used for deposition of pure Ti and
Ti-Nb alloy coatings on Ti-64 and Ti-AVM alloy substrate coupons. The substrate holder (300
mm X 130 mm) which was placed in the middle of the chamber is made of stainless steel, and
the position of the holder was parallel to the target. Therefore, it was possible to adjust the
concentration of the coatings on the substrates (which were clamped on the holder) by changing
their positions vertically. A rectangular (380 x 105 mm) pure Ti block target was used for pure
titanium coatings. Three pieces (2 x Nb + 1 Ti) and (2 x Ti + 1 Nb) of metallic targets (Figure
3-2) for two different runs (Run 1 and Run 2 respectively) were used for Ti-Nb alloy coatings
to adjust the Nb concentration of the films (optimisation runs). After obtaining EDX results
from the surface, it was decided to use the Run 2 configuration for the future runs (before
nitriding process). The distance between target and substrate was kept at 21 cm. The chamber
was pumped down to approximately 2 x 10° mbar base pressure. Firstly, a rotary pump was
used for initial evacuation until the base pressure is reached to 5 x 10 mbar level and then a

diffusion pump was activated to get the desired pressure level.

Runl Run 2

Ti

Ti

Figure 3-2 Schematic representation of the target configurations for Ti-Nb alloy coatings
optimisation
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The first stage of the deposition process (after having enough pressure level) was substrate
sputter cleaning. Argon gas was introduced into the system with a flow rate of 54 sccm
(working pressure was about 3.2 x 10 mbar), and the substrate holder was biased to -500 V.
The surface of the substrates were etched by (Ar*) ions for half an hour to get a clean and oxide
free substrate surface. The second stage of the deposition process was target sputter cleaning.
After finishing substrate sputter cleaning, the negative bias was cut off from the substrate
holder, and the argon flow was decreased to 12.5 sccm (working pressure was about 4.8 x 10
3 mbar). The power supply (which is connected to the back of the target) adjusted to the power
of 1000 W. The target sputter cleaning process was applied for about 15 minutes to get rid of
any contamination on the surface of the target. A rotatable shutter was placed between the
substrate holder and target during the target sputter cleaning process, to inhibit any possible
contamination (which could come from sputtered target atoms during target sputter cleaning

stage) on the clean substrates.

The deposition stage was started directly after finishing the target sputter cleaning process. The
same argon flow rate (12.5 sccm; working pressure of 4.8 x 107 mbar) was used for the
deposition process. The power supplied to the Ti, or Ti-Nb targets was 1000 W, and the
substrate holder was biased to -50 V. The rotatable shutter which had been placed between the
substrate holder and the target was removed, and the deposition was started. The duration for
pure Ti and Ti-Nb alloy coatings were varied according to the desired thickness of the coatings.
On the other hand, the different sputter yield values of the Ti and Nb metals affected the
duration of the processes to obtain similar coating thickness. During the coating optimisation
stage for Ti-Nb coatings (first trials), all the coatings were deposited for 120 minutes. In these
trials, the coating’s thickness was approximately 2.5 um. The aim of these trials was
understanding the concentration and phase change by different positions of the substrates on

the holder. As a result, to produce approximately 1.25 um thick coatings, 70 and 60 minutes
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were found for Ti and Ti-Nb coatings respectively. To see if the relationship of thickness with
duration is linear or not, thicker coatings were deposited (280 minutes and 240 minutes) for Ti
and Ti-Nb coatings respectively. The thickness of the coatings was approximately 5 um. These

thin (1.25 pm) and thick (5 um) coatings were used for the later triode plasma nitriding process.

At the end of the process durations, all the power supplies and argon gas supply were shut
down. The diffusion pump was also shut down, and about 1 hour later (after cooling of the
diffusion pump oil by circulating cold water around it), the chamber was vented, and the
samples were collected. There is no additional heating system for this rig so that the
temperature of the samples after 1 hour is suitable for collection (it would not cause any

oxidation problem when the chamber door opened).

3.1.2 Triode Plasma Nitriding (TPN)

Uncoated, Ti coated, and Ti-Nb coated Ti-64, and Ti-AVM coupons were diffusion treated
(triode plasma nitriding) in a modified Tecvac IP70L PVD coating machine by using low-
pressure d.c. triode configuration [70]. The uncoated samples (only substrate) prepared by the
same technique as the coating deposition stage (sectioning, grinding, and polishing). The
uncoated (mirror finished) and coated samples (taken from magnetron sputtering system) were
cleaned ultrasonically with acetone and isopropanol and then were dried by compressed air jet.
The cleaned samples were mounted (hung with a wire which allows adjusting the distance
between the samples and the floor of the chamber) to the sample holder. This distance (200

was chosen mm) is a very important factor which affects the nitriding efficiency.

In this triode plasma nitriding process, the chamber plays the anode role, and the sample holder
plays the cathode role. Moreover, a tungsten filament (which is biased during the process and
gets very hot) placed on the base of the chamber. It is an additional cathode which emits

electrons to the system (and plasma enhancement is procured). Some trials (working distance
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to the base of the chamber was more than 300 mm) showed us that the sample position affects
the sample’s working temperature in the chamber and according to this difference, the nitrogen

diffusion rate and formation of the nitride phases are affected significantly.

In the nitriding runs, six samples (uncoated, Ti coated, and Ti-Nb coated Ti-64) and (uncoated,
Ti coated, and Ti-Nb coated Ti-AVM) alloy coupons were mounted to the sample holder, and
they were treated together. Despite all the precautions being taken, there is still a minimal risk
to keep all the parameters constant from run to run. Therefore, extra care was given to sample
assembling. Two similar size dummy samples (titanium alloy) were also mounted to the sample
holder, and K type thermocouples (which are frequently replaced and calibrated before starting
to the nitriding runs) were connected to these dummy samples to check the temperature change
during the nitriding process. The temperature control is the primary factor for nitriding process
and so that to make sure the temperature similarity of 6 samples in a run, two different dummy

samples were placed to two different reasonable (same height with the treated samples) places.

After mounting all six samples and two dummy samples, the chamber door was closed, and the
roughing pump was turned on (the evacuation was started). The pumping continued until the
pressure level was 5 x 10 mbar level. After that, the diffusion pump was activated, and the
chamber was pumped down to less than 2 x 10° mbar base pressure to make sure any
undesirable residual gas (such as oxygen or hydrogen) inside the chamber which was ejected
from the system. When the chamber pressure reached a desirable level, the radiant heaters were
activated. It took about 45 minutes to reach a temperature of 400°C inside the chamber. While
the temperature rises, some change in the base pressure was seen and waited about 15 minutes
to stabilise the pressure (again) to 2 x 10 mbar level. After the temperature and pressure
reached to intended levels, argon gas was introduced into the system with a flow rate 140
ml/min (working pressure of 2 x 102 mbar) and meanwhile, the substrate holder (hanged

samples also) was biased to -800 V. The argon gas started to ionise (it is very similar to the
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magnetron sputtering coating system) and generated the plasma. This was used for substrate
sputter cleaning for 15 minutes. In this case, the configuration of the chamber is still in diode

condition because the tungsten filament is not activated yet.

The working temperature for the nitriding runs was chosen 700°C for the triode plasma
nitriding process in this study. The temperature difference between the one which obtained
from radiant heaters (400°C) and the desired working temperature (700°C) caught up by plasma
heating stage. The temperature which obtained from radiant heaters could be adjusted
maximum 500-550°C, but the heating elements are placed on the wall of the chamber, and this
could be not suitable for the nitriding rig. Therefore, the plasma heating (more localised heating
onto the samples by gas ion bombardment) was preferred to increase the temperature of the
samples to the working condition. After finishing substrates sputter cleaning stage, argon gas
flow rate was reduced to a flow rate 80 ml/min (working pressure is 4 x 10 mbar), and the
substrate bias voltage was reduced to -300V. In the same time, the tungsten filament (which is
placed in the middle of the chamber base) was biased to -200V. In this case, the configuration
of the chamber is the triode condition by adding the hot tungsten filament to the system. The
current which is passing through the tungsten wire heats up the filament, and electron emission
starts. These energetic electrons intensified the plasma and this strong Ar plasma heated up all
samples to the working condition (700°C). This plasma heating stage took about 45 to 60

minutes with higher filament current values.

When the desired working temperature reached, the nitrogen (working gas) was introduced to
the system. The ratio of the Ar and N flow rate (partial pressure) was kept constant (70 %N
and 30 %Ar). However, to obtain total pressure at the desired level (0.4 Pa= 4 x10° mbar), the
flow rates of the gases were adjusted instantaneously until the total pressure stabilised. When

the nitrogen gas was introduced into the system, the plasma nitriding stage started. The duration
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of the nitriding process was selected to be 4 hours or 8 hours (4+4) depending on the intended

conditions.

Keeping the temperature at 700°C (after nitrogen gas was introduced the chamber) was difficult
because (at the same time), to maintain the total pressure constant, the flow rate of the argon
gas was reduced, and the strength of the plasma was changed accordingly (plasma
bombardment is not enough). In this condition, the substrate temperature could drop to about
650°C rapidly with this sample configuration (the distance between samples and base of the
chamber again plays a crucial role). If this temperature drop happens, the initial stage of the
nitriding process will take place at lower than intended working temperatures. Some parameters
could be altered such as increasing the filament heating or increasing the substrate bias voltage
to resolve this problem. In this study, the trial runs showed that, if the amount of current which
IS passing through the tungsten filament is increased, the sample heating will be better. On the
other hand, if the filament bias voltage and current are increased more, it will cause a problem
to the tungsten metal by more (argon ions) sputter etching on it, and slow evaporation from its
surface will decrease the life of the filament. The surface structure of tungsten filament before
and after triode plasma nitriding process at 700°C for 4 hours can be seen in Figure 3-3. The
diameter of the tungsten wire 0.75 mm before starting the nitriding process and the diameter
was decreased to 0.57 mm (approximately %25 reduction) after 4 hours nitriding process
(Figure 3-3 also shows how the dimensions were changed). This reduction can lead to the break
of the tungsten wire which a short circuit can happen if this wire contacts with the chamber
walls. It means that the run is aborted and therefore the tungsten filament must move on to
complete the plasma nitriding process. Because of these reasons, the filament heating was used
near to its factory limit, and the substrate bias voltage was increased to -300 V to inhibit

temperature drops and maintain the working temperature at 700°C. It is also thought that the
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radiant heaters can help to maintain the temperature at the desired levels, but this would be

dangerous to the chamber walls and connections.

When the process duration was completed, the cathode bias voltage and filament heating were
switched off. Then, the gas supplies were switched off. Finally, the radiant heaters were
switched off. The samples were left for furnace cooling in the vacuum environment until their
temperatures reached around 150°C to avoid undesirable oxidation. When the temperature
reached less than 150°C, the high vacuum valves were deactivated, and the chamber was vented

for collecting the samples.
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Figure 3-3 The surface morphology of the tungsten (wire) filament (a) before (b) after the
nitriding process at 700°C for 4 hours

3.2 Testing Techniques

3.2.1 X-ray Diffraction (XRD) Analysis

X-rays are a form of electromagnetic radiation that can travel through space and cannot be
seen. X-ray diffraction technique is used to identify unknown phase structures of a material or
to determine its structural parameters. The wavelengths of the X-rays used in the examination
of the materials are comparable to the interatomic distances which in the range from
approximately 0.5 A to 2.5 A. The diffraction of the X-rays in the crystal structure is explained

by the Bragg Law. When the X-rays are directed to the crystal structure, they are scattered by
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the parallel planes of the atoms in the crystal system (Figure 3-4). In some directions, scattered
X-rays are in the same phase and strengthen each other (constructive interference). A diffracted
beam can be defined as a beam consisting of many scattered X-rays superimposed on each
other. For constructive interference, the path difference (AB + BC) between the two X-rays
must be a whole number multiple of the wavelength. The simplest form of Bragg’s law is given
by the following formula [119]:

2dSin6= ni Equation 3. 1

where, d: interplanar distance, 0: incidence angle, n: whole number multiplier, A: wavelength.
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Figure 3-4 Diffraction of an X-ray by a crystal lattice

A diffractometer consists of an X-ray tube (generates X-rays), X-ray detector (measures the
intensity of the diffracted beam), a monochromator (arranges the incident beam), and slits
(adjusts the beam position and shape). The sample holder is located between the X-ray tube
and the X-ray detector. These three parts rotate independently of each other. Once the rotation
at the desired angle (20) has been completed, the data collected in the detector are transformed
into a graph (intensity vs 20) and compared to known PDF (Powder Diffraction File) cards to

estimate the unknown phases of the sample.
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3.2.1.1 Glancing Angle X-ray Diffraction (GAXRD)

The use of conventional methods in XRD analysis of thin films or diffusion-modified surface
layers has a disadvantage of producing weak signals from the film. The signal is usually
generated mainly from the substrate material because the film thickness is very low. The
GAXRD method was used to produce stronger signals from the film structure, and in this case,
the penetration depth of X-rays into the material was reduced by keeping the incident angle
smaller [120]. The incidence angle of the X-ray beam can be selected between 1° and 10° and,
as the angle increases, the X-rays penetrate deeper. The thickness of the film and type of the
material will help to select the test angle to be used, and almost all signal can be received (only)
from the film with the selection of the appropriate parameters. On the other hand, using the
GAXRD method, the intensities of diffracted X-rays are much lower than those of conventional

methods.

In this study, the phase structure analysis was carried out by using Siemens D5000 X-ray
diffraction machine (Cu Ko, radiation; 2=0.15418 nm) for Ti and Ti-Nb interlayer coating
optimisation with a step size of 0.02° and a step time of 6s in the 20° to 120° 26 range with 2-
degree glancing angle mode. A PANalytical X’Pert®, X-ray diffraction machine, was used for
as-deposited PVD metallic coatings and for nitrided samples with a step size of 0.02° and a
step time of 3s in the 30° to the 80° 20 range with 2-degree glancing angle mode. Glancing
angle mode (2-degree incident angle) was selected for both machines to inhibit the effect of
the substrate contribution on diffraction results. The coating thickness was the main factor to

consider when selecting the incident angle.

3.2.2 Optical Microscopy (OM)
The light microscope is an optical device that produces an image (which is magnified) of a

sample (or specimen) by using visible light and represents this image to the human eye or
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imaging instrument (such as computer screen). The optical microscope has two essential parts
to create an image: an objective lens and a condenser lens. The objective lens collects light
which is coming from the specimen (diffracted light) and creates a magnified image. The
condenser lens focuses the light which is coming from the light source (illuminator) onto a
specimen (as a small area). These two lenses involve several lens elements, so they are the
most expensive parts of the optical microscope (careful attention must be taken while
handling). Other components of the optical microscope can be sorted as Ocular (eyepiece), a
microscope stage, specimen focusing knob, lamp power adjustment knob, microscope stand,
etc. The specimen which is placed on the microscope stage is firstly viewed by the objective
lens, and it creates a magnified image of the specimen (real intermediate image). When the
human eye looks at the ocular of the microscope, the intermediate image is examined, and the
magnified real image is formed on the retina of the eye. Then, the human brain interprets this
image (as a magnified virtual image) about 25 cm out from the eye. It is how the image of the

specimen is perceived from an optical microscope by the eye [121].

In this study, Nikon Eclipse LV150n optical microscope was used to investigate the surface
morphology of the substrates after surface finishing, Ti and Ti-Nb coating deposition and
different plasma nitriding processes. It was also used for thickness measurements (from cross-

section). The magnification functionality of this microscope can be increased until 1000 times.

3.2.3 Scanning Electron Microscopy (SEM)

Scanning Electron Microscope is a kind of instrument which produces magnified images (with
high resolution). It can be used to examine the surface morphology of the specimens (deeply)
and to measure the coating thickness (when the coating is very thin). The necessary components
of the scanning electron microscope can be sorted as an electron source, lenses, scanning coil,

vacuum chamber, and different kind of detectors. The electrons which are produced in an
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electron source (can be a thermionic electron gun or field emission gun) are accelerated by a
voltage (1-50 kV) and pass over a combination of lenses (first condenser lens, a second
condenser lens, and objective lens) and objective apertures. This allows obtaining a focused
beam of electrons (with a 2-10 nm diameter) which are directed on the specimen surface [122].
The sample is placed on a stage (which is adjustable in three dimensions) inside the chamber,
and it is evacuated by using one or two pumps depending on the required level of vacuum
pressure. A scan coil (above the objective lens) is used for adjusting the electron beam position.
This scan (deflection) coil scans the electron beam (probe) over the specimen surface. The
magnification can be provided by reducing the current on the scan coil [123]. This beam
scanning process obtains some information from a specific area by interacting with the sample.
When the electrons interact with the sample, secondary electrons, backscattered electrons and
different kinds of X-rays are produced. All these products are obtained from different depths
from the surface of the samples. The electron beam which directed to sample surface penetrates
the sample (to a few microns depth), and the depth of the travel relates to the adjusted electron
acceleration voltage and the density of the material. Then, the released products are picked up
by different detectors, and they are converted to an image (which is projected on the computer
screen). The resolution of the image is affected by some factors such as electron spot size, type
of material, the position of the sample inside the chamber, the working distance, and
accelerating voltage. For example, a resolution of 1.5 nm can be obtained at 30 kV (applied

accelerating voltage), on the other hand, the resolution can be dropped to 7 nm at 1kV [124].

In this study, a Philips XL 30 scanning electron microscope (field emission gun) was used to
investigate the cross-sectional surface morphology of the substrates after Ti and Ti-Nb coating
deposition and different plasma nitriding processes. It was operated at 10 kV, and the samples

were placed at a working distance of 5 to 10 mm for taking SEM micrograph.
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3.2.4 Energy Dispersive X-ray (EDX) Spectrometer

Energy Dispersive X-ray analysis is an analytical method that is used for determining the
elemental composition of the material. The essential components of the EDX analysis can be
sorted as the excitation source (electron beam excitation in scanning electron microscope), the
X-ray detector (convert X-ray intensity to mV signals), the processor (measure the signals) and
the analyser (a data collection computer). As mentioned in Section 3.2.3, while the interaction
of directed electron beam with the sample surface, the incident electron beam ejects an electron
(by exciting it) from the inner shell of the sample by creating a hole where the electron was
located. Then, an electron from an outer shell fills the vacant site, and the energy difference
between the outer shell (higher energy) and inner shell (lower energy) is released as an X-ray
of characteristic energy [125]. The emitted X-ray from the sample is measured by an energy
dispersive spectrometer which is an attachment of the Scanning Electron Microscope. Due to
the energy of the X-rays are characteristic (specific energy for each element), this method
allows the elemental compositional analysis of the materials. When an EDX spectrum (seen in
Figure 3-5) is analysed, it can be easily seen that corresponding peaks of each element are

standing at different peak energy level.

Spectrum 1

0 2 4 6 g 10 12 14 16 18 20

Figure 3-5 An example of EDX spectrum for a Ti-Nb coating
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The intensity of these peaks helps to measure the content of the element in an alloy or
compound. While the electron (from outer shell) fills the hole, the released energy could be
transferred to another electron (Auger electron) which is ejected instead of being released as
X-ray. Because of this reason, the EDX method is more practical for the heavy element (higher
atomic number) because the probability of characteristic X-ray emission for heavy elements is
high [126]. For light elements, it is difficult to determine composition accurately when the
content of the element is low. The accuracy of this technique is imposed by different factors
which the most important one is the low energy peak overlap due to the limited energy
resolution of this method [127]. For example, the Ka peak of nitrogen (low energy peak which
is close to the 0 keV) and the La peak of Ti are very close to each other, and the peaks can
overlap. Therefore, it would be challenging to identify the chemical composition of Ti2N or

TiN compound layer if their thicknesses are low.

In this study, energy-dispersive X-ray spectroscopy which is attached to a Philips XL 30
scanning electron microscope was used for chemical composition analysis of the Ti alloy
substrates after Ti and Ti-Nb coating deposition and different plasma nitriding processes. The
microscope was operated at 10 to 20 kV (depending on the material), and the samples were
placed at a working distance of 5 mm for EDX analysis. The chemical composition of treated
and untreated samples was calculated using INCA (Oxford Instruments) software. High purity

cobalt sample is used for calibration to get reliable results.

3.2.5 Nanoindentation Testing

The intention of the nanoindentation test is to determine hardness (H), and elastic modulus (E)
of the coatings and diffusion treated samples by using load-displacement curve measurements.
The well-known indentation hardness techniques (such as Vickers hardness test) are applied

by creating residual plastic traces (as a function of applied load) and the area of these traces
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are measured by optical microscopy to calculate hardness values of the samples. Beside
hardness measurements, the nanoindentation method allows measuring the elastic constant (i.e.
Young modulus) which could not be obtained by conventional hardness testing methods. On
the other hand, in a nanoindentation test, it is difficult to measure the size of the imprints
(hundreds of nm) by any optical devices [128]. The working principle of nanoindentation
testing can be clarified as: firstly, the diamond tip is compressed onto the material which results
in elastic and plastic deformation. Then, when the tip reaches the maximum load (usually in
mN levels), it can be held at the maximum force which allows measuring any creep in the
material. The holding and dwell time are customizable parameters for different materials. At
the end of the process, the tip is unloaded, and this provides some elastic recovery. For each
indentation, a load-displacement curve (Figure 3-6) is constructed, and the mechanical

properties are calculated from this curve by using some calculation methods [129], [130].

LOADING

UNLOADING

LOAD, P

DISPLACEMENT, h

Figure 3-6 A load-displacement curve for nanoindentation test [129]
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The load-displacement curve has some quantities such as Pmax: the maximum load, hmax: the
indenter displacement at maximum load, hy: the final depth after unloading, S: the unloading
stiffness. The initial slope S of the unloading curve (change rate of the load and depth) allows
the elastic modulus (E) of the material to be measured. The displacement (h) under the applied
load (P) should be smaller than one-tenth of the coating thickness to reduce substrate

contribution on the mechanical properties of the surface layers [131].

In this study, a Hysitron Triboscope ® nano-indenter with Berkovich, a three-sided pyramidal
diamond tip (see Figure 3-7), was used for mechanical property measurements. The hardness
measurements (which were applied from the surface of the coated samples) were done by using
a matrix of 4 x 4 indents. In each hardness test, the total number of indents was therefore 16,
and every run was repeated twice to get more reliable data set (by obtaining 32 indents). The
load (2 mN) was chosen for the Ti-Nb coatings’ surface hardness measurements in
considerations of the thickness and roughness of the coatings. The indentation depth (about
100-150 nm) was limited to 3-5% of coating thickness to eliminate substrate contributions. The
load was 5 mN for the diffusion treated samples’ surface hardness measurements because the
surface roughness value of the samples was increasing after the nitriding process and the lower

loads would give incorrect results.

( d ) , /

Figure 3-7 Indenters geometry for (a) Berkovich and (b) Vickers hardness tests (reproduced
from Ref. [132])
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To decide the best load values (it is very important for nanoindentation hardness tests to inhibit
substrate contributions on hardness values), varying loads (i.e. from 1 mN to 10 mN) were
applied to each sample before applying 32 indentations. This trial runs help to analyse the
relationship between indentation depths and hardness values for different loads. On the other
hand, the cross-sectional hardness profile experiments were done by using a 5mN load, at least
110 indentations were taken from each diffusion treated sample (cross-sectional). The hardness
template was prepared as a matrix of 5 x 11 which the hardness profile (from the surface to the
substrate) could be composed by indenting 11 points (5 repeats) from the cross-section (Figure
3-8). Each test was also repeated twice to get a total number of 110 indents to get more reliable
data set. The distance between the two indents was about 5 um. Therefore, the hardness values
(up to 60 um away from the surface of the sample) could be measured. This allowed to

understand the amount of N diffusion from the surface to the inside of the substrates.

60.0 2000.0 nm

1000.0 nm

40.0

0.0 nm

20.0

0 20.0 40.0 60.0

m

Figure 3-8 AFM image is showing 55 indents on the cross-section of a diffusion treated sample.
(Left to right direction indicates surface to the substrate direction
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3.2.6  Knoop Hardness Testing

Knoop hardness technique is applied by pressing a diamond indenter onto the samples which
form a trace. The length of the trace is measured by optical microscopy (which is performed in
the same machine) to calculate the hardness values of the samples. The shape of the Knoop
hardness indenter (see in Figure 3-9-a) is a rhombic base pyramid. The longitudinal angle is
172.5% and the transverse angle is 130°. A projected area is calculated by using the longer
diagonal (di1). The hardness value is calculated by dividing the applied force to the projected
area. The necessary formulations and detailed calculations can be found in ASTM E384-11
[133]. The Knoop hardness test can be suitable for very hard and brittle materials (Vickers
hardness test may induce cracks on the indentation) and thin (narrow) samples which the
Vickers hardness (the indentation geometry can be seen in Figure 3-9-b) indentation could be
too large. The advantages of this method (rather than using Vickers hardness) is the less
damaging of the sample surface. If the same force is applied, the indentations for the Knoop

hardness would be shallower [134].

| R &

Figure 3-9 Indenters geometry for (a) Knoop and (b) Vickers hardness tests [134]
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In this study, Knoop microhardness measurements were carried out by using a Struers
Durascan hardness tester for the nitrided uncoated Ti-64 and Ti-AVM substrates (at 500°C and
600°C). The 10 gf of load was applied about 20s (dwell time) for all samples. At least 5
indentations were performed on the top of each sample to obtain an average value. The load
was selected to reduce the risk of substrate contribution. Knoop hardness test method was not
used for the samples (pre-coated or uncoated) which were treated at a higher temperature. This
is due to the thin nature of the coatings could lead to more substrate contribution after
deformation and for the samples which has a higher surface roughness value (treated at higher
temperatures) could reduce the clarity of the trace on the surface while measuring the length of

the diagonal

3.2.7 Micro-Abrasion Testing

Micro-abrasion is a suitable wear test technique for bulk samples (polymers, metals, ceramics),
coatings (thin or thick) and duplex treated samples which provides information about the wear
resistance [135]-[140]. The knowledge of abrasive wear resistance of the samples will help
users while selecting proper coatings or diffusion treatments for their application. Besides the
wear resistance properties, this method allows inspecting the quality of the coatings by
checking if any cracks or pores present in the coating structure. Moreover, the adhesion
between the coating and substrate can be observed during the experiment. It is better to apply
this test on flat samples (not require any complex equipment). The advantage of this method is
the test can be applied on a very small sample test area (a few millimetres square) [141]. The
test is applied by a ball which is pressed against the sample. The speed of the ball and the
applied load are kept constant during the test. While the ball is rotating, a slurry (containing
water and SiC abrasive particles) is fed on to the ball, and the contact of the ball and sample
surface kept wet during the experiment (sedimentation of the abrasive particles is undesirable).

The position of the ball, sample and weight can be seen in Figure 3-10. A hemispherical crater
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is created at the end of the experiment. A series of tests are applied by increasing the number
of revolutions to obtain deeper craters. The depth and size of these craters are measured by
using surface profilometry or optical microscopy, and the wear coefficient of the samples are
calculated. The dominant wear mode (two body or three body abrasions [142]) can be obtained
by analysing the morphology of the wear scars. Micro-abrasion tests of coatings can be
performed as perforating or non-perforating. If only the coating is desired to be examined
(related to wear rate performance), the non-perforating test is used. On the other hand, the
perforating test is used to detect the thickness of the coatings and the wear rate for the coating

and substrate together. More detailed information can be found in the BS 1SO 26424 [143].

In this study, micro-abrasion tests were applied by using a Plint TE-66 micro abrasion test rig
(Figure 3-10). The abrasive slurry was prepared by using SiC particles (F1200, ~3—4 um particle
size) and distilled water. The concentration of the slurry was 80 g/100 ml for all experiments.
A 25 mm diameter (SAE52100 bearing steel) preconditioned ball was used. The rotation of the
ball was adjusted at a tangential velocity of 0.1 ms™ which equals about 80 rpm. The time of
the experiments were decided by the number of ball revolutions (25, 50, 100, 200, 400), and
the applied load was selected as 0.1 N. The wear coefficient (k) of the untreated substrates (for
comparison purpose), only nitrided substrates, only coated substrates and duplex treated

(coated and nitrided) substrates were calculated by using the equation below.

K v mb* Equation 3.2 [144
= — = on o.
SN 64RSN quati [144]

where

V is the total wear scar volume
S is the abrading distance

N is the normal load

b is the crater diameter
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R is the radius of the ball.

Counter Weight
Application of slurry
L-sha
) Ja—=re
arm
Direction of rotation
(clockwise)

! I ! Weight

Direction of Load

¥

=
Test ball

Sample

Waste tray
Figure 3-10 The schematic representation of the Plint TE-66 Micro Abrasion Test Rig [145]

3.2.8 Surface Profilometry

The surface topography of the coated and diffusion treated samples are analysed by using
surface profilometer. This device has a stylus which scans the surface of the samples and gives
two-dimension traces to analyse the surface roughness of the samples or wear rate
measurements after any wear tests which create wear scars. The connected computer (and
software) records all surface irregularities, and a profile is created by combining the magnitude
of these irregularities. The stylus is usually made from diamond and connected to a motorised
arm which travels on the surface of the material with constant speed. The speed of the arm can
be customised by changing the total travel distance and total travel time. The resolution of the

profiles can be adjusted by changing these parameters [146].

In this study, a Veeco Dektak 150 stylus profilometer (with 12.5 um radius diamond tip) was
used to obtain surface roughness values. The tip was forced with a load of 3 mg. Six scans
(randomly placed) were performed on each sample, and an average Ra value was calculated for

all samples. The scan length was kept at 1mm, and scan duration was set to 120 seconds.
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4 Production and Characterisation of PVD Ti-based Coatings

This chapter includes the composition, phase structure, hardness, and elastic modulus analysis
of the substrate materials, a-Ti and B-Ti alloy coatings (whereby pure Ti and Ti-Nb coatings
were deposited before the nitriding process) with the aim to increase the N diffusion efficiency

of Ti alloy substrates.

4.1 Substrate Materials

Two different titanium alloy substrates with, respectively, mainly alpha and mainly beta phase
composition (Ti-6Al-4V and Ti-4AI-10V-22Mo) were selected for this study. Some initial
coatings (trial runs) were also deposited on M2 steel coupons; these were used for coatings
composition optimisations. The Nb-dependent phase composition of Ti-Nb coatings was also
examined by using M2 steel substrates. The variety of the substrates provided convenience
while selecting glancing angle degree for XRD measurement (to get rid of substrate
contribution). When a substrate is coated with a coating which both have similar phases (such
as Ti-Nb coating and the Ti-4Al-10V-22Mo substrate which both have a mainly BCC

structure), it could be confusing while separating the XRD peaks of coating and substrate.

4.1.1 Ti-6Al-4V (Ti-64)

Ti-64 is a well-known titanium alloy stands in the class of alpha-beta Ti alloys. The XRD
diffraction pattern for the Ti-64 alloy used in this study is shown in Figure 4-1. It can be seen
from the XRD peaks that this alloy has two different phases (o and ) which are HCP and BCC
respectively. This alloy composes two phases because of containing alpha and beta stabiliser
elements (which Al is an alpha stabiliser, and V is a beta stabiliser). The elemental composition
of the Ti-64 alloy (obtained by EDX analysis) can be seen in Table 4-1. The hardness and elastic

modulus values for Ti-64 alloy (obtained by nanoindentation) can be seen in Table 4-2.
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Intensity (Arb. Units)

Table 4-1 The elemental composition of Ti-64 alloy substrate

Ti-64 Ti Al V
Weight % 89.4+0.2 6.7+0.2 39+0.2
Atomic % 85.2+0.2 11.3+0.3 35+0.2
F
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Figure 4-1 Theta-2theta diffraction patterns for Ti-64 alloy

Table 4-2 Nanoindentation hardness and elastic modulus results for substrates

Substrate Name Hardness (GPa) Elastic Modulus (GPa)

Ti-64 5.0%0.2 136.4 £ 3.3
Ti-AVM 4.7+0.3 1233+1.2
M2 steel 8.8+05 188.5+55
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4.1.2 Ti-Al-V-Mo (Ti-AVM)

Ti-AVM alloy stands in the class of metastable beta Ti alloys which includes only beta phase
(BCC). The XRD diffraction pattern for the Ti-AVM alloy (used in this study) is given in Figure
4-2. The (slightly high) amount of molybdenum and vanadium elements inside the alloy
composition (which are beta stabilisers for Ti) makes the phase of this alloy cubic. The
elemental composition of the Ti-AVM alloy (obtained by EDX analysis) can be seen in Table
4-3. The hardness and elastic modulus values for Ti-AVM alloy (obtained by nanoindentation)
can be seen in Table 4-2. As a beta type of Ti alloy which its crystal structure is cubic, it showed

lower elastic modulus than o + 3 type of Ti alloys [147].
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Figure 4-2 Theta-2theta diffraction patterns for Ti-AVM alloy
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Table 4-3 The elemental composition of Ti-AVM alloy (substrate only)

Ti-AVM Ti Al V Mo
Weight % 63.8 +£0.3 3.9+0.1 9.8+0.2 225+ 0.5
Atomic % 69.9+0.2 7.6+0.2 10.1+0.3 124 +0.3

4.1.3 M2 Tool Steel

Initial coatings (trial runs) were deposited on M2 tool steel coupons which and were used for
coating composition optimisations. The XRD diffraction pattern for the M2 steel (used in this
study) is shown in Figure 4-3. The diffraction pattern of the M2 steel (uncoated) shows two
groups of peaks coming from the steel matrix and from the dispersed carbides, respectively
[148]. In fact, this substrate was not used for the nitriding process; it was only used as a
substrate material for Ti-Nb surface coating development. Therefore, the phase structure of the
M2 steel will be helpful if any unknown peak appears in the XRD patterns of Ti-Nb coatings
(to see if there is any substrate contribution). And also, the phase dependence of the coatings
on the substrate crystal structure was also examined by depositing Ti-Nb coatings on M2 steel
substrates. The elemental composition of the M2 steel (obtained by EDX analysis) can be seen
in Table 4-4. The hardness and elastic modulus values for M2 steel (obtained by
nanoindentation) can be seen in Table 4-2. The relatively high hardness value (comparing to Ti
alloy substrates) of M2 steel substrate will also give some idea while measuring the nano-

hardness of the Ti-Nb coatings (to see if any substrate contribution).
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Figure 4-3 Theta-2theta diffraction patterns for M2 tool steel

Table 4-4 The elemental composition of M2 tool steel substrate

M2 steel Fe Cr Mo W V Mn Ni
Weight% 819+03 4.0+01 43+02 76+£02 14+01 05%+01 0301

Atomic% 87703 46+01 27+x02 25+02 1701 05%x01 03x01
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4.2 PVD Surface Coating Deposition

4.2.1 Ti Coatings

The pure Ti surface layer which was deposited before nitriding was produced with a single
piece Ti target. There was no need to do any coating optimisation (related to the concentration
of the coating) by arranging the substrates’ position on the substrate holder because all coatings
were expected to be pure on the substrate holder. The Ti target and the target holder (substrates
placed on it) is shown in Figure 4-4. The small substrate indicates Ti-AVM alloy and the bigger
ones show Ti-64 alloy substrates. It is also seen in Figure 4-4 that substrates were placed in the
transverse direction to see the homogeneity of the process. Because of the configuration of the
target and substrate holder (they are standing face to face, 21 cm distance between them), all
positions on this rectangular area (where the substrate are sitting on it) were suitable to deposit
pure Ti coatings. The power supplied to the Ti target was 1000 W, and the substrate holder was

biased to -50 V.

Figure 4-4 The substrate holder (showing the position of the Ti-64 and Ti-AVM alloy
substrates) for pure Ti coatings and one whole piece of Ti target
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The XRD diffraction pattern for Ti coatings on Ti-64 and Ti-AVM alloys are shown in Figure
4-5. It can be seen that the coatings include only one phase in which all the XRD peaks were
HCP structure (pure o-Ti). The XRD analysis for this coating was performed by glancing angle
mode (2-degree) to eliminate substrate peaks. The X-ray penetration depth calculated by
AbsorbDX software (which uses the density and composition of the material while determining
the X-ray penetration depth) suggested that the X-rays would penetrate Ti coatings by about
0.9 um at 2-degrees glancing angle. The thickness of the Ti coating was 1.25 um (for these
XRD patterns), and therefore any effect from the substrate was not expected on XRD peaks,

and this was confirmed by the XRD patterns (seen in Figure 4-5)
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Figure 4-5 GAXRD (2° angle of incidence) diffraction patterns for Ti surface layer coatings on
Ti-64 and Ti-AVM substrates
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4.2.2 Ti-Nb coatings

4.2.2.1 Optimization of Nb concentration by changing target configuration for Ti-Nb
coatings (Set Nb1)

The pure Ti (surface layer) coating deposition process was easy to apply because only one kind
of metal target was used. On the other hand, the binary Ti-Nb alloy surface coatings required
compositional optimisation. This coating optimisation set which consists of 2 runs was entitled
as S-Nb1l. The two runs (each run had five M2 tool steel substrates) with different substrate
and target positions (as explained in Figure 3-2) yielded ten different Ti-Nb concentrations. Run
1 included (Nb-Nb-Ti) target configuration and run 2 included (Ti-Ti-Nb) target configuration.
The working distance between the substrate holder and the target was 21cm. The power
supplied to the Ti-Nb target as1000 W, and the substrate holder was biased to -50 V. The
elemental composition of the Ti-Nb coatings (obtained EDX analysis) for S-Nb1 can be seen
in Table 4-5. The target configuration in run 2 was selected after optimisation work to produce
the Ti-NDb surface coatings because it was planned to produce Ti alloy coatings which have Nb
concentrations in the range of 20 to 50 at. %. The schematic representation (with target and

substrate configurations) of run 2 can be seen in Figure 4-6.

Table 4-5 The elemental composition results of the Ti-Nb coatings in S-Nb1

Set No Run No Sample No Ti (at. %0) Nb (at. %0)
Al 11.7+0.2 88.3+0.2

A2 12.8+0.2 87.2+0.2

1 A3 19.0+0.2 81.0+0.2

A4 259+0.1 74.1+0.1

S-Nb1 A5 35.3+0.1 64.7+0.1
Ab 46.6+0.1 53.4+0.1

A7 54.3+0.2 45.7+0.2

2 A8 60.7+0.1 39.3+0.1

A9 743+0.1 25.7+0.1

Al0 81.9+0.2 18.1+0.2
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Figure 4-6 Schematic representation of the Run 2 in S-Nb1 with Nb atomic percentages.

The XRD diffraction pattern for Ti-Nb coatings in Run 2 (A6-A10) on M2 tool steel substrates
was given in Figure 4-7. These five coating (the lowest Nb concentration is 18.1 at. %) showed
cubic structure (BCC) as their principal peak is (110). The second and third peaks (200) and
(211) were started to become apparent with Sample A9 which has 25.7 at. % Nb. Because the
intensity of each coating’s first peaks (110) is much higher than the other peaks, it is difficult
to see how the other peaks are developing with the increase of Nb concentration inside the Ti-
Nb alloys. The XRD diffraction patterns were enlarged (from 50° to 100°) to analyse growing
of small peaks clearly. It is seen in Figure 4-8 that the fourth and fifth peaks of B-Ti were started
to develop from Sample A8 which has approximately 40 at. % Nb. Considering the results of
the optimisation runs, a coating composition between sample 8 and sample 9 could be a good
candidate for a Ti-Nb surface layer deposited before the nitriding. It was also reported in the
literature that the phase of Ti-Nb coatings was %100 3 (cubic) with 34 at. % Nb concentration
[9].
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Figure 4-7 GAXRD (2° angle of incidence) diffraction patterns for Ti-Nb surface layer coatings
on M2 tool steel substrate for Run 2 in S-Nb1l
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Figure 4-8 GAXRD (2°angle of incidence) diffraction patterns for Ti-Nb surface layer coatings
on M2 tool steel substrate for Run 2 in S-Nb1 (small peaks from 50°to 100°)
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The nanoindentation hardness and elastic modulus values are given in Table 4-6. It was observed
from the values that, with increasing Nb content, the coating hardness values also increased by
the effect of solid solution (structural hardening) due to the addition of Nb to Ti. [149].

Table 4-6 Nanoindentation hardness and elastic modulus results for Ti-Nb coatings in S-Nb1

Set No RunNo Sample No Hardness (GPa) Elastic Modulus (GPa)

A6 6.2+04 128.5+ 4.7
AT 59+0.3 122.1+3.1
S-Nb1 2 A8 5.8%0.3 119.2+£3.5
A9 54+0.3 105.1+4.3
Al0 51+0.2 102.6 £2.8

4.2.2.2 Determining the effect of substrate types on the phase structure of Ti-Nb
coatings (Set Nb2)

The first set of Ti-Nb coatings was deposited on only M2 tool steel substrates; on the other
hand, the second Ti-Nb coating set was applied on three different substrates. Because the main
aim of this study is to improve the nitriding behaviour of various titanium alloys (with different
crystal structures), two titanium alloy substrates were also included in this set. The effect of
substrate type on P stabilisation of Ti-Nb coatings was investigated with this set, and the
repeatability of the coating runs was also compared with the first set. This set of coatings was
entitled as S-Nb2 which has two runs (Run 3 and Run 4). The process parameters kept same
with previous runs. Run 3 was performed on Ti-64 and M2 tool steel substrates; in total six
samples (three circular M2 steel, three rectangular Ti-64 samples) were placed on the substrate
holder (see Figure 4-9). The elemental composition of the Ti-Nb coatings (obtained by EDX
analysis) for Run 3 in the S-Nb2 set can be seen in Table 4-7. The P1, P2 and P3 are used to

show the positions of the samples from top to bottom.
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Table 4-7 The elemental composition results of the Ti-Nb coatings for Run 3 in S-Nb2

SetNo  Run No Sample No Ti (at. %) Nb (at. %0)
Ti-64-P1 83.1 16.9
Ti-64-P2 74.5 25.5
Ti-64-P3 59.4 40.6
S-Nb2 3
M2-P1 83.6 16.4
M2-P2 74.2 25.8
M2-P3 57.5 42.4

M2-P1 Ti-64-P1
Ti-64-P2
M2-P3
Ti-64-P3 M2-P3

Figure 4-9 The substrate holder (showing the position of the substrates) for Run 3 in S-Nb2

It is seen from Table 4-7 that the parallel samples (i.e. Ti-64_P1 and M2-P1) are showing very
similar concentrations because they were placed so their centres would sit on the same
alignment in the vertical direction of the substrate holder. This situation will be understood

better at Run 4 in S-Nb2. The XRD diffraction patterns for Ti-Nb coatings on M2 steel and Ti-
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64 substrates are shown in Figure 4-10 and Figure 4-11 respectively for Run 3 in S-Nb2. A
minimum Nb concentration, of around 16.5 at. % was obtained for Ti-Nb coating on M2 steel
and Ti-64 substrates. The phase structure of the Ti-Nb coatings deposited on M2 steel
substrates showed a similar (cubic) structure to the coatings in the Run 2. On the other hand,
the Ti-Nb coating which was deposited on Ti-64 substrates included o phase peaks in the upper
position (P1). It was thought that the substrate’s predominantly HCP crystal structure could
suppress the BCC crystal structure of the Nb-modified Ti coatings. It was also reported
previously in the literature that the types and positions of the phases for Ti-Nb coatings would
be different if they are deposited on different substrates such as pure Ti, a+f Ti alloy, B-Ti
alloy and stainless steel [150]. (It was also mentioned that the mechanical properties of the

coatings could be affected by the type of the underlying substrates.)
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Figure 4-10 GAXRD (2° angle of incidence) diffraction patterns for Ti-Nb surface layer coatings
on M2 tool steel substrates for Run 3 in S-Nb2
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Figure 4-11 GAXRD (2° angle of incidence) diffraction patterns for Ti-Nb surface layer coatings
on Ti-64 substrates for Run 3 in S-Nb2

It can be seen in Figure 4-11 that when the concentration of Nb is increased, the phase structure
tends towards a BCC structure. However, in the P2 (about 25 at. % Nb), an extra peak is seen
in the XRD pattern at 42.5°. When the Nb is introduced into the Ti system, it may be in the
tendency to remove the a-Ti (100) and o-Ti (101) peaks and transform the a-Ti (002) into o"-
Ti (111) martensite, and B-Ti (110) depends on the amount of Nb in the system. The Ti-Nb
coatings in this study were examined with glancing angle XRD, and so it resulted in broader
peaks. In the XRD patterns, the peaks (especially beta and martensitic phases) are very close
to each other, and it would be very difficult to distinguish all the peaks with the result of
glancing angle XRD (due to overlapping of the peaks). However, the o”-Ti (021) peak which
stands about 42.5° (it is far enough from the major peaks) will be helpful to understand if any
martensite phase is found or not. There are various studies in the literature which show the
effect of Nb on the phase structure of bulk Ti-Nb alloy production. Chang et al. [151] reported
that the Ti-Nb alloy which includes 20 Nb at.% showed mixed a” and B phase; on the other
hand, the Ti-Nb alloy which includes 30 Nb at.% showed fully B phase. Ahmed et al. [152]
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reported that the martensite phase was found in Ti-Nb alloy system up to 23.4 at. % Nb, and
that increasing Nb concentration lead to retention of the B phase. Moffat et al. [153] reported
that the martensite phase (a”) was found in Ti-Nb alloys which contained 20-25 at. % Nb. It
should be noted that this complex metallurgy of Ti alloys is also affected by the temperature
of the process and the quenching rate of the molten alloys. Our aim in this study is to find a
proper Nb concentration for Ti-Nb surface layer coatings which allows pure 3 phase structure

to avoid any effects of the other phases on nitrogen diffusion efficiency.

Beside these bulk Ti-Nb works, some studies can also be found in the literature which relate to
Ti-Nb coatings. Achache et al. [9] found that the phase structure of sputtered Ti-Nb coatings is
a mix of a and B Ti phases, and there is no sign of an o” martensitic phase. Gonzales et al.
[149], [154] showed that the phase structure of sputtered Ti-Nb coatings is fully beta phase
from 15 at. %. Nb. Stary et al. [150] deposited (using sputtering technique) Ti-Nb coatings
(which contain about 25 at. % Nb) on various substrates. The XRD patterns of the Ti-Nb
coatings deposited on Ti-6Al-4V substrate showed martensite phase peaks, but interestingly
they did not mention it in their results. However, at least, it can be an example of the martensite
phase surviving in Ti-Nb coatings containing up to 25 at. % Nb. Photiou et al. [155] reported
that sputtered Ti-Nb alloy coatings containing 15 at. % Nb showed the martensitic phase (a"),
which is fully converted to p above 20 at. % Nb. All these examples related to Ti-Nb alloy
coatings show that there is a possibility for formation of martensite phase in the range of 15
and 30 at. % Nb. It should be noted that (as in bulk Ti-Nb production) there can also be different
parameters which affect the phase structure (and consequently the formation of martensite
phase) for the Ti-Nb coatings such as process temperature, substrate type, substrate bias
voltage. It was also reported that the kinetic energy (of the sputtering system) could provide
enough momentum for B stabilisation at lower temperatures compared with the bulk Ti-Nb

alloy production which contains a similar Nb concentration [155].
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The next coating run (for S-Nb2 set) was performed by including also the Ti-AVM alloy
substrates, and this run was entitled as Run 4. In this run, twenty-one substrates were placed
on the substrate holder, and seven different Ti-Nb coating compositions (for different vertical
positions) were expected. The substrates were placed as Ti-AVM is on the left, Ti-64 in the
middle and M2 steel on the right for all vertical positions. The arrangement of the substrates
can be seen in Figure 4-12 from position 1 to position 7. The elemental composition of the Ti-
Nb coatings (obtained by EDX analysis) for Run 4 in the S-Nb2 set can be seen in Table 4-8.
The substrates which stand in the same horizontal levels were showing again very similar

compositional values (as seen in previous runs).

Position 1/7

Position 2/7

Position 3/7

Position 4/7

Position 5/7

Position 6/7

Position 7/7

Figure 4-12 The substrate holder (showing the position of the substrates) for Run 4 in S-Nb2

73



It was understood that there is no concentration change in horizontal levels (in the same
positions) and the results look repeatable for this coating configurations. The significance of
this finding would not be so critical for a pure Ti coating because every place on the substrate
holder should give the same chemical composition. On the other hand, it was very important
while depositing alloy coatings such as Ti-Nb. When the concentration is decided (i.e. 40 Nb
% at.), the user of the coating rig would know where the substrates must be placed in vertically,
and more than one substrate can be placed in horizontally. It will allow producing more than
one coating in one run if needed. The power was supplied to only one magnetron/target system,
and the target was placed as pieces (such as 2 Ti + 1 Nb), so in this condition, the concentration

of the coatings was controlled by moving the substrate positions horizontally.

Table 4-8 The elemental composition results of the Ti-Nb coatings on Ti-64, Ti-AVM and M2
steel substrates for Run 4 in S-Nb2

Substrate Ti-64 Ti-AVM M2 steel

SetNo '\ position Ti No  Ti  Nb i Nb
(at%) (at%) (at%) (at%) (at%) (at %)

1/7 81.7 18.3 81.2 18.8 79.9 20.1
217 78.9 21.1 78.6 21.4 77.9 22.1
37 72.7 27.3 73.5 26.5 73.7 26.3

S-Nb2 4 47 64.9 35.1 64.7 35.3 65.2 34.8
57 59.2 40.8 59.4 40.6 58 42
6/7 52.8 47.2 51.3 48.7 52.6 47.4
77 46 54 45.3 54.7 43.5 56.5
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On the other hand, the coating deposition process could have been achieved by using two
different magnetron/target systems where the power to each target could be supplied separately
[9], [154]. In this configuration, the amount of power applied to each target would decide the
composition of the coatings. It can be applied a constant power to one of the targets, and a
varying amount of power can be applied to the second target. It would reveal one more
parameter to control, and more energy would be consumed. Rather than its economic benefits,
the control of the concentration of the coatings would be very sensitive, and there is a
possibility to contaminate both targets. On the other hand, the split (alloy) target model (which
is used in this study) will allow getting different concentrations in one coating run. For
example, to produce all the coatings (which are seen in Figure 4-12), at least seven different runs
(by changing the amount of power to be applied to both targets) would be needed if the co-
sputtering model (with two magnetron/target systems) were used. Therefore, it can be easily
said that to try new alloy compositions is easy with “split target model”. It must be noted that
this argument is valid for alloy coatings which include two or three different elements. If it is
desired to use more than three different metals in the alloy coatings, the co-sputtering model

should be used.

The XRD diffraction patterns for Ti-Nb coatings on Ti-64, Ti-AVM and M2 steel substrates
(for the first three positions) are seen in Figure 4-13, Figure 4-14 and Figure 4-15 respectively for
Run 4 in S-Nb2. The Nb concentrations for the coatings (in the same horizontal level) are
almost the same (as can be seen in Table 4-8). The Ti-Nb coatings in the third position (3/7) on
all kind of substrates were most beta-stabilised compared to other positions (1/7 and 2/7). The
coating which deposited on all three substrates on position 1/7 and 2/7 showed a mix of B + a”
phases. The reason for this phase difference is the Nb concentration of the Ti-Nb surface layer

coatings. If the Ti-Nb coating deposited on Ti-64 substrate (P1) in Run 3 is compared with the
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three Ti-Nb coatings deposited on M2 steel substrate (1/7), (2/7) and (3/7) in Run 4, it can be

seen how the phase constitution changes with Nb concentration.
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Figure 4-13 GAXRD (2° angle of incidence) diffraction patterns for Ti-Nb surface layer coatings
on Ti-64 substrates for Run 4 in S-Nb2
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Figure 4-14 GAXRD (2° angle of incidence) diffraction patterns for Ti-Nb surface layer coatings
on Ti-AVM substrates for Run 4 in S-Nb2
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Figure 4-15 GAXRD (2° angle of incidence) diffraction patterns for Ti-Nb surface layer coatings
on M2 steel substrates for Run 4 in S-Nb2
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The phases were changed from a to a mix of  + a”, and then the o phase was eliminated by
changing the Nb concentration from 16 at % to 26 at. %. Moreover, the (strong) martensite
phase in the Ti-Nb coating deposited on M2 steel (1/7) rather than the Ti-64 and Ti-AVM
substrates may be related to the uncoated crystal structure of the M2 steel substrate. As
mentioned in section 4.1.3, the XRD pattern of the M2 steel (see in Figure 4-3) has two sets of
peaks, of which one set is related to the steel matrix, and the other one to the dispersed carbide
phases [156]. The complex crystal structure of the substrate may lead to postponing the beta
stabilisation to higher Nb amounts, where it is seen in position (3/7) that the crystal phase is

nearly cubic.

It was also realised that the intensity of the B-Ti (110) peak for the Ti-Nb coating deposited on
M2 steel substrate is relatively lower than the same peaks for Ti-Nb coatings deposited on other
substrates. And also, the XRD patterns are noisier for the Ti-Nb coatings (clearly for the
position 1/7 and 2/7) which deposited on M2 steel substrate. It may be related to the smaller
grain size and/or less preferred texture of the Ti-Nb coatings. Moreover, the Ti-Nb coatings
may wish to stay in o phase or to form martensite phase depend on the Nb concentration.
Because it was seen that the coatings have more than 26 at. % Nb started to show clear XRD
results (for M2 steel substrate as well) by showing cubic phase formation. The XRD patterns
of the Ti-Nb coatings which stand in position (4/7) or below (See Figure 4-12) were not given
because all the coatings showed a fully B-stabilised structure with their Nb concentration of 35

at. % or above (see Table 4-8).
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4.2.2.3 Improvement of coating uniformity across the whole substrate surface for Ti-Nb
coatings (Set Nb3)

EDX analyses were performed on the Ti-Nb coated substrates from at least five different points.
The first measurement was done from the centre (0,0) of the sample, and the other four
measurements were taken as a distance 3 mm away (in x and y directions) from the origin point.
In other words, the coordinates of the other 4 points can be written as (0, 3), (0, -3), (3, 0) and
(-3, 0). If any mismatch was seen on the results, the number of repeats were increased or could
be repeated, to get similar concentration on the whole surface of the substrates. While doing
EDX analyses for run 4 in S-Nb2, it was found that one of the samples (Position 2/7 for Ti-
AVM substrate which stands in the left column in Figure 4-12) was constrained. A detailed
EDX analysis (twenty-four measurements) was performed on it. The EDX map for sample 2/7

can be seen in Figure 4-16 (each side of the small squares is 1mm long).

21.5
215 21.3 21.7
21.3
20.8
21.0 20.4 20.7
19.0
20.9 16.6 19.1
20.3 12.5 16.3
199 6.4 12.3
4.4
2.5

Figure 4-16 EDX composition map of Nb for the Ti-Nb coating on Ti-AVM substrates at
position 2/7 in Run 4
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The EDX map was drawn on a graph paper which includes squares (each side is 1mm long),
and the point of junction of two red lines on the paper represents the centre of the samples
which can be shown as (0, 0). The red zigzag line (on the EDX maps) is showing the edge of
the material which is assembled to the substrate holder with a metallic washer and screw. The
numbers on the graph paper are showing the amount of Nb (in % at.) for each point. It can be
seen in Figure 4-16 that the Nb concentration is rapidly decreased from the centre of the sample
to (-y) direction. The most important matter is that the surface Nb concentration should be
homogeneous at every point on the surface such that the local crystal structure of the coatings

IS not changing.

A new run was prepared (Run 5) with a new configuration to understand why this concentration
is changing. The Run 5 was done with a new thick metallic cover which was placed directly
onto the second magnetron (as explained previous section, only one magnetron/target system
was biased) to inhibit if there is any magnetic effect on the plasma. The second magnetron
(which was not biased) stands at 90° to the other magnetron (which was biased) and therefore
the magnetic field in front of the sputter target could be distorted by the second magnetron.
The arrangement of the substrates is seen in Figure 4-17 from position 0 to position 3. The
position of the substrates in Run 5 was exactly the same with Run 4 in S-Nb2. For example,
the 2/7 in Run 4 and 2/3 in Run 5 should have very similar Nb concentration. The elemental
composition of the Ti-Nb coatings (obtained by EDX analysis) for Run 5 in the S-Nb3 set are

shown in Table 4-9.
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Position 0/3

Position 1/3

Position 2/3

Position 3/3

Figure 4-17 The substrate holder (showing the position of the substrates) for Run 5 in S-Nb3

Table 4-9 The elemental composition results of the Ti-Nb coatings for Run 5 in S-Nb3

Substrate Ti-AVM S-Ti-64
Position Ti(at%) Nb (at%) Ti(at%) Nb (at%)
0/3 83.0 17.0 83.3 16.7
1/3 80.4 19.6 80.6 19.4
2/3 78.8 21.2 78.8 21.2
3/3 74.4 25.6 74.7 25.3

It can be seen from Table 4-9 that the average Nb concentrations of the Ti-Nb coatings are very
similar with the previous runs which shows the repeatability of this coating systems is very
good. The detailed EDX analysis was performed for the sample on the position 2/3 (Ti-AVM
substrates) the EDX map of which can be seen in Figure 4-18. The homogeneity of the Nb

concentration of this coating looks very stable.
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Figure 4-18 EDX composition map of Nb for the Ti-Nb coating on Ti-AVM substrates at
position 2/3 in Run 5

To understand the effect of shielding (magnetically) the unused magnetron on the homogeneity
of the coating, the EDX map technigue was also applied for position 1/3 and 3/3 (for Ti-AVM
substrate). The maps can be seen in Figure 4-19 and Figure 4-20 respectively. It was understood
from the EDX map (for position 3/3) that the concentration of Nb is again decreasing, but it is
happening in a smaller area than the Sample 2/7 in Run 4 (see Figure 4-16). It was concluded
that the position of the washer and the height of the head of the screws could also be critical to
getting a uniform coating. If the washer sits on the bottom edge of the substrates, the area near
the washer showed less Nb concentration, but while the second magnetron was covered, this
non-uniform area was tightened. If the washer sits on the upper edge of the substrates (like
position 1/3), there is no change seen in the concentration of Nb. The reason why the coating
for position 2/3 is uniform is that it is affected by the direction of the washer which was standing
not straight. The size of the substrates is also important with the small substrates affected more

than the bigger substrates.
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Figure 4-19 EDX composition map of Nb for the Ti-Nb coating on Ti-AVM substrates at
position 1/3 in Run 5

Figure 4-20 EDX composition map of Nb for the Ti-Nb coating on Ti-AVM substrates at
position 3/3in Run 5
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These runs were all for coating optimisation to produce high quality/uniform coatings prior to
the nitriding process. Therefore, the “clean” coatings were decided to deposit by using at least
two washers. The washers would not sit on the surface of the substrates. They would touch the
side of the substrate and squeeze it, to prevent falling during deposition (as can be seen in Figure

4-21).

Figure 4-21 The position of the washers and substrates for "'clean' coatings

4.2.2.4 Understanding the effect of the working distance on the concentration and
thickness of Ti-Nb coatings (Set Nb4)

The Ti-Nb coating optimisation was completed with five different runs in total, but the
understanding of concentration limit (minimum and maximum Nb concentration) of this
configuration was still missing. One extra run was planned to figure out the concentration limit.
In this run, the working distance (between the substrate holder and target) was changed. In
previous runs, the working distance was 21 cm which is the maximum adjustable distance for
this chamber. The working distance was adjusted to 15 cm which is the minimum working
distance for this chamber. The power supplied to the Ti-Nb split target was 1000 W, and the
substrate holder was biased to -50 V. This set of coatings was entitled as S-Nb4 which has one
run (Run 6). This run included six different sample positions vertically from 1/6 to 6/6 (the

arrangement of the substrates is seen in Figure 4-22). In our split target model, when the
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substrate which is closer to the Nb part of the target, it should contain more Nb than previous
runs. The elemental composition of the Ti-Nb coatings (done by EDX analysis) for Run 6 in

the S-Nb4 set can be seen in Table 4-10.

Position 1/6
Position 2/6
Position 3/6
Position 4/6
Position 5/6
Position 6/6

Figure 4-22 The substrate holder (showing the position of the substrates) for Run 6 in S-Nb4

As seen in Table 4-10, the Nb concentrations for position 1, 2 and 3 were too close to each other.
The minimum Nb concentration is smaller than the previous runs (compared to position 1/6 in
this run and the sample which stands on place 1/7 in run 4) although the substrates were tried
to place in the similar alignment (vertical direction). On the other hand, the sample which has
the highest Nb concentration (position 6/6) in Run 6 has more Nb than the sample which stands
in place 7/7 in run 4. Therefore, it can be said that the minimum and maximum limit could be

controlled by adjusting the working distance.
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Table 4-10 The elemental composition results of the Ti-Nb coatings for Run 6 in S-Nb4

SetNo RunNo Sample No Ti (at. %) Nb (at. %)
1/6 88.7 11.3
2/6 86.0 14.0
3/6 81.8 18.2

S-Nb4 6
4/6 67.2 32.8
5/6 49.9 50.1
6/6 39.6 60.4

Sample 4 was sitting in the middle of the substrate holder, so it is not affected so much by the
working distance because the amount of Nb in the middle of the substrate holder will remain
nearly same (the average position). It can be concluded that the Nb concentration of the

substrates was separated into two sides (low and high Nb concentration).

The second thought was how the thickness is changed by decreasing the working distance of
the deposition process while keeping the other parameters constant. The literature is suggesting
that when the working distance is decreased, the deposition rate could be significantly
increased in planar magnetron sputter deposition system [157]. Therefore, this argument was
also investigated by measuring the thickness of the coatings. The thickness of the Ti-Nb coating
which stands on place 4/6 of run 6 (in which the working distance was 15cm) was compared
with the coating which stands at the same coordinates on the substrate holder (but the working
distance was 21cm). The Ti-Nb coating deposited with 15 cm working distance was found to
be 1.30 times thicker than the other. It can, therefore, be said that the deposition rate increased

by about 30 % when decreasing the working distance from 21cm to 15 cm (these two distance
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values are the minimum and maximum distances for the substrate holder configuration used in

this study).

4.2.2.5 Deposition of the “clean” coatings before nitriding process (Set Nb5)

Following the optimisation study, it was decided to deposit a set of “clean” Ti-Nb coatings.
This set of coatings was entitled to S-Nb5 which has only one run (Run 7). The target position
in run 2 in S-Nb1l was used for this set to produce Ti-Nb surface layer coatings. The Ti-Nb
alloy coatings (by planning 2Ti/1INb atomic ratio) were deposited on Ti alloy substrates before
applying triode plasma nitriding process. The arrangement of the substrates can be seen in
Figure 4-23. The working distance between the substrate holder and the target was 21cm. The
power supplied to the Ti-Nb target was 1000 W, and the substrate holder was biased to -50 V.
The elemental composition of the Ti-Nb coatings (done by EDX analysis) for Run 7 in the S-

Nb5 set can be seen in Table 4-11.

Figure 4-23 The substrate holder (showing the position of the substrates) for Run 7 in S-Nb5

The exact position of the substrate (red indicated Ti-64 and blue indicates Ti-AVM substrates
in Figure 4-23) resulted in approximately 33 at. % Nb. The XRD diffraction pattern for “clean”

Ti-Nb coatings in Run 7 for Ti-64 and Ti-AVM substrates is shown in Figure 4-24. It can be
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seen from the XRD patterns that both coatings have a cubic structure. A fracture cross-section
SEM image of the Ti-Nb alloy coating (32.9 at. % Nb) is shown in Figure 4-25. It is seen that

the coating has a columnar and dense structure.

Table 4-11 The elemental composition results of the Ti-Nb coatings for Run 7 in S-Nb5

SetNo | Run No Substrate Ti (at. %) Nb (at. %)
Ti-64 67.1 32.9
S-Nb5 7
Ti-AVM 67.2 32.8
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Figure 4-24 GAXRD (2° angle of incidence) diffraction patterns for “clean” Ti-Nb surface layer
coatings on Ti-64 and Ti-AVM substrates for Run 7 in S-Nb5

88



AccV SpotMagn Det WD F— &um
200kV 40 4000x SE 75

Figure 4-25 SEM fracture cross-section of “clean” Ti-Nb coating

4.2.3 Optimisation of the thickness of the Ti and Ti-Nb surface layer coatings

Ti and Ti-Nb coatings were deposited with 21 cm working distance between the substrate
holder and the target. The power supplied to the Ti, or Ti-Nb target was 1000 W, and the
substrate holder was biased to -50 V. The thickness of the coatings for these parameters can be
seen in Table 4-12. The thickness measurement of the coatings was done in SEM after
sectioning, mounting, grinding and polishing of the coated samples. The cross-section SEM
images for Ti, and Ti-Nb alloy (32.9 at. % Nb) coatings are shown in Figure 4-26. It is seen in

Table 4-12 that the thickness of the coatings is increasing linearly with time.

Table 4-12 The thickness of the Ti and Ti-Nb coatings for 1,2 and 4h deposition time

Type of Coating Duration Thickness (um)
Ti 1h 1.15+0.03 um

Ti 2h 2.29 +0.05 pm

Ti 4h 455+ 0.11 pm

Ti-Nb 1h 1.23+£0.02 um
Ti-Nb 2h 2.45+ 0.05 um
Ti-Nb 4h 4,95+ 0.10 um
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Although the deposition time is similar, the thicknesses of Ti and Ti-Nb coatings are different.
The reason for this is the different sputter yields of the Ti and Nb elements in magnetron
sputtering system. The ratio of sputter yield value for Nb to Ti metal is approximately 115/100
(estimated from [158], [159]). In this study, the target configuration for the Ti-Nb coating is
2Ti/INb. From this point of view, the sputter yield ratio of Ti-Nb coating system to Ti coating
system should be 105/100. If the thickness of the Ti coating for 1 h deposition is 1.15 um, the
thickness of Ti-Nb coating should be 1.21 um for this study. The measured thickness of Ti-Nb
coatings (1.23 um) was found to be approximately 1.65 % bigger than the calculated thickness

value (1.21 um).

W laccy  Spot Magn
110.0 kv 4.0 4000

AccV SpotMagn Det WD
100KV 40 4000x BSE 10.4

Figure 4-26 SEM cross-section images for Ti and Ti-Nb coatings for 2h deposition time (upper
image shows Ti coating, lower image shows Ti-Nb coating)
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4.2.4 Ti-Nb-N coatings

PVD Ti-Nb-N coatings were deposited on M2 steel and Ti-64 substrates (in the same run), to
analyse the structure of the hard-ceramic coatings and to compare with plasma nitrided Ti-Nb
coated Ti alloy substrates. The plasma nitriding process is a diffusion process which was
applied on (previously Ti-Nb coated) Ti alloy substrates, and the amount of nitrogen decreases
from the surface to the bulk. On the other hand, the PVD Ti-Nb-N ceramic coatings were
produced by adding nitrogen gas to the Ti-Nb coating environment, and the nitrogen
concentration inside the coating was kept same from the surface to bulk. All the process
parameters, as well as the substrate positions on the substrate holder (see Figure 4-9), were kept
similar with the Run 3 in Set Nb2. The only difference was adding nitrogen which was

introduced into the system with a flow rate of 10 sccm.

At first sight, the surface colouration for Ti-Nb-N coatings showed that the golden appearance
is lowering (changing from yellow to greyish) from P1 to P3 (see Figure 4-27). The change of
the golden colour tone suggested us that the composition of the coatings are changing (TiN
coatings show yellow colour [160], [161]) from P1 to P3. The difference between the P1 and
P3 is related to the different amount of Nb inside the coatings. The elemental composition of
the Ti-Nb-N coatings (obtained by EDX analysis) can be seen in Table 4-13. Because of the
substrate positions (from P1 to P3), the amount of Nb inside the Ti-Nb-N coatings increased
from top to bottom on the substrate holder. The similar trend was seen (Table 4-7) for Ti-Nb
metallic coatings in the Run 3 in S-Nb2. The nitrogen concentration was observed similar

(around 50 at. %) for all the coatings.
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P3  No Nitrogen

Figure 4-27 Ti-Nb-N and Ti-Nb coatings deposited on Ti-64 substrate showing different surface
colouration

Table 4-13 The elemental composition results of the Ti-Nb-N coatings

Sample No Ti (at. %) Nb (at. %) N (at. %)
N-Ti-64-P1 37.4 94 53.2
N-Ti-64-P2 32.2 154 52.4
N-Ti-64-P3 26.6 24.7 48.7
N-M2-P1 38.1 8.9 53
N-M2-P2 32.5 151 52.4
N-M2-P3 26.1 24.2 49.7

The Ti-Nb-N coatings deposited on M2 steel substrates were also showed the same
characteristics as the coatings deposited on Ti-64 substrates. Therefore, it will only be given
the results of coatings deposited on Ti-64 substrates (after this point) to not fall into repetition.
The metallic Ti-Nb coatings had shown some substrate dependence on phase structure, on the
other hand, the ceramic Ti-Nb-N coatings (with nearly 50 % at N) did not show any substrate
dependence (at least for this run). It may be related to the allotropic modification effect of the
“metallic” Ti coatings. The XRD diffraction patterns for Ti-Nb-N coatings (for the three
positions) on Ti-64 substrate can be seen in Figure 4-28. At first sight, the XRD patterns suggest
us that the coatings included only one phase (there is no substrate contribution) and this phase

looks like a cubic (NaCl prototype) ceramic phase. The peak positions (from P1 to P3) were
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observed to shift to lower angles. The reason for this the different amount of Nb concentrations
inside the Ti-Nb-N coatings. It can be also seen in the Figure 4-28 that the pink peak which
belongs to the TiN phase (ICDD file #01-087-0627), the blue peak which belongs to NbN
phase (ICDD file #03-065-5063) and the orange peak which belongs to NbTiN2 phase (ICDD
file #01-077-2990) explain how peaks shift to lower angles. Beside (111) peaks, the same
shifting trend was also seen for the other peaks as well. As a summary of EDX and XRD results,

the Ti-Nb-N coatings (for three different positions) have a similar phase (with different

concentrations).
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Figure 4-28 GAXRD (2° angle of incidence) diffraction patterns for Ti-Nb-N coatings on Ti-64
substrates
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Table 4-14 Nanoindentation hardness and elastic modulus results for Ti-Nb-N coatings

Sample No Hardness (GPa) = Elastic Modulus (GPa)

P1 23.1 243.9
P2 22.6 220.2
P3 21.9 201.2

The different amount of Nb inside the Ti-Nb-N coatings led to being having different hardness
and elastic modulus values. It can be seen in Table 4-14 that the hardness and elastic modulus
values for Ti-Nb-N coatings are decreasing by increasing Nb concentration. In the literature,
the hardness and elastic modulus values for TiN coatings were reported higher than the results
found for Ti-Nb-N coatings (in this study) [162]-[164]. It should be noted that these values can
vary with the process parameters such as negative bias voltage, nitrogen partial pressure etc.
The H and E values which found in this study allow to keep the hardness to elastic modulus
ratio for the Ti-Nb-N coatings higher (which were found to be 0.095, 0.102 and 0.109 from P1
to P3, respectively). Having H/E values (> 0.1) could provide outstanding properties under
various tribological tests and can be used as relatively tough and protective ceramic coatings

[165].
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4.2.5 Ti-Staballoy® coatings

Ti-Staballoy PVD coatings which were produced (similar to Ti-Nb surface coatings) by
replacing the one piece of Nb target with one piece of staballoy target. Staballoy target includes
mainly Fe, Mn, Cr and Ni metals which can be classified as a beta stabiliser for Ti alloys. The
aim for producing this coating was to compare with Ti-Nb coating (related to the nitrogen
diffusion efficiency) by depositing as a surface coating on Ti alloy substrates. The substrates
positions and the target configurations can be seen in Figure 4-29. The substrate which was
placed the top was named as Ti_Stab_1, and the bottom one was named as Ti_Stab_4. All
coatings have different concentrations considering their positions from the staballoy target. The

EDX results for the Ti-Staballoy surface layer coatings can be seen in Table 4-15.

Ti

Ti

Staballoy

Figure 4-29 The substrate and target positions for the PVD Ti-Staballoy surface layer coatings

The additional elements were found to increase from top to the bottom. The previous Ti alloy
coatings were produced with pure metallic targets so the effect of the additional element can
easily be recognised. On the other hand, the staballoy provided 4 different additional elements
to the Ti-Staballoy surface coatings. The XRD diffraction patterns for Ti-Staballoy coatings

(for all four positions) are seen in Figure 4-30.
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Table 4-15 The elemental composition results of the Ti-Stab alloy surface layer coatings

Concentrations (at %)
Samples
Ti Fe Mn Cr Ni
Ti_Stab_1 70.2 18.8 5.4 5.4 0.2
Ti_Stab_2 62.4 235 7.0 6.7 0.4
Ti_Stab_3 434 34.4 11.8 10.0 0.4
Ti_Stab 4 334 41.0 13.3 11.8 0.5

——Ti Stab 4

—Ti Stab 3

—Ti Stab 2

——Ti Stab 1

Intensity (Arb. Units)

26 (°)

Figure 4-30 GAXRD (2° angle of incidence) diffraction patterns of the Ti-Staballoy coatings

The trend of the XRD patterns was found similar for all positions. The only one big and
broadened peak was shifted to higher angles by increasing the concentration of additional
elements from position 1 to 4. The phase structure was predicted (by applying a simulation
work) as nanocrystalline particles were embedded inside an amorphous matrix. XRD pattern
simulation was performed using the ICDD database and ‘Sleve+’ tool of the ‘PDF-4+’ fitting

software [166].
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The simulated XRD patterns for B-Ti (for 0.5, 0.75 and 1 nm crystallite sizes) can be seen in
Figure 4-31. The XRD patterns of four Ti_Staballoy coatings showed only two peaks which one
of them is placing around 40° and the other one is placing 70°. It can be seen from the simulated
B-Ti XRD profiles that the peak (placing around 55°) is almost disappearing when the
crystallite size is decreasing from 0.75nm to 0.5nm. This trend of the XRD profiles suggested

that the crystallite size of the Ti_Staballoy coatings is less than 0.75nm.
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Figure 4-31 Simulated XRD profiles for g-Ti for 0.5, 0.75 and 1 nm crystallite sizes
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The XRD patterns of the Ti_Staballoy coatings was also compared with the simulated XRD
patterns of TiogFeo.> phase (See Figure 4-32) to see the effect of the additional elements on the
simulated XRD profiles. The trend (while decreasing the crystallite size) was found similar
with the simulated XRD profiles of the B-Ti. The peaks of the simulated XRD patterns of
TiogFeo.2 phase are placing at higher degrees compared to 3-Ti peaks which is related to the
addition of Fe. Moreover, the peaks of TiosFeo2 phase have higher intensity values than the
peaks of the B-Ti phase. The simulated XRD profile of TiosFeo2 phase (for 0.5nm crystallite

size) fits well with the XRD pattern of the Ti_Stab_1 coating (blue profile in Figure 4-30).
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Figure 4-32 Simulated XRD profiles for TiogFeo, for 0.5, 0.75 and 1 nm crystallite sizes
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The increase of the additional elements also affected the mechanical properties of the coatings.
The nanoindentation hardness and elastic modulus of the coatings can be seen in Table 4-16.
The hardness and elastic modulus values were approximately doubled by increasing the amount

of additional elements position 1 to 4.

Table 4-16 Surface nanoindentation hardness data for Ti-Staballoy coatings

Samples Hardness (GPa) Elastic Modulus (GPa)
Ti_Stab_1 6.6 94.6
Ti_Stab_2 7.7 129.3
Ti_Stab_3 11.2 143.7
Ti_Stab_4 12.3 167.1

As being amorphous-like coating and having relatively better mechanical properties, the
nitrogen diffusion efficiency of the Ti alloy substrate (after depositing Ti-Staballoy coatings
on them) is a curious subject. Moreover, the increased final surface hardness with an increased
load-bearing capacity of the substrate (after plasma nitriding process) could be an important

candidate for the wear resistant applications.
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4.3 Summary

The pure Ti and Ti-Nb (alloy) surface layer coatings were deposited on M2 steel (optimisation
purpose), Ti-64 and Ti-AVM substrates before triode plasma nitriding with the aim to improve
the nitrogen diffusion efficiency. For comparison purposes, PVD Ti-Nb-N and Ti-Staballoy

coatings were also produced. The following key points can be drawn:

e The B-Ti (Ti-Nb) surface layers required compositional optimisation work before
producing the desired coatings for triode plasma nitriding. The first set of Ti-Nb
coatings (S-Nbl), which were deposited on M2 steel substrates, included ten different
coatings with Nb concentrations of 18.1 to 88.3 at. %.

e The effect of substrate type on the phase structure (B stability) of Ti-Nb coatings was
analysed by depositing the coatings on different substrates such as M2 steel, Ti-64 and
Ti-AVM in Set Nb2. It was determined that the B phase stability of the Ti-Nb coatings
for lower Nb concentrations (about 16 at. %) could be affected by the type of substrate.

e Besides the stability of the B phase, the intensity and position of the XRD peaks can be
attributed not only to the Nb concentrations in the coating but also to the type of
substrate.

e The formation of the martensitic Ti phase (o) was also observed depending on the Nb
concentration in Ti-Nb coatings. This undesired phase started to form about 20 at. %
Nb and disappear for the Ti-Nb coatings which contain Nb more than 26 at. %.

e The concentration uniformity of the Ti-Nb coatings on the whole substrate surface is
also an important key point for this study. If any concentration inhomogeneity is seen
on the surface which can cause the formation of a different crystal structured grains
(locally), it could affect the nitrogen diffusion efficiency (results) after plasma nitriding
process). To inhibit this, the size of the substrates was chosen relatively small.

However, there is some mismatch seen for the Nb concentration on the surface of some
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Ti-Nb coatings, and the Set Nb3 was prepared to solve this problem. It was found that
to cover the second (unbiased) magnetron with a thick metallic shield (to reduce the
effect of extra magnetic field) and to place the washers and screw properly (to not cover
the substrate surface unnecessarily) will improve the Nb concentration homogeneity of
the Ti-Nb coatings.

The minimum and maximum Nb concentration limit were figured out by changing the
working distance from 21 cm to 15 cm in the Set Nb4 by keeping the other parameters
like other runs. The minimum Nb concentration limit was decreased from
approximately 18 at. % to 11 at. % and the maximum Nb concentration limit was
increased from approximately 54 at. % to 60 at. %.

The changing working distance values did not give the only benefit for expanding the
Nb concentration range but also is provided to deposit thicker coatings while keeping
other parameters constant (such as time and bias voltage). The Ti-Nb coating which
deposited with a 15 cm working distance found %30 thicker than the coating which
deposited with a 21 cm working distance while keeping the coordinates of both coatings
same on the substrate holder.

After getting the useful information from optimisation sets, to produce “clean”
coatings, a new set was established (S-NDb5). It was decided to produce the coatings
with a 2Ti/1Nb atomic ratio before plasma nitriding process. The exact position of the
substrates on the substrate holder was predicted, and the coatings were deposited
successfully (with 33 at. % NDb). It was found that the coating has a columnar and dense
structure with almost fully B structure.

The Ti and Ti-Nb coatings had different coating thickness while they were produced
with similar process duration. The thickness optimisation runs showed that the Ti

coating has a deposition rate of 1.15um/h and the Ti-Nb coating has a deposition rate
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of 1.12 um/h. The increase of the coating thickness was found to be almost linear with
process time. The reason for this difference is related to the different sputter yield of
the Ti and Nb metals (of which approximately 115Nb/100Ti). The importance of the
thickness optimisation run is to find the proper process duration for PVD Ti and Ti-Nb
coatings to produce equal thick coatings before nitriding process.

The hard (~ 22-23 GPa) Ti-Nb-N ceramic coatings were produced in the same PVD rig
system by adding nitrogen gas to the chamber while producing the usual Ti-Nb alloy
coatings. The aim of this run to determine the behaviour of nitrogen gas with Ti and Nb
metal. It would give a chance to compare with plasma nitrided (previously Ti-Nb
coated) Ti alloy substrates.

As a further approach, Ti-Staballoy coatings were deposited on steel substrates (for
initial optimisation work). Fe, Cr and Mn were the main alloying elements which
allowed a wide range of mechanical properties for these coatings). Moreover, it is
expected that these alloying elements allowed the phase structure of the Ti-Staballoy
coatings to be nanocrystalline and therefore the nitrogen diffusion efficiency into this

coating can be a curious subject.
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5 Triode Plasma Nitriding (TPN) on Uncoated, Ti coated, and Ti-
Nb coated Titanium Alloy Substrates

The initial trials for the TPN process were applied at 500°C (TPN500) for 2, 4, 6 and 8 hours
on uncoated Ti-64 and uncoated Ti-AVM substrates. Following these trials, a new TPN
treatment set was designed to analyse the effect of treatment temperature on TPN performance.
In this set, the TPN process was applied at 600°C (TPN600) on uncoated Ti-64 and Ti-AVM
substrates. The literature suggested that the performance of triode plasma nitriding on titanium
alloys can be increased by increasing temperature (as a diffusion process) and the efficiency of
the process is expected to be better at 700°C. Therefore, the triode plasma nitriding process at
700°C (TPN700) for 4 hours was applied to uncoated, Ti coated, and Ti-Nb coated Ti-64 and
Ti-AVM substrates. The temperature for the TPN700 process is the highest value that could be
achieved (for the TPN equipment used in this study) because of the technical condition of the
equipment, so it was not possible to try more than 700°C. A TPN700 treatment was also applied
for 8 hours on uncoated, Ti coated, and Ti-Nb coated Ti-64 and Ti-AVM substrates to see the
effect of nitriding duration on treatment properties. Apart from the time and temperature, all
other parameters were kept constant. The substrate bias voltage was -300 V, the ratio of the Ar
and N flow rate (partial pressure) was (%70 N and %30 Ar), and the total working pressure
was (0.4 Pa= 4 x10° mbar). All these parameters were selected with the aim of obtaining deep
hardened case (to increase the load-bearing capacity of the substrate) before creating any nitride
compound layer on the substrate surface because the nitride compound layer is known to block
further nitrogen uptake at the titanium alloy surface [12], [167]. The phase structures were
analysed by XRD, and if any nitride layer was found, the cross-sections of the samples were
analysed by SEM. The nitrogen diffusion inside the substrates was explored by nanoindentation
test (from the cross-section of the treated samples) to analyse changes in hardness from the

surface to bulk.
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5.1 Experimental Design

Before starting the TPN processing, variables such as the type of substrate, type of surface
layer coating which was deposited before TPN, process time and process temperature, were
carefully considered to minimise the number of the samples which would need to be

characterised. The variables for all the TPN treatments are presented in Table 5-1.

Table 5-1 The variables for TPN processing

Substrates Coatings Temperatures Time
Ti-64 Uncoated 500 (°C) 2 (h)
Ti-AVM Ti 600 (°C) 4 (h)
Ti-Nb 700 (°C) 6 (h)

8 (h)

If all variables are changed one by one, the possible total number of samples should be 72
Although the other parameters (such as substrates substrate bias voltage, nitrogen partial
pressure or total gas pressure) are constant for all TPN runs, the sample size (72) is still high.
Some of them were eliminated (by considering the initial results) to reduce the number of
samples. The TPN treatments performed at 700°C were repeated for the coated samples which
have different coating thicknesses. In the repeat runs, uncoated substrates were also placed in
the chamber to confirm the reproducibility of the TPN process such that comparisons could be

reliably drawn from sample batch to batch.
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The process temperature for TPN treatment is one of the most important parameters, which
affects the nitrogen diffusion Kinetics, substrate bulk mechanical properties and crystal
structure (if for example the alpha to beta transformation temperature is exceeded). Therefore,
the process temperature should be selected carefully. Various temperatures were used in
previous nitriding studies. Muraleedharan et al. [62] applied plasma nitriding at 480°C, Fouquet
et al. [81] applied between 500°C and 900°C, Borisyuk et al. [97] applied between 500°C and
900°C, Avelar-Batista et al. [71] applied between 600°C and 800°C, Fernandes et al. [168]
applied at 600°C and 700°C, Wilson et al. [169] applied at 650°C and 700°C, Galliano et al.
[95] applied at 700°C and 900°C, Fossati et al. [170] applied at 700°C and 900°C. The minimum

temperature for nitriding processes was 500°C for this study.

5.2 Triode Plasma Nitriding at 500°C (TPN500)

The initial nitriding trials were applied on uncoated Ti-64 and Ti-AVM alloys (i.e. substrate
only) at 500°C. These runs were beneficial for understanding the basis of the nitriding process
and equipment. Before starting the TPN process, four Ti-64 and four Ti-AVM alloy substrates
were placed in the nitriding chamber, and one of each sample was collected every 2 hours. By

this means, 2, 4, 6 and 8 hours nitrided samples were produced in four 2-hour run.

5.2.1 X-ray Phase Analysis

The XRD diffraction patterns for nitrided Ti-64 and Ti-AVM substrates are seen in Figure 5-1
and Figure 5-3 respectively. It can be seen in Figure 5-1 that there is no evidence of any nitride
compound layer formed on the substrates, although the nitriding process was applied for 8
hours. It can be indicated from Figure 5-1 that the first B peak (around 40°) in Ti-64 starts to
disappear after 2 hours of nitriding and the second B peak (around 58°) disappears after 8-hour
nitriding process, indicating that the nitrogen is diffusing inwards in sufficient quantity to cause

a-stabilisation of any retained p-phase in the Ti-64 alloy.
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Figure 5-3 Theta-2theta diffraction patterns for untreated and nitrided Ti-AVM at 500°C
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Figure 5-4 GAXRD (2° angle of incidence) diffraction patterns of the Ti-AVM treated at 500°C
for 4 and 8 hours
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The a stabilisation effect of the nitrogen was allowed disappearance of the f phase on the
surface of the Ti-64 alloy substrate. On the other hand, no change can be seen in Figure 5-3 for
Ti-AVM alloy. As a fully B Ti alloy with its high Mo content, the phase structure remained the
same after nitriding at 500°C, suggesting that the local concentration of interstitial nitrogen was
insufficient to promote a-stabilisation in this alloy. To better analyse the surface of both
substrates, a glancing angle XRD test was also performed. The GAXRD patterns for Ti-64 and
Ti-AVM alloys which were nitrided 4 and 8 hours (more detailed characterisation was only
performed on the samples which were treated for 4 and 8 hours) can be seen in Figure 5-2 and
Figure 5-4 respectively. It is also seen from the glancing angle (2 degrees) XRD result that there
is again no evidence related to any formation of a titanium nitride compound layer or any a
peaks for Ti-AVM substrates. It is known that the glancing angle mode of the XRD scans a
less deep region from the surface. GAXRD of Ti-64 also showed that the  peaks disappeared

entirely at the near surface region.

The only change after TPN500 process was observed for Ti-64 (o-+f alloy) substrates, in which
the B peaks disappeared with time, and the o peaks were shifted to the lower angles. It can be
understood that nitrogen atoms are dissolved interstitially inside the a-Ti lattice and do not
reach a sufficient amount to create a compound layer (or a nanometrically thin compound layer
is created which could not be detected by glancing angle XRD). The only observed change for
the Ti-AVM alloy substrate was that the major peaks of the B-Ti shifted slightly to higher

angles after TPN500 process.

5.2.2 Surface Hardness Measurements

To understand if any change in the surface hardness (to which interstitial solid solution of
nitrogen inside titanium alloy can lead [95], [171]-[173]), a series of nanoindentation tests
were applied. The surface nanoindentation hardness data for uncoated Ti-64 and Ti-AVM
substrate after nitriding at 500°C for 4 and 8 hours can be seen in Table 5-2.
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Table 5-2 Surface nanoindentation hardness data for uncoated Ti-64 and Ti-AVM substrate
nitrided at 500°C for 4 and 8 hours

Sample Temperature (°C)  Duration (h)  Surface Hardness (GPa)
Untreated Ti-64 - - 5.0
Uncoated Ti-64 500 4 7.2
Uncoated Ti-64 500 8 7.6
Untreated Ti-AVM - - 4.7
Uncoated Ti-AVM 500 4 6.8
Uncoated Ti-AVM 500 8 7.2

It is observed that the surface hardness values for both substrates were significantly increased
by the nitriding process and the values also increased with nitriding time. It may be related to
the amount of nitrogen (which diffused from the surface) was increased by time. The EDX data
(taken from the surface) of both substrates did not show any nitrogen. It can be caused by the
low amount of nitrogen which cannot be detected by EDX technique. Cassar et al. [2] showed
that the B Ti alloys are difficult to harden by nitriding (even at 700°C). It is also seen in this
study that Ti-AVM alloy has lower hardness value than Ti-64 alloy substrate after TPN500
process. A better comparison will be made in Section 5.4 (for higher temperatures). When the
hardness data of nitrided samples (for 4 hours at 500°C) is compared with the untreated
substrate, the hardness increase was seen to be about 45% for both alloy substrates. It can also
be seen from the Table 5-2 that when the nitriding time was doubled, the change in hardness is
limited. When the hardness data compared to two different nitriding durations (4 hours and 8
hours), it only provided extra 7 % increase of the hardness of both substrates. The reason for

this limited effect of increasing nitriding duration on hardness may be related to the low
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nitriding temperature (500°C). Because of the diffusion-controlled nature of the nitriding
process, the diffusion is highly efficient by the increasing of the temperature. The increase of
the process duration may not affect the surface hardness significantly at lower temperatures. It
could be that there is not such a significant hardness increase with time, but the treated layer

becomes deeper, so the substrates’ contribution to the hardness value could be less.

5.2.3 Surface Topography

The surface roughness was also measured for the nitrided samples at 500°C and no differences
were seen for all substrates. Because of the low temperature of the process, no nitride
compound layer formation, the surface structure did not change. By taking advantage of this
smooth surface after the nitriding process, the Knoop hardness test was also applied to see the
hardness behaviour of the substrate more deeply. The literature also mentioned that, because
of the nature of the rough surface, reading the length of the indents is challenging [81], [174].

The results will be given in Section 5.3 as a comparison with the nitriding process at 600°C.

5.3 Triode Plasma Nitriding at 600°C (TPN600)

The efficiency of nitrogen diffusion inside any metal (alloy) can be increased by increasing the
temperature. Nitrogen diffusion coefficient data for a and B-Ti and alloying elements (beta
stabilisers) can be seen in the literature [10], [175]-[183]. All these references include diffusion
equations which show the dependence of nitrogen diffusion on temperature. To see the effect
of the temperature on nitrogen diffusion inside the Ti-64 and Ti-AVM alloy substrates, a new
set of TPN process was prepared. All other parameters kept constant with the TPN500 process,

and the temperature was increased to 600°C. To try to avoid the creation of a nitride compound
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layer (which blocks the further nitrogen diffusion inside titanium alloys), the temperature of

the process was increased by only 100°C.

5.3.1 X-ray Phase Analysis

The XRD diffraction patterns for Ti-64 and Ti-AVM substrates nitrided for 4 hours can be seen
in Figure 5-5 and Figure 5-6. The beta peak of the Ti-64 substrate disappeared (same as in
TPN500 experiments) after 4-hour TPN600 process. The alpha stabilisation effect of nitrogen
may be the effect for this change. The o peaks were shifted to the lower angles, which may
indicate a nitrogen interstitial solid solution in the a-Ti lattice. The theta-two theta type of
experiment showed some evidence related to Ti>N peaks, but the intensities of these peaks were
rather low, and they could be recognised from the zoomed version of the X-ray patterns (see
Figure 5-5). This evidence showed that (although the experiment was done for 4 hours) there is
enough nitrogen concentration on the surface. However, the weak peaks suggested that this
phase is a nanometrically thin surface layer or that fine Ti>N precipitates are formed randomly
in the substrate near surface. The alpha stabilisation effect of nitrogen can be perceived clearly
for Ti-AVM alloy substrate. It is seen in Figure 5-6 that the intensity of the major p-Ti (110)
peak is much bigger than the other peaks and thus, a zoomed version of the XRD diffraction
patterns of Ti-AVM alloy substrate is inserted into the same figure, to see the phase changes
more clearly (see Figure 5-6). 4 or 5 new peaks were formed after TPN600 process which these
peaks belong to the o phase of Ti metal. On top of that, the major peaks of the B-Ti shifted to

higher angles after the nitriding process. The nitrogen which is diffused from the surface caused
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alpha stabilisation and peak shifting. There is no evidence of nitride compound layer formation
on the Ti-AVM alloy substrate after 4-hour TPN600 process.
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substrate treated at 600°C for 4 hours (also includes 4h peaks as zoomed)

5.3.2 Surface Hardness Measurements

The surface nanoindentation hardness data for uncoated Ti-64 and Ti-AVM substrates after
nitriding at 600°C for 4 hours is shown in Table 5-3. It can be easily seen from the
nanoindentation hardness data that increasing the treatment temperature from 500°C to 600°C
affected the hardness values positively. When the hardness data (for 4-hour nitriding time)
compared to two different temperatures (500°C and 600°C), the increase was seen about 25 %
for Ti-64 and 20 % for Ti-AVM alloy substrate. The hardening effect is maintained only by

interstitial incorporation of nitrogen (as there is no evidence of titanium nitride at the substrate

surface) in the Ti lattice [71], [168], [173].
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Table 5-3 Surface nanoindentation hardness data for uncoated Ti-64 and Ti-AVM substrates
nitrided at 600°C for 4 hours

Sample Temperature (°C)  Duration (h) = Surface Hardness (GPa)
Untreated Ti-64 - - 5.0
Uncoated Ti-64 600 4 8.7
Untreated Ti-AVM - - 4.7
Uncoated Ti-AVM 600 4 8.4

Knoop hardness tests were also applied to investigate the hardening response of the substrates
more deeply. The depth which can be read for the nanoindentation test is about one to two
hundred microns. The minimum Knoop test load is 10gf (HK 0.01) which the magnitude of the
force is almost 100 times larger than the force which the nanoindenter applied. However, the
indenter geometry and reading methods are entirely different, the penetration depth of the
Knoop hardness test would not be expected to be 100 times bigger than the nanoindentation
depth. In general, the depth of the indentation for Knoop test is about 1/30 of the major diagonal
length, and the depth of the indentation of the Vickers test is about 1/7 of the diagonal length
[184]. From this argument, the sensitivity of the Knoop test (compared to the Vickers test) can
easily be seen. The depth of the indentation for HK o.01 is expected less than 0.5 um, and the
substrate contribution to these results may be higher than the contribution of nanoindentation

tests.
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Table 5-4 Surface Knoop hardness data for uncoated Ti-64 and Ti-AVM substrates nitrided at
500 and 600°C for 4 and 8 hours

Sample Temperature (°C)  Duration (h)  Surface Hardness (HKo.01)
Untreated Ti-64 - - 471
Uncoated Ti-64 500 4 549
Uncoated Ti-64 500 8 606
Uncoated Ti-64 600 4 616
Untreated Ti-AVM - - 460
Uncoated Ti-AVM 500 4 539
Uncoated Ti-AVM 500 8 601
Uncoated Ti-AVM 600 4 611

The results showed that there is some change in surface hardness although the process
temperature is very low (500°C). It was also mentioned in the literature [64], [84] that the
surface hardness increases with increasing temperature (from 500°C to 600°C). Process
duration also has a positive effect on hardness at the same temperature. It can be observed that
the process at 600°C for 4h gives similar hardness values to the process at 500°C for 8h. All of
this could simply be due to increase in layer thickness and different substrate contributions to

measured hardness.

All Knoop hardness results yielded lower values than for the nanoindentation data, but the
untreated substrates are very similar with nano-hardness results. There is no effect of the
nitrogen on untreated substrates and the only influence on the hardness results can be a thin
surface oxide layer or the compressive stresses coming from the grinding and polishing
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process. Therefore, the hardness results are almost the same for these two techniques. All these
discussions are suggesting that the Knoop hardness results are reliable and the reason for the
different hardness values is the penetration depth of the indenters. Bars et al. [173] have
mentioned that the solid solution of a-Ti and nitrogen gives an increase of the hardness of about
92 HV per increase of 1 at. % N until 9 at. % N (which was done by the Vickers microhardness
test with a 100 g load). This is suggesting that the Ti-64 and Ti-AVM substrates have only 3-4
at. % N after the nitriding process at 500 and 600°C. The ability of the EDX technique is not
enough to capture these low amounts of nitrogen, and thus other techniques should be used to

verify the amount of nitrogen near the surface.

5.4 Triode Plasma Nitriding at 700°C (TPN700)

After having tried TPN500 and TPN60O, it was seen that the hardness values were improved
by alpha stabilisation (nitrogen diffusion inside the material), but no compound layer was seen
on the treated substrate surface. It was already discussed in Section 2.5 that nitride compound
layer formation could be promoted by increasing the substrate bias voltage at 600°C, but it
would be detrimental to surface finish, and the rapid formation of a nitride layer will suppress
further nitrogen inward diffusion. A new set of TPN process samples was prepared at 700°C to
see the effect of the temperature on nitrogen diffusion inside the Ti-64 and Ti-AVM alloy
substrates. This set of TPN parameters was applied to uncoated, Ti coated, and Ti-Nb coated
substrates for 4 and 8 hours. This temperature would be the maximum temperature which the
triode plasma nitriding process could be applied to not experience any unfavourable effect on
bulk properties [53], [81]. After the nitriding process, it was realised that the thickness of the
(previously coated) surface layer coatings was decreased. It was probably happening because
of argon and nitrogen gas sputtering on the coated substrates. Thicker surface layers (5 um)
were therefore deposited on the titanium alloy substrates before TPN treatment, to analyse “the

sputter off effect” (it will be discussed later). The near-surface EDX results after TPN700
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process for uncoated, Ti coated (1.25 um), and Ti-Nb coated (1.25 um), Ti-64 and Ti-AVM

substrates (for 4 hr process duration) are seen in Table 5-5.

5.4.1 X-ray Diffraction Phase and EDX Analysis

Firstly, the most immediate deduction from EDX results is that the atomic percentage of
nitrogen on the surfaces is nearly the same for all samples. However, despite having similar
nitrogen concentration on their surfaces, the XRD results (see Figure 5-7 and Figure 5-8) showed
that (after 4 hours nitriding) nitrogen creates Ti2N nitride phase on uncoated Ti-64 substrates.
Interestingly, the cubic (B) phase (inside Ti-64 substrates) did not disappear (which was
expected from the stabilisation effect of nitrogen), but B phase is still available for uncoated
Ti-64 substrates (but significantly shifted to the higher angles), and the intensity of this phase
decreased from Ti coated to Ti-Nb coated substrates. The reason for these different intensity
values of the B-Ti phases may be related to the formation of nitride compound layer or the
diffusion of the additional elements (such as V) to the near surface (more detailed analysis can
be found in Section 5.5.1.1). On the other hand, there is no evidence of nitride phase on the
surface of uncoated Ti-AVM substrates due to the different crystal structure of beta titanium
alloys, nitriding behaviours are different (much difficult to reach critical concentration for Ti>N

formation, i.e. 33at% N required) [76].
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Table 5-5 Near surface EDX results of the samples nitrided at 700°C for 4 hours.

Sample . Ti Al Vv Nb Mo N
Details

TPN700, 4h,
1 ) 72.9 12.9 2.1 - - 12.1
Uncoated Ti-64
TPN700, 4h,
2 ) ) 73.5 11.7 1.9 - - 12.9
Ti-coated Ti-64
TPN700, 4h,
3 74.8 11.1 1.3 0.0 - 12.8

Ti-Nb coated Ti-64

Ti-AVM Substrate

w 69.9 7.6 10.1 - 12.4 -
(untreated)
TPN700, 4h,
4 ) 61.3 6.4 8.6 - 11.2 12.6
uncoated Ti-AVM
TPN700,4h,
5 61.4 6.4 8.9 - 111 12.2

Ti-coated Ti-AVM

TPN700, 4h,
6 ] ] 61.7 6.5 8.7 0.0 11.4 11.7
Ti-Nb coated Ti-AVM

The peak shifts can be seen for uncoated Ti-AVM alloy because nitrogen diffuses inside the
substrates and alpha stabilisation started (the formation of a-Ti peaks can be seen in Figure 5-8)
because of the incorporation of nitrogen in the Ti lattice.

Secondly, the Ti-Nb coated substrates (Sample 3 and Sample 6) show that the niobium
concentration is zero after the TPN700 process. It can be explained by the nature of the plasma
nitriding process that “sputtered off” the 1.25um thick coating after 4 hours of nitriding at

700°C. It suggests that a thicker PVD coating layer should be used for this nitriding process.
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Figure 5-7 GAXRD (2° angle of incidence) diffraction patterns of untreated (substrate only) and
nitrided Ti-64 substrates at 700°C for 4 hours
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Figure 5-8 GAXRD (2° angle of incidence) diffraction patterns of untreated (substrate only) and
nitrided Ti-AVM substrates at 700°C for 4 hours

It is also expected that the Ti coatings on substrates (Sample 2 and Sample 5) were sputtered
off after plasma nitriding. It is easy to say (from the EDX data) that the Ti-Nb coating was
sputtered off because both substrates do not have Nb inside which prevents any complexity or
misunderstanding. In this study, usage of different kinds of substrates and surface layer
coatings which have different crystal structures and hence different XRD peaks provides
convenience while comparing the results. However, for the pure Ti surface layer, it sometimes
could be difficult to interpret unambiguously (at first sight) the EDX results because the
substrates are also Ti-based. To understand what did happen to Ti coated substrates after
TPN700 process (sputtered off or not), there are some different ways: The most consistent way
is taking cross-section images of the samples by SEM to see if any coating is left or not. The

other way: it can be understood from the XRD results. It is seen in Figure 5-7 that the Ti-Nb
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coated Ti-64 substrate shows similar XRD pattern with the uncoated Ti-64 substrate after
TPN700 process for 4hr. This shows that the Ti-Nb surface layer coating (1.25 um thick) could
not survive until the end of the process. It was sputtered off by argon and nitrogen completely
(or left about a few nm thick) and resulted in the same structure of an uncoated substrate. If
there were still Ti-Nb coating left, it could give some strong XRD peaks belonging to cubic
(beta) structure. The same thought is valid for Ti coating which was deposited on Ti-AVM
substrate. It is seen in Figure 5-8 that the Ti coated Ti-AVM substrate shows a similar XRD
pattern to the uncoated Ti-AVM substrate after TPN700 process for 4hr. If there were still Ti
coating left, it could give some strong XRD peaks belonging to hexagonal (alpha) structure.
This suggests that the choice of thickness of the PVD surface layers which are deposited before
the nitriding process is critical to obtain better efficiency over the duration of the treatment. A
different way to understand the behaviour of the surface layer coatings after the nitriding
process is by checking the concentration of alloying elements (such as Al, V, Mo) which is
seen in EDX results from the surface (especially for Ti-AVM substrates). If all of them are
approximately similar to the uncoated ones, it could be expected that the PVD surface layer
has been sputtered off. Due to the limited depth resolution of EDX, If there is a remaining
coating on the surface, the alloying elements of the substrates could be counted less (substrate

contribution to the EDX result will be less) compared to uncoated substrates.

Thirdly, the Al and V concentrations were found to be different for uncoated and coated Ti-64
substrates (Samples 1,2 and 3) after the nitriding treatment. The concentrations for these
additional elements are decreasing from uncoated (Sample 1) to Ti-Nb coated (Sample 3). On
the other hand, these same additional elements do not show any difference after nitriding of Ti-
AVM substrates (neither uncoated nor Ti or Ti-Nb coated). Ti-AVM alloy substrates do not
show any nitride layer evidence from their XRD spectrums. Therefore, the reason for variance

of alloying elements may be related to the thickness of the Ti>N nitride layer which is formed
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on Ti-64 substrates after TPN700 process. Moreover, the concentrations of alloying elements
(Al and V) in Ti-64 substrates after TPN700 process for 4h showed that the Al diffused from
the matrix to the nitrogen-rich area (near surface) and the Vanadium decrease its concentration
near nitrided layer. Although, the Ti-N phase formed on the uncoated Ti-64 substrate, the Al
concentration was found higher (see Table 5-5) than the untreated sample (substrate only). The
different distribution of these alloying elements (compared to the untreated condition) can be

related to the particular affinity of these elements with nitrogen [185].

5.4.2 Surface Morphology and Topography

Figure 5-9 shows the surface roughness data after nitriding of untreated, Ti coated, and Ti-Nb
coated Ti-64 and Ti-AVM substrates. It is concluded from the results that the uncoated
substrates were found rougher than Ti and Ti-Nb coated substrates after TPN treatment. This
means that the PVD pre-coatings helped to keep the roughness of the substrate low. The surface
SEM images (Figure 5-10) show that the conical features [186] of the surface are deeper for the
uncoated Ti-64 substrate than Ti and Ti-Nb coated Ti-64 substrates after the nitriding. The
coarse texture of the uncoated Ti-64 substrate can be based on the effect of sputter etching
during the nitriding process and the formation of conical asperities (bringing about a ‘peak and
valley’ structure) during the plasma diffusion treatment [84], [187]. The PVD layers (with
dense nanocolumnar structure) protected the surface of the substrates until they are sputtered
off completely by the TPN plasma bombardment. After the surface layer disappeared, it was
expected that the surface of the coated substrates would behave as uncoated one (which has the
highest surface roughness). Therefore, it can be said that the increase in the surface roughness
of the coated substrates was postponed by depositing a PVD metallic layer before nitriding,
even if the thickness of the surface layer was not enough to survive the entire nitriding process
duration. Depositing a surface layer which lasts at least until the end of the nitriding treatment

will keep the resultant surface roughness values at minimum. The “’sputter-off’’ rate of the Ti
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and Ti-Nb surface coatings will be calculated and discussed later while talking about thicker

surface layer coatings (in Section 5.5).
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Figure 5-9 Surface roughness data for uncoated, Ti- coated and Ti-Nb coated Ti-64 and Ti-
AVM substrates TPN-treated at 700°C for 4 hours

The uncoated Ti-AVM was found to be significantly rougher than uncoated Ti-64 substrates
after 4 hours of nitriding process at 700°C. This can be explained by the diffusion anisotropy
in the cubic structure (B phase) exhibiting a large grain size (with different crystallographic
orientations to the surface) [3]. It can be verified with the SEM images and optical microscopy
images (from the surface of the Ti-64 and Ti-AVM substrates) in Figure 5-10 and Figure 5-11
respectively. The bigger error bars (which the roughness results for Ti-AVM substrates exhibit)
can be attributed to the same effect because the scans were done over 1mm length
(approximately 10 grains) and the results can be affected by the different nitriding behaviours
of each grain. It can be seen in Figure 5-10 (d) that the two grains (which stands two sides of the
grain boundary) have a different plasma etched topography. It seems the grain which stands to
the right was affected more by the nitriding and the surface features of this grain are more

conical than the other grain. The difference (between two neighbouring grains) can also be
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monitored easily in the profilometer (from 2D profiles across the surface) which causes higher

roughness value (Ra: 0.107 um for the uncoated Ti-AVM substrate after 4h treatment).
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Figure 5-10 SEM images of the surface topography of samples treated at 700°C for 4 hours. (a)
uncoated Ti-64 (top-left quarter of the image magnified 5 times) (b) Ti coated Ti-64 (top-left
guarter of the image magnified 5 times) (c) Ti-Nb coated Ti-64 (top-left quarter of the image

maghnified 5 times) (d) uncoated Ti-AVM (top of the image magnified, and the grain boundary

indicated) (e) Ti coated and (f) Ti-Nb coated Ti-AVM
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Figure 5-11 Optical microscopy images of the surface topography of samples treated at 700°C
for 4 hours. (a) untreated Ti-64 (b) uncoated Ti-64 (c) Ti coated Ti-64 (d) Ti-Nb coated Ti-64 (e)
untreated Ti-AVM (f) uncoated Ti-AVM (g) Ti coated and (h) Ti-Nb coated Ti-AVM
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It is also interesting that there is some difference between the roughness data for coated Ti-64
and Ti-AVM substrates after 4 hours nitriding at 700°C. The surface roughness of the Ti-Nb
coated Ti-64 substrate is less than the Ti coated Ti-64 substrate. On the other hand, the
roughness of the Ti coated Ti-AVM sample is less than the Ti-Nb coated Ti-AVM substrate.
This can be seen in the surface SEM images (Figure 5-10) where the Ti-Nb coated Ti-64
substrate looks smoother than the Ti coated Ti-64 substrate. The error bars for the Ti and Ti-
Nb coated Ti-AVM (related to the large grain size of Ti-AVM substrate) makes it difficult to
compare the roughness results. However, the coated Ti-64 coupons showed that the different
changes in the roughness values could be related to the “sputter off” rate of the different surface
coatings. (These rates are calculated in Section 5.5). The different surface roughness values for
Ti and Ti-Nb coated Ti-64 substrates were also verified with AFM three dimensional
topographic maps which can be seen in Figure 5-12. On the first appearance, the three images
show how the surface morphology is going from rough (conical) to smoother features
(hemispherical). The AFM 3D maps were deduced (with Nanoscope software) from AFM

images which were taken for an area of 50 um x 50 um.

The different sampling areas for AFM and profilometer techniques can result in different
surface roughness values. The surface compound layer growth is not always uniform, and this
can yield different values in each scan (particularly for AFM). Therefore, the average values
of surface roughness tests are given. However, it can be proved with AFM results that the effect
of Ti-Nb PVD coatings deposited before nitriding on surface roughness is superior to pure Ti
coatings. The 50 um length may be fine for the Ti-64 alloys because the small grain size allows
lots of grains to be sampled and it is possible to get a meaningful average from them. On the
other hand, for the Ti-AVM alloy, there can be a mistake in applying the AFM technique. In

this fine scale measurement, it can scan only one or two grains for Ti-AVM alloy because of
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the larger grain size. Therefore, it needs to be scan over more than one grain to reduce the risk

of differently oriented grains biasing measurement for beta alloys [2].

Figure 5-12 AFM 3D topographic maps of (a) uncoated, (b) Ti-coated, (c) Ti-Nb coated Ti-64
substrates TPN-treated at 700°C for 4h

The 2D scan profile for uncoated Ti-AVM alloy can be seen in Figure 5-13. The total number
of grains which was scanned is less than 10, and the heights of the hills or valleys are changing
very sharply (every two hundred microns). However, the plain part of these asperities could
show lower surface roughness values (in itself). The risk of the AFM (for this case) is the
probability of scanning an area which is less rough because the sampling range of the AFM
indenter is much smaller than the profilometer technique. Therefore, to not fall into error, large-

scale methods (such as profilometer) would be beneficial for nitrided Ti-AVM alloys.
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Figure 5-13 2D scan profile across the nitrided surface of the uncoated Ti-AVM sample

5.4.3 Cross-sectional Morphology

SEM cross-sectional images were taken for all six substrates which can be seen in Figure 5-14.
The compound layer which formed after the nitriding process for uncoated Ti-64 is
approximately 850 nm thick, for Ti coated Ti-64 it is about 650 nm thick and for Ti-Nb coated
Ti-64 it is about 1100 nm thick. It was already discussed with the XRD patterns (Figure 5-7)
that all these layers are composed of Ti2N. There is no evidence related to TiN or other alloying
element’s nitride phases (such as V2N) or any intermetallic phases (such as TizAl, Tio.80Vo0.20)
which the literature mentioned about the surface phase structure of Ti alloys (mostly for Ti-64)
after nitriding process [62], [85], [92], [93], [97], [103], [107], [188]-[190]. It was already
mentioned in Section 2.5 that the different parameters used for the nitriding treatments would
bring various final products. Therefore, it was always tried to find some works (done with
similar process parameters with this study) to compare the results and demonstrate the
beneficial effects of PVD surface layers deposited before the nitriding. However, there is one
more variable (rather than the process parameters) for this study which is the different type of
substrate. The Ti-AVM substrate (with a fully B phase structure) has very different final
features than the Ti-64 substrate. It was already verified with XRD patterns (Figure 5-8) that Ti-

AVM substrates did not show any evidence related to compound layer formation after nitriding.
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Figure 5-14 SEM cross-sectional images of the samples treated at 700°C for 4 hours. (a)
uncoated Ti-64 (b) Ti coated Ti-64 (c) Ti-Nb coated Ti-64 (d) uncoated Ti-AVM (e) Ti coated
and (f) Ti-Nb coated Ti-AVM

The alpha stabilisation (some alpha peaks appeared) and observation of the peak shifts referred
to nitrogen dissolved in the beta titanium phase. The diffusion treated cross-sectional images

for Ti-AVM alloy (seen in Figure 5-14 d, e, f) showed nitrogen stabilised layers (o phase
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formation) which has acicular (needle-like) feature [2]. Although the near surface EDX results
(after TPN700 process for 4h) showed about 12 at. % N (Table 5-5) for both type of substrates,
the final structures/morphologies were very different from each other. It appears that this
amount of nitrogen would not be enough to create a nitride compound layer on the surface of
the Ti-AVM alloy. The Ti-N binary equilibrium phase diagram (Figure 2-11) is unable to clarify
the amount of N which dissolves in B Ti (for pure Ti), without creating a nitride compound
layer, because no B-Ti can be found at 700°C. The ternary (Ti-Mo-N and Ti-Al-N) phase
diagrams were drawn (calculated in the ThermoCalc software) to have an idea (estimation)
about the phase structures at 700°C. The isothermal sections (the concentration of the elements
is given in atomic %) can be seen in Figure 5-15 and Figure 5-16. There is normally more than
one additional element present in each alloy, but the software is only capable of describing
(maximum) three-element systems. Therefore, the Ti-64 and Ti-AVM alloys were estimated
as Ti-Al and Ti-Mo alloys respectively to see the different effects of o and [ stabilisers on the
phase structures. The effect of other elements in respect to o or B stabilisation was added or
extracted by making simple calculations (from Table 4-1 and Table 4-3) in consideration of “Mo
equivalent formula” [191]. The estimated (at. %) of Mo and Al elements were marked with
blue arrows on ternary phase diagrams. Both phase diagrams have an area which shown (A-B-
Ti) triangle. These small areas show where N dissolves only in Ti (no Ti2N or TiN compound
layer). The stable phases of these areas are HCP and BCC+HCP for Ti-64 and Ti-AVM alloys,
respectively. It is seen from the diagrams that the maximum solubility of nitrogen at 700°C
(without forming a compound layer) is about 10 at. % and 16 at. % for these (marked) Ti-64
and Ti-AVM alloys, respectively. The A-B lines are the boundaries for the formation of Ti>N
phase. It is easily seen from the direction of the A-B lines that the increased amount of Mo
allows dissolving more nitrogen. On the other hand, when the amount of Al is increased, the

solubility of nitrogen is decreased. From this point of view, the absence of the Ti>N phase may
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be explained for uncoated Ti-AVM alloy, despite the amount of dissolved nitrogen being

similar to the Ti-64 alloy (i.e. reaching 12-13 at % N in both after 4hr TPN treatment at 700°C).

100

/i\ N

Figure 5-15 Calculated isothermal phase diagram of the ternary Ti-Mo-N system at 700°C

Al

Figure 5-16 Calculated isothermal phase diagram of the ternary Ti-Al-N system at 700°C
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The literature contains little or no data on plasma nitriding of beta titanium alloys compared to
Ti-64 or any (a+P) Ti alloys. Gordin et al. [192], [193] applied gas nitriding (at 1200°C and
1400°C) to metastable-beta Ti94Mo6, Ti92Mo8 and Ti84Mo16 alloys to increase the surface
hardness by achieving hard TiN surface layer. They also used the knowledge of Ti-Mo-N
(tentative) ternary phase diagram [194] which was drawn for 1147 °C. Mohan et al. [96], [195]
applied plasma nitriding (at 800°C and 850°C) to B-21S and Ti-15V-3Cr-3Al-3Sn alloys to
increase the corrosion and biocompatibility properties. They have also tried 600°C and 700°C
nitriding, but they only mentioned hardness properties (there is no information related to low-
temperature nitriding phase characteristics). It is apparent from their data that there is a very
big jump in hardness from 700°C to 800°C; suggesting that the compound layer formation
started at 800°C; a similar trend is also shown by Cassar et al. [2]. Akahori et al. [196] applied
gas nitriding (750°C to 950°C) on Ti-Nb-Ta-Zr (TNTZ) alloy to increase the wear resistance.
All works performed above 800°C showed Ti2N or TiN compound layers (depending on the
nitriding technique and process parameters). In our study, inhibition of the negative effect of
the nitride layer (blocks the inward diffusion) on the nitrogen diffusion efficiency was tried.
Therefore, the process temperature was kept to a maximum 700°C to see if the surface coatings

provide any benefits on nitrogen diffusion efficiency.

5.4.4 Surface and Cross-sectional Hardness Measurement

The results attained from cross-sectional nanoindentation measurements are shown in Figure
5-17 and Figure 5-18 for Ti-64 and Ti-AVM substrates treated at 700°C for 4h. The
indentations were applied about 2um away (see the indentation traces for all samples in Figure
5-19) from the surfaces to avoid any damage from the indenter slipping. Figure 3-8 shows an
example of the AFM image (after finishing 1 nanoindentation set) having 55 indents on the
cross-section of a treated sample. Eleven indents in a row are lying from 2um to approximately

57 um depth, and the hardness values on this row showed the diffusion zone hardenability.
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There are 5 columns in one nanoindentation set, but 2 repeats were done on each sample, so
110 indentations were taken in total. Thus, an average of 10 hardness values (at the same
treatment depth) were taken to get reliable results for all samples. The cross-section hardness
results for Ti-64 substrates show that the hardening effect under the surface is higher for Ti-Nb
coated sample (until about 10 um depth). The hardness values for all samples show a similar
trend and nearly the same with the untreated condition after 10 um depth. The fluctuation of
each line can be explained by the nature of the nanoindentation test mechanism. Smoother
results can be obtained by doing more repeats (ten repeats for each point has about 0.3-0.4 GPa
deviations). The hardening effect for Ti-Nb coated Ti-64 substrate can be explained by the
higher diffusion rate of nitrogen (in the beta phase coating) than in the substrates. Nitrogen can
diffuse to the substrate faster and allows higher nitrogen concentration near the surface. Ti-
AVM substrates indicate that the hardening effect under the surface (until about 10 um depth)
is higher for the Ti coated sample. It is shown (in Figure 5-18) that the uncoated Ti-AVM
substrates show similar hardness trend with untreated samples. It has been discussed before
that 4 hours of nitriding at 700°C is not enough for the Ti-AVM alloy to harden the surface.
The Ti-Nb coated sample is also not showing significant hardening effect because the coating
and substrates have same structures (f phase). The hardening effect for Ti coated Ti-AVM
substrate can be explained with a lower diffusion rate of nitrogen (in the alpha phase coating)
than in the substrates. This allows inward diffusion of interstitial nitrogen to be slowed down
(compared to their diffusion rate in the B phase substrate), and they can, therefore, generate a

significant hardening effect by increasing their concentration in near surface.

Figure 5-20 shows the surface hardness results for the uncoated and coated Ti alloy substrates.
The values are higher than the cross-section hardness data, and the hardening effect was seen
for both Ti alloys. It can be explained by these results that the thickness of the nitride layer is

less than 2 um which can also be easily seen in Figure 5-14. The effect of Ti-Nb coating on Ti-
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64 substrates and less responsive behaviour of Ti-AVM to nitriding at this experimental

condition can be observed again from surface hardness results.
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Figure 5-17 Cross-Sectional Nanoindentation data for Ti-64 substrates treated at 700°C for 4h.
(Each point is an average of 10 indentations)
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Figure 5-18 Cross-Sectional Nanoindentation data for Ti-AVM substrates treated at 700°C for
4h. (Each point is an average of 10 indentations)
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Figure 5-19 SEM cross-sectional images of the samples treated at 700°C for 4 hours showing the
nanoindentation traces. (a) uncoated Ti-64 (b) Ti coated Ti-64 (c) Ti-Nb coated Ti-64 (d)
uncoated Ti-AVM (e) Ti coated and (f) Ti-Nb coated Ti-AVM
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Figure 5-20 Surface nanoindentation hardness data for Ti-64 and Ti-AVM substrates treated at
700°C for 4h
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5.5 TPN700 process for thicker surface layer coated Ti alloy substrates

The thickness of the coatings was increased from 1.25 um to (approximately) 5 um to analyse
the behaviour of the Ti and Ti-Nb surface layer coatings (by allowing them to survive until the
end of the process) after nitriding. In the meantime, the nitriding duration was increased up to
8 hours at 700°C. The 8h nitriding process was applied by dividing the process into two runs
(4h+4h) to inhibit any problems related to over-heating of the chamber walls and failure of the
hot tungsten wire filament used to intensify the plasma. This was also beneficial because before
starting the first 4h run, two “’control sample’’ Ti-AVM substrates (which were Ti and Ti-Nb
coated) were also placed in the chamber and were collected before starting the second 4h run.
In this way, it was possible to analyse the residual coating thickness after 4h nitriding process
for the thicker (5 um) coatings. On the other hand, this set of nitriding treatment provided
information related to the uncoated substrate nitriding behaviour for 8h (i.e. the effect of the
process duration on nitriding efficiency and surface roughing could also be understood). All

other parameters were kept constant, and only the process duration was doubled.

5.5.1 EDX and X-ray Diffraction Phase Analysis

The near-surface EDX results after TPN700 treatment for uncoated, Ti coated, and Ti-Nb
coated Ti-64 and Ti-AVM substrates (for 8 hours of treatment duration) are seen in Table 5-6.
At first glance, the amount of nitrogen at the surface of the uncoated and coated substrates
showed a measurable increase after 8 hours of nitriding, compared to 4hours at 700°C (see the
EDX result for 4h nitriding process in Table 5-5). Increasing the time of the nitriding process
allowed more nitrogen to diffuse on the surface. The nitrogen concentration values for all
samples treated for 4 hours were almost equal. After 8 hours nitriding process, the nitriding
behaviour of the surface coating layers (Ti or Ti-Nb) was seen differently than with titanium
alloy substrates. It can be deduced from the differences in the nitrogen concentration between

the coated and uncoated substrates after 8-hour nitriding process. It was also different from the
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4 hours nitriding treatment because the surface coatings survived until the end of the nitriding

process due to their selected higher thickness.

Table 5-6 Near surface EDX results of the samples nitrided at 700°C for 8 hours.

Sample . Ti Al \Y Nb Mo N
Details
No (at. %) | (at. %) | (at. %) | (at. %) | (at. %) | (at. %)

TPN700, 8h,
7 ) 62.8 8.4 2.9 - - 25.9
Uncoated Ti-64

TPN700, 8h,
8 ) ] 61.5 7.0 1.6 - - 29.9
Ti-coated Ti-64

TPN700, 8h,
9 ) ) 39.3 1.6 1.8 26.4 - 30.9
Ti-Nb coated Ti-64

Ti-AVM Substrate
* 69.9 7.6 10.1 - 12.4 -
(untreated)

TPN700, 8h,
10 ) 62.7 6.0 5.5 - 10.1 15.7
uncoated Ti-AVM

TPN700,8h,
11 ] ] 42.8 3.0 5.5 - 6.4 33.3
Ti-coated Ti-AVM

TPN700, 8h,
12 ] ) 38.5 1.9 3.0 234 1.6 31.6
Ti-Nb coated Ti-AVM

The fastest way to understand if any coating remains or sputters off entirely after nitriding
process is to check the Nb concentrations for Ti-Nb coated substrates because there is no Nb
present in either Ti-64 or Ti-AVM alloy substrates. It can be seen from Table 5-6 that both Ti-

Nb coated Ti-64, and Ti-AVM substrates have Nb on their surfaces at about 24-26 at. %. (It
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should be noted that the optical microscopy images from the surface and the SEM cross-
sectional images can also be used to prove the availability of the Ti and Ti-Nb coatings on the

surface after 8 hours nitriding process.)

The XRD diffraction patterns for nitrided (uncoated and coated) Ti-64 and Ti-AVM substrates
for 8 hours at 700°C can be seen in Figure 5-21 and Figure 5-22. The nitrogen concentrations of
the Ti and Ti-Nb coated substrates are changing between 30-33 at. % after 8 hours nitriding
process. It can be seen from the XRD patterns that there are some signs of TioN phase
(precipitation) for the Ti and Ti-Nb coated Ti-64 and Ti-AVM substrates. However, it can be
said that these are minor phases in which the substrate peaks were seen with more powerful
intensities (although this XRD characterisation was made with 2° glancing angle mode). The
XRD patterns show the availability of nitride phases on the surface but the weakness of these
nitride phases (in the XRD patterns) can be explained that the nitride layer could be very thin
(nanometre levels) or these phases are not continuous as a compound layer. They can be in

precipitation form within the coating structure.

The other finding from the EDX results is a different behaviour of the uncoated Ti-64 and Ti-
AVM substrates after the 8 hours nitriding treatment. The nitrogen concentration for the Ti-64
substrate was found to be about 26 at. %, which is almost double that obtained from 4 hours of
nitriding treatment (Table 5-5). The XRD pattern for the uncoated Ti-64 substrate (Figure 5-21)

is almost identical to that obtained after 4 hours of nitriding treatment (Figure 5-7).
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Figure 5-21 GAXRD (20 angle of incidence) diffraction patterns of untreated (substrate only)
and nitrided Ti-64 substrates at 700°C for 8 hours

There is no TiN phase seen in the patterns. It can be understood that the temperature of the
process is not enough to create a TiN phase on the surface (while the other parameters kept

same). The only difference between the two XRD patterns is that there are some extra peaks
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(at about 41.5°, 45° and 48°) after 8 hours of nitriding. The XRD match analyses (and in the
light of previous studies by Morgiel et al. [103]) suggest that these peaks belong to martensitic
Ti and Ti-Al intermetallic phases. All possible phases for the uncoated Ti-64 substrate after 8-
hour nitriding were analysed and can be found in Figure 5-23. It is very interesting that the
formation of both a”-Ti and Ti-Al intermetallic phases were seen only for Ti-coated substrates
and uncoated Ti-64 substrates. This suggests that the presence of Ti atoms (as HCP form) on
the surface of the samples (together with the nitrogen diffusion inside the substrates) are
leading to the mobilisation of the Al atoms (and also resulting with the grains which included
more V than it should be). On the other hand, these phenomena were not seen for Ti-Nb coated

substrates or uncoated Ti-AVM alloy.
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Figure 5-22 GAXRD (2° angle of incidence) diffraction patterns of untreated (substrate only)
and nitrided Ti-AVM substrates at 700°C for 8 hours
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Figure 5-23 GAXRD (2°angle of incidence) diffraction pattern of uncoated Ti-64 substrate
nitrided at 700°C for 8 hours
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The uncoated Ti-AVM substrate showed only minor differences in nitrogen concentration on
the surface after 8 hours of TPN treatment. The nitrogen concentration was about 12 at. % after
4 hours, and the concentration rose only slightly to about 16 at. % after 8 hours of treatment.
The XRD patterns for the uncoated Ti-AVM substrate (Figure 5-22) however showed stronger
alpha peaks, with the other peaks similar to the XRD pattern obtained after 4 hours nitriding
(Figure 5-8). There is no sign of any nitride phases such as Ti>N. The nitrogen concentration at
the surface is lower than expected although the duration of the process is doubled. The reason
for this can be explained by the nitrogen diffusion coefficient of the B-Ti which (as discussed
earlier) is reported to be as much as 3 orders of magnitude higher than in a-Ti. The higher
diffusion coefficient value allows the interstitial nitrogen inside the  titanium alloy to disperse
more quickly and accordingly it is difficult to accumulate nitrogen near the surface at a level
sufficient to provide a significant hardening effect. There is an exciting point that the EDX
results and XRD patterns for the uncoated Ti-AVM substrate after 8 hours nitriding treatment
show very good agreement with the Ti-Mo-N ternary phase diagram prediction (Figure 5-15).
The Thermocalc estimation made for Ti-Mo alloys at 700°C suggested that N can be dissolved
at a maximum of 16 at. % without creating nitride phases. The EDX value for nitrogen is 15.7
at. %. Moreover, there is no sign of any nitride phases. In conclusion, it can be understood that
the nitriding of B titanium alloy is difficult (in the context of generating a useful hardening
effect) different process parameters are needed to get better nitriding efficiency. An increase
in process duration alone may not be enough to create significant interstitial hardening and/or
nitride phases on the surface. This known (suspected) property of 3 titanium alloys was one of
the starting points of this study because there is a need to develop surface deposition of PVD
metallic coatings before the nitriding process to produce effective thermochemical hardening

process.
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5.5.1.1 XRD Analysis at Different X-ray Penetration Depths

The Glancing angle mode of the XRD technique allows adjusting the depth of X-ray
penetration by changing the incident angle of the X-rays. All samples were (until this stage)
examined with 2° angle of incidence. The aim of selecting a lower glancing angle was to
determine the crystal structure of the PVD metallic surface coatings before nitriding and to
analyse any nitride compound layer formation after the nitriding. Any substrate contributions
were inhibited by selecting the 2° angle of incidence, but despite all efforts, the substrate peaks
were presented on the XRD diffraction patterns (especially after the nitriding treatments). The
reason for this (firstly) is the thickness of the deposited coatings or formation of a nitride layer.
Ti or Ti-Nb surface layer coatings did not show any problems because the thickness of these
coatings was always higher than the possible X-ray penetration depth. However, after nitriding
treatment, it was observed that the remaining coatings were not uniform, and the edge of the
samples behave as uncoated because of the “plasma edge effect” especially at 700°C (will be
discussed in Section 5.5.3). These phenomena increase the probability of having substrate peak

in the XRD pattern although the 2° angle of incidence was used.

A new set of XRD experiments was established to analyse the desired interval of the XRD
patterns (i.e. between 30-50°) from 2 to 10° angle of incidence, and thus the phase dependence
could be detected by increasing the depth of penetration. The X-ray penetration was calculated
(by using the AbsorbDX software) to give an idea related to the angle of incidence. The
penetration depth was found from 0.8 to 3.3 um for pure Ti metal from 2 to 10° angle of
incidence (for the Cu Kal line and intermediate 26 values of 40 °). The depth of the penetration
calculation for Nb metal showed a depth range from 0.6 to 2.4 um. This range was calculated
for an uncoated Ti-64 substrate from 0.9 to 3.6 um from 2 to 10° angle of incidence. All these
values showed that a set of comparable measurements could be performed (from near the

surface) by using the 2-10° angle of incidence range while the X-ray penetration depth
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calculation for the 06-20 type of XRD measurement (not glancing angle mode) showed

approximately 5 um. The XRD patterns were placed together in DIFFRAC.EVA software.

The Figure 5-24 shows the GAXRD diffraction patterns (2° to 10° angle of incidence) of the
uncoated Ti-64 substrate with TPN700 treatment applied for 8 hours. The XRD patterns can
be followed by the given colours. The black line which belongs to the 2° angle of incidence
showed lowest intensities for a-Ti phase, and it did not show any B-Ti peaks. The reason for
this because the surface of the Ti-64 substrate is (almost) completely modified after 8-hour
TPN700 treatment. On the other hand, the Ti2N peak is the highest peak for the 2°angle of
incidence (the red line which belongs to the 4° angle of incidence showed a similar trend for
Ti2N). Moreover, the intensity of the Ti2N peak is decreasing from 2° to 10° angle of incidence.
The martensitic Ti (a”) phase is also lowest for the 2° angle of incidence (the pink line which
belongs to the 10° angle of incidence showed a similar trend for o”-Ti). And the intensity of
the o”’-Ti peak is decreasing from 2° to 10° angle of incidence. The B-Ti increases its intensity
from 4° to 10° angle of incidence. The Ti-Al phase has the lowest intensity for the 2° angle of
incidence (the pink line which belongs to the 10°angle of incidence showed a similar trend for
Ti-Al phase). All these findings (the positions and intensities of the peaks depend on the
different depth profiles) showed that the major phase of the surface of the uncoated Ti-64
substrate (after 8 hours TPN700 treatment) is a Ti2N phase. After this level, the a-Ti and B-Ti
phases are coming to light with 4° angle of incidence, and the phase structure has also started
to decompose to a”-Ti and Ti-Al phases. It is obvious that, besides the Ti>N phase, the o”-Ti
and Ti-Al lose their intensities in the 10° angle of incidence line which shows that these phases
are located between the surface Ti2N phase and the core of the substrate. As a conclusion, the
expected phase structure of the uncoated Ti-64 after 8-hour TPN700 treatment contains sub-

layers which the predicted model can be seen in Figure 5-25. It should also be mentioned that
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the penetration depth of the X-rays does not increase linearly with increasing the angle of

incidence from 2° to 10°.
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Figure 5-24 GAXRD (2° to 10° angle of incidence) diffraction patterns of uncoated Ti-64
substrate nitrided at 700°C for 8 hours
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Figure 5-25 The estimated phase positions (based on the different glancing angle X-ray
penetration depth) in uncoated Ti-64 substrate nitrided at 700°C for 8 hours
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The disappearance of the B-Ti phase was determined from the GAXRD patterns which were
performed by using the 2° angle of incidence for the uncoated Ti-64 substrates which TPN500
and TPN600 treated for various durations. The 6-20 XRD method (in which the X-rays
penetrate approximately 5 um depth) also proved that the beta peaks are not available or almost
gone depending on the type of treatments (compared to the untreated substrate). These findings
suggest to us that the 8-hour TPN700 samples could be analysed by using the 6-26 XRD
method from 30° to 50° to see all available phases. This will reduce the risk of remaining
coating thickness which could be higher than the penetration depth of the 2° angle of incidence
mode. The results of the 6-20 XRD pattern (see Figure 5-26) showed only the a-Ti peaks as a
major phase, and the other phases were seen very weak or not seen depend on the amount and
position of the phases (such as Ti-Al phase). No extra phase appeared with 6-26 XRD method

for the Ti-64 substrate.
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Figure 5-26 GAXRD (2° angle of incidence) and Theta-2theta (black) diffraction patterns of the
uncoated Ti-64 substrate treated at 700°C for 8 hours

The 6-26 XRD pattern for Ti coated Ti-64 did not show the Ti>N and Ti-Al phases, suggesting
that the amount of this phase is very small compared to the measured XRD volume. The Ti-
Nb coated Ti-64 substrate (which did not show o”-Ti and Ti-Al phase in its GAXRD result)
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which the remaining coating is about 1.95 um (see Table 5-7) after 8-hour TPN700 treatment

showed only a-Ti (substrate peaks) and B-Ti (coating peaks). There is no extra peak observed.

The uncoated Ti-AVM substrate 6-20 XRD patterns appeared similarly with an untreated Ti-
AVM substrate XRD pattern. The a-Ti peaks (formed by the effect of nitrogen) was not seen.
The Ti-coated Ti-AVM substrates showed a very similar trend to the Ti-coated Ti-64 substrate
after nitriding, in which the intensity of a”-Ti phase decreased and disappeared the Ti>N and
Ti-Al phases. The GAXRD pattern of the Ti-Nb coated Ti-AVM substrate showed no o”-Ti
and Ti-Al phase in this sample. In the 6-26 XRD pattern of the Ti-Nb coated Ti-AVM substrate,
two different B-Ti phases (with different peak positions) could be seen which belonged to

substrate and coating respectively.

The 6-20 XRD patterns also showed some difference between the peak positions. It can also
be seen in Figure 5-26 that the same peak (i.e. a-Ti (002)) which belongs to GAXRD pattern is
placed on the lower angle than the 6-260 XRD pattern. The reason for this difference is related
to the concentration of nitrogen inside the Ti grains which stand near the surface is high. It is
allowing the o-Ti peaks to shift to the lower angle. On the other hand, the a-Ti peaks for the 6-
20 XRD pattern are mostly coming from the core of the substrate in which the amount of

nitrogen is lower than the surface.

5.5.2 The surface and cross-sectional morphology

Beside the Nb concentration seen by EDX on the surface of Ti-Nb coated Ti-64 and Ti-AVM
substrates (which suggested that the Ti-Nb PVD surface layer remained after 8 hours of
nitriding treatment), the optical microscopy images from the surface of treated samples and the
SEM cross-sectional images were also helpful to prove the continued presence of not only the
Ti-Nb but also the pure-Ti surface layer coatings. The optical microscopy images of the surface

topography of samples treated at 700°C for 8 hours can be seen in Figure 5-27. The significant
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change in the surface morphology can be seen in Ti coated (g), and Ti-Nb coated (h) Ti-AVM
substrates if they are compared with the images after 4 hours nitriding process (in Figure 5-11).
The images for Ti coated (g) and Ti-Nb coated (h) samples after 4 hours nitriding process
(Figure 5-11) showed a similar morphology with the uncoated substrates (f). On the other hand,
the Ti coated (g) and Ti-Nb coated (h) samples after 8 hours nitriding process did not show a
similar morphology with the uncoated substrates (f). Their microstructures looked like a
nitrided uncoated Ti-64 substrate’s microstructure (small grained). This supports the fact that
both Ti and Ti-Nb 5 um thick coatings survived after 8 hours nitriding process. If all the
coatings would sputter off, the microstructure will be shown as the underlying substrate

microstructure as seen in Figure 5-11 for the 1.25 um thin coatings.
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Figure 5-27 Optical microscopy images of the surface topography of samples treated at 700°C
for 8 hours. (a) untreated Ti-64 (b) uncoated Ti-64 (c) Ti coated Ti-64 (d) Ti-Nb coated Ti-64 (e)
untreated Ti-AVM (f) uncoated Ti-AVM (g) Ti coated and (h) Ti-Nb coated Ti-AVM
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The SEM cross-sectional images of samples nitrided at 700°C for 8 hours can be seen in Figure
5-28. The BSE mode of the SEM technique showed the different contrasted areas which are
very significant for Ti-Nb coatings on Ti-64 substrates because of the higher atomic number
of Nb atoms. On the other hand, the contrast difference can be seen for Ti coatings on Ti-AVM
substrates because of the Mo atoms inside the substrates which have a higher atomic number
than Ti atoms. The atoms which have higher atomic number show a the brighter image in BSE
mode [197]. The compound layer which formed after 8 hours nitriding process for the uncoated
Ti-64 substrate is approximately 1.50 um thick, which followed by a bright layer containing
vanadium-rich grains. The compound layer was about 0.85 um thick after nitriding for 4 hours.
By the effect of the process duration, the thickness of the compound layer was increased.
Moreover, it is still not a rigid compound layer which can be seen in Figure 5-28 (a), that the
nitride grains were grown from the surface as a columnar structure. The behaviour of the
uncoated Ti-AVM substrate after 8 hours nitriding process was very similar to after 4 hours
process. The XRD patterns did not show any sign related to ceramic nitride phase. A modified
zone which contains nitrogen stabilised a phase with acicular (needle-like) feature was seen
(again) near the surface of the Ti-AVM substrate. The thickness of this structure increased 1.20
um to 1.50 um by increasing the time from 4h to 8h which also shows more alpha stabilisation

happened by increasing process duration.
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Figure 5-28 SEM cross-sectional images of the samples treated at 700°C for 8 hours.
(a) uncoated Ti-64 (b) Ti coated Ti-64 (c) Ti-Nb coated Ti-64 (d) uncoated Ti-AVM (e) Ti coated
and (f) Ti-Nb coated (g) zoomed Ti coated Ti-AVM

The Ti-coated Ti-AVM substrate showed different final nitride morphology than the Ti coated
Ti-64 substrate. It is seen clearly from the cross-section SEM image in Figure 5-28 (e) that the

Ti coating still remains and its maximum thickness is about 0.85 um. XRD results also showed

2 different peaks of Ti>N phase for the Ti-64 substrate on the other hand only one and small
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Ti2N peak was seen for Ti-AVM substrate. It was previously seen that the nitride grains were
formed in the coating structure. In this case, nitride phase formed as a thin compound structure
which can be seen in Figure 5-28 (g). The reason for these two different nitride structures (for
Ti coated Ti-64 and Ti-AVM) must be related to the type of the substrate because all other

process parameters were the same (performed in the same chamber/run).

The position of the samples inside the nitriding chamber can be seen in Figure 5-29. The three
groups of the sample (on the right) are the Ti coated, Ti-Nb coated and uncoated Ti alloy
samples respectively. The piece of Ti metal in the middle is connected to the thermocouple.
The three samples (on the left) are control samples and second thermocouple. The identically
coated samples (i.e. Ti coated Ti-64 and Ti coated Ti-AVM) were hanged back to back. The
paired samples were wrapped tightly with steel wire (from their upper part by opening notches),
So it can be given a grant to contact the samples with each other. In this circumstance, the
temperature of these substrates must be same (at least for the couples). The samples in each
pair would act as one piece of sample, and so the current density on both substrate’s surface
should be same which would affect the nitriding performance. As a result, the different nitrogen
diffusion rates of these two different substrates (the higher nitrogen diffusion was expected for
Ti-AVM substrate) would affect the nitriding behaviour of the Ti coatings (on them) because
two different nitriding phenomena (for coating and substrate) were taken place in the same

time.
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Figure 5-29 The sample positions inside the nitriding chamber

The structure of the remaining Ti-Nb coatings on the Ti-64 and Ti-AVM looks similar. The
black spots (acicular structure) on the coatings (see in Figure 5-28 ¢ and f) shows the nitride
grains which was also proved with XRD examinations (see in Figure 5-21 and Figure 5-22). The
same spots were seen both on coating and substrate for Ti-Nb coated Ti-AVM substrate (same
as uncoated Ti-AVM). It is showing the alpha stabilisation near the coating substrate boundary.
For the Ti coated Ti-AVM substrate, the spots formation (on the substrate) is found less than
the spots formed for Ti-Nb coated Ti-AVM substrates after 8-hour nitriding process (the
comparison of Figure 5-28 e and f). Therefore, it can be said that the effect of the faster nitrogen
diffusion in Ti-Nb coating leads to the more alpha stabilisation for Ti-Nb coated Ti-AVM than

the Ti coated one.
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5.5.3 The Analysis of the Remaining Surface Coating Layer Thickness after Nitriding
Process

The scenario for the Ti and Ti-Nb coated substrates are a little different due to the deposited
surface layer coatings which were thicker than the previous run. The starting Ti surface layer

coating thickness before 8 hours nitriding process was 4.85 um. (It was planned to deposit 5
um but the 3 % error for thickness estimation is fairly normal for the coatings produced by
plasma coating technologies). The “maximum” 1.40 um Ti coating left on Ti-64 sample after
8 hours nitriding process was measured. The remaining thickness values for all samples can be
seen in Table 5-7.

Table 5-7 The thickness of the remaining surface layer coatings after the nitriding process

Coating Thickness (um)  Thickness
Temperature Duration

Sample reduction
(°C) (h) Before After
Nitriding Nitriding (%)
Ti coated Ti-64 700 8 4.80 1.40 71
Ti-Nb coated Ti-64 700 8 5.05 1.95 61
Ti coated Ti-AVM 700 4 4.80 3.35 30
Ti coated Ti-AVM 700 8 4.80 0.85 82
Ti-Nb coated
Ti-AVM 700 4 5.05 3.00 40
Ti-Nb coated
Ti-AVM 700 8 5.05 1.50 71

It was expressed as “maximum” for the remaining surface coating layer’s thickness because
the remaining thickness was not uniform. The highest thickness was seen in the middle of the
substrates, and the thickness was observed to decrease from the middle of the samples to both
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edges. This phenomenon can be termed as the “plasma edge effect”. This effect is most
powerful on edges and corners and decreases its effect towards to the centre of the substrates.
The plasma edge effect can be seen clearly in Figure 5-30. Due to the bigger grain size of the
Ti-AVM substrate underlying Ti coating, it was given as an example. The blue arrow shows
the direction from the edge to the centre of the substrate. It can be seen three different
morphologies in the image that the first are (between a and b) is most affected part of the sample
which the coating sputters off entirely. The grains can be seen misty in the area (between b and
c) that this tells there is still coating left, but the thickness is lower than the area between (point

c) and the centre of the sample because the grains cannot be seen from (point c).

Figure 5-30 Optical microscopy images of the surface topography of Ti coated Ti-AVM
substrate after 8 hours nitriding process at 700°C showing the plasma edge effect

Due to this effect, the coatings which remain after 8 hours nitriding process were found to be
non-uniform. To analyse this, the remaining coating thickness was measured from one side to
the other (at 1 mm intervals). The remaining coating thickness distribution of Ti-Nb coating
deposited on the Ti-64 substrate can be seen in Figure 5-31. The “dome shape” trend shown in
the figure explains the significant plasma edge effect. (Here Ti-Nb coating is given as an
example because of its higher remaining coating thickness rather than Ti coating deposited on
the Ti-64 substrate and the easy application of thickness measurement in SEM examination

due to its good contrast between the coating and the substrate).
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Figure 5-31 The coating thickness distribution of the remaining Ti-Nb surface layer coating (on
Ti-64 substrate) after 8h nitriding process at 700°C

There is also a difference in the rate of change of coating thickness of the Ti surface coating
between the two substrates after 8 hours nitriding (see Table 5-7). Although the initial
thicknesses of the Ti surface coatings were the same (4.80 um), the final thicknesses were
found different for Ti-64 and Ti-AVM substrates. If the nitriding performance of these two
different substrates is believed equal, the differences may be attributed to the resputtering of
nitrogen (or nitride grains) at the surface of Ti coated Ti-64 is slower than the Ti coated Ti-
AVM (which these phases found different structure). This could be because nitrogen cannot

diffuse inward so quickly in Ti-64.

The diffusion phenomena of the additional elements (rather than interstitial nitrogen) was also
seen inside the Ti-64 substrate. Some movement of the Al and V atoms in the uncoated Ti-64
substrate after 8 hours nitriding process was observed (a randomly taken EDX map can be seen
in Figure 5-32). This map also proves how a bright layer (vanadium-rich) follows the surface
nitrogen-rich area. In some grains, the V' concentration was seen at about 15-16 at. %. The
deficiency of Al in this vanadium-rich area may cause formation a different phase such as

martensite Ti phase. The grains in Fig 5.24 (a) and (b) are strongly etched and show a plate-
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like structure. These plates may be related to o™ Ti (martensite). The movement of Al towards

to the sample surface may be the reason for the formation of Ti-Al intermetallic phase.

Figure 5-32 The EDX map taken from the cross-section of the uncoated Ti-64 treated at 700°C
for 8 hours (The dark black shows the carbon mounting material)

The contrast differences between some grains (see Figure 5-28) suggest that there are some
concentration changes between those grains inside the substrate. These movements suggested
that surface coating elements could also diffuse inside the substrate. A couple of EDX analyses
were performed from various points (near the surface) from the cross-section of the Ti-Nb
coated Ti-64 substrate (TPN treated for 4 hours). This sample is very critical for this study
because there is no Nb inside the substrate and the thin (1.25 pm) coating was sputter removed
(the surface EDX results show no Nb after 4 hours nitriding process). To see any Nb diffused
inside the substrate, some EDX measurements were taken from the grains near to the sample

surface. It was observed (from cross-sectional EDX analyse) that the bright grains (which were
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the B-Ti grains) include about 2-6 at. % Nb. This finding shows that the PVD surface layer
elements are also diffusing inside the substrate. As a result, the 11 % difference between the
remaining Ti thickness for different substrates (see Table 5-7) could be related the diffusivity of
Ti in the two different crystal structured titanium alloys. The Ti-Nb coated Ti-64, and Ti-AVM
substrates also have a different final thickness which can be seen in Table 5-7. The change rate
is about 10 % more for Ti-AVM substrate, and these bidirectional changes could be expected
for Ti-Nb coated Ti-64 and Ti-AVM substrates. In this case, the Ti and Nb diffusivity (together)

inside the two different titanium alloys may lead to this difference.

The nitriding process done here is also a vacuum heat treatment process which leads to
diffusion of the elements (temperature and time-dependent process). Therefore, the
temperature for all samples should be kept the same. The samples were placed (see in Figure
5-29) very close to each other (with 4 cm intervals) to obtain the similar effect from the plasma
heating stage after 400°C (all temperature change was watched with two thermocouples and
logged). The temperature change can be sensitive because the process is applied at a relatively
high temperature (700°C). On the other hand, the comparison of different surface coatings on
the same type of substrate would give some valuable information. For example, the thickness
reduction of the Ti coating is 10 % more than for the Ti-Nb coating (both deposited on Ti-64),
and 11 % more for Ti coated Ti-AVM substrate (seen in Table 5-7). Because of the sputter yield
of the Nb atom is higher than Ti atom (previously discussed in section 4.2.3), the Ti-Nb coating
was expected to sputter off more than Ti coatings in same process conditions. However, it does
not happen as expected and one of the reasons for this could be the different diffusion rate of
the coatings inside the substrates. The slower diffusion rate of Nb atoms [198], [199]
(compared to Ti atoms) inside the titanium alloys can lead to this difference. Another reason
for this may be related to the changing sputter yield mechanism during nitriding. When the

process is starting, the surface layer coatings are metallic, but they are changing their structures

158



with the diffusion of the nitrogen. The interaction of the Nb with nitrogen may affect the sputter
yield of the Ti-Nb coating by decreasing its expected rate (the rate of nitride formation for each

coating is different). And, finally, this will affect the remaining coating thickness.

5.5.4 The Surface Hardness Measurement

The 8-hour nitriding process applied to thicker surface layer coatings showed different surface
hardness results because of the nitriding behaviour of the remaining coating (the nitriding
behaviour of the underlying substrate can affect the hardness results). Thus, the nitriding
performance of the coating/substrate pairs were analysed together to clarify the results. The
surface hardness data for the uncoated and coated Ti alloy substrates treated at 700°C for 8

hours can be seen in Figure 5-33.

Ti coated Ti-Nb coated Ti-Nb coated

Uncoated
Ti coated
i i : i

Figure 5-33 Near-Surface nanoindentation hardness data for Ti-64 and Ti-AVM substrates
treated at 700°C for 8-hours

Nanoindentation Hardness (GPa)

The positive effect of the process duration on the surface hardness values is clearly seen for
uncoated Ti-64 and Ti-AVM substrates (compared to 4-hour TPN700 treatment, see Figure
5-20). The increase in nitrogen concentration on the surface and the increased the thickness of
the nitrided zone may be the reasons for increasing hardness. On the other hand, the hardness

values for the Ti and Ti-Nb coated substrates are higher than for the uncoated ones after TPN
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treatment. This is related to the remaining coating on the surface; i.e. the nitriding performance
of the surface coating affected the final surface hardness values. It was previously shown that
the Ti coatings (deposited on two different Ti alloy substrates) have different nitride structures
and this affected the surface hardness results. The formation of the nitride grains inside the Ti
coating for the Ti coated Ti-64 substrate (see Figure 5-28 b) ended up with a significantly higher
hardness than the Ti coated Ti-AVM substrate which has a very thin compound layer. The
lower hardness value for the Ti coated Ti-AVM substrate (although the surface EDX result
showed about 33 at. % N) could be related to the weaker load support from the underlying
substrate diffusion zone. It should be noted that the surface layer coating thickness (before
nitriding process) should be selected by considering the type of substrate and other process
parameters. The Ti-Nb coated Ti-AVM substrate showed also higher hardness values. The

reason for this is the effect of nitride formation and better nitrogen diffusion into the substrate.

Figure 5-34 shows the surface roughness data after 8 hours nitriding of untreated, Ti coated, and
Ti-Nb coated Ti-64 and Ti-AVM substrates. It was concluded from these data that uncoated
substrates were invariably found to be rougher than Ti and Ti-Nb coated substrates after plasma
nitriding (a similar trend which was seen after 4-hour TPN700 treatment). The positive effect
of the surface layer coating on the final surface roughness after the nitriding process was again
observed. The greatest reduction in surface roughening was seen for the coated Ti-AVM
substrates (as expected) and both types of surface coatings did their job well by keeping the
final surface roughness values lower. The Ti-Nb coated Ti-AVM substrate showed a slightly
higher surface roughness value than the Ti coated Ti-AVM substrate, but the small difference
can be neglected since the error bars overlap (i.e. the difference is not statistically significant).
Overall, the coated Ti-AVM substrates showed less surface roughness values than the coated
Ti-64 substrates. The fine, nanocolumnar and highly textured morphology of the coatings

provides the reduction in roughness by sputtered off very uniformly.
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On the other hand, Ti-Nb coating did not give any positive effect on surface roughness for Ti-
64 substrate which was also verified with AFM three dimensional topographic maps (it can be
seen in Figure 5-35). It was also seen in Figure 5-27 (b) and (d) that the surface topography of
the Ti-Nb coated Ti-64 is very similar to uncoated Ti-64 after 8 hours nitriding process. The
reason may be related to the higher process duration (8-hour) which leads to the formation of
nitride grains (they are not as much as uncoated Ti-64, but the grains are coarser than uncoated
Ti-64) on the top of the coating. Moreover, the adding of the better nitriding behaviour of the
Ti-64 substrates compared to Ti-AVM substrate (nitride phase is the major reason for
increasing the surface roughness) made this sample the roughest (compared to other coated
samples). The nitride forming occurs more readily for both coatings on Ti-64 substrate since

the substrate blocks inward diffusion of nitrogen compared to Ti-AVM substrate.
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Figure 5-34 Surface roughness data for uncoated, Ti-coated and Ti-Nb coated Ti-64 and
Ti-AVM substrates treated at 700°C for 8 hours
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Figure 5-35 AFM 3D topographic maps of (a) uncoated, (b) Ti-coated, (c) Ti-Nb coated Ti-64
substrates treated at 700°C for 8 hours
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5.6  Summary

The uncoated Ti-64 and Ti-AVM substrates were plasma nitrided at various treatment
temperature (500-700°C) and durations (2-8 hours) to determine the better nitriding parameters.
For titanium alloys, the 700°C treatment was decided to be a better candidate to obtain
considerable nitrogen diffusion. The surface layer coatings were deposited with different
thickness depending on the treatment time. The following key points from this chapter can be

drawn:

e TPNS500 treatments resulted in no nitride compound layer formation (although it was
applied for 8 hours) for both uncoated Ti-64 and Ti-AVM substrates. The B peaks
disappeared by the treatment time for uncoated Ti-64 substrate. XRD peak shifting was
determined for the uncoated Ti-AVM alloy by nitriding at 500°C.

e The surface hardness change was observed after TPN500 treatments for both uncoated
alloys. It is about 45 % hardness increase after 4-hour nitriding treatment. The increase
of the treatment duration from 4 to 8 hours did not affect the surface hardness values
further. The only 7 % hardness change was determined.

e TPNG600 treatments showed some nitride phase peaks after the 4-hour treatment with
some peak shifting for the uncoated Ti-64 alloy. This showed the increase of nitrogen
concentration on the surface. On the other hand, besides the peak shifting, the formation
of the a phase (o stabilisation) was also observed for uncoated Ti-AVM.

e The hardening effect of the TPN600 treatment on uncoated Ti-64 and Ti-AVM
substrate was observed much stronger than TPN500 treatment. About 20 % hardness
increase was observed when the 4-hour treatments were compared for 500 and 600°C.

e The smooth surface finishing of the TPN500 and TPN60O treated samples allowed the
Knoop hardness test to be applied although the penetration depth of the Knoop hardness

test is bigger than the nanoindentation test, about 15 % hardness increase was seen for
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TPN 500 treatment for 4 hours. The Knoop hardness values for TPN500 (8 hours) and
TPN600 (4 hours) showed almost similar results which are about 30 % increase in
surface hardness.

TPN700 treatments (4 hours) showed significant changes for uncoated, Ti coated, and
Ti-Nb coated Ti-64 substrates. Ti-AVM substrates demonstrated the same behaviour as
seen in TPN60O treatment which is only peak shifting and formation of o phases. The
EDX results (from the surface) showed about 12 at. % N for all samples.

The “sputtering oft” effect was observed for the Ti and Ti-Nb surface layer (1.25 pm
thick) coated substrates after 4-hour TPN700 treatment. It may be one of the most
valuable findings for this study because it directly affects the resultant performance of
the samples. The EDX results showed zero Nb concentration after 4-hour plasma
nitriding treatment which can be evidence for the disappearance of Ti-Nb coatings from
the surface during plasma nitriding treatment.

Although, the Ti2N phase formed on the uncoated Ti-64 substrate after 4-hour TPN700
treatment, the EDX showed higher Al concentration for uncoated (treated) sample than
the untreated substrate (12.9 at. % Al to 11.3 at. % Al). This can be explained the Al
diffusion from inner side of the substrate to the surface direction during the nitriding
treatment.

The final surface roughness after TPN700 (4-hour) treatment seen significantly lower
for previously Ti and Ti-Nb surface layer coated Ti alloys compared to uncoated Ti
alloy substrates. The surface roughness value for Ti-Nb coated Ti-64 substrate found
% 52 less than the uncoated Ti-64 substrate. The similar improvement was seen for Ti
coated Ti-AVM substrate with a %67 decrease while comparing with the uncoated

substrate.
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The different effect of Ti and Ti-Nb surface layer coatings on surface roughness results
for the Ti-64 and Ti-AVM substrates was detected. The different “sputter off rate” of
these surface layer coatings lead to this contrast because it is thought that the long-
lasting surface layer coatings will provide more benefit to the substrates regarding final
surface roughness.

The cross-sectional SEM analysis also confirmed the nitride layer formation for Ti-64
substrates and the absence of nitride layer formation for the Ti-AVM alloy substrates.
The different nitriding behaviours of the Ti alloys were tried to clarify by ternary phase
diagrams. The amount of Mo can increase the amount of nitrogen solubility in B-Ti
alloys. On the contrary, the amount of Al can decrease the solubility of nitrogen in o-
Ti alloys.

The cross-sectional hardness test showed that the hardening effect for Ti-Nb coated Ti-
64 substrate is higher than other Ti-64 substrates which are related to the higher
diffusion rate of nitrogen (in the  phase coating). Nitrogen can diffuse to the substrate
faster and allows higher nitrogen concentration (thicker hardened zone) under the
surface. On the other hand, the hardening effect for Ti coated Ti-AVM substrate is
higher than other Ti-AVM substrates. It can be explained with a lower diffusion rate of
nitrogen (in the alpha phase coating) allowing the slowdown of the of the nitrogen
interstitials, and they can build up a hardening effect by increasing their concentration
in near-surface rather than spreading inside the Ti alloy substrate.

TPN700 treatments (8 hours) showed that the nitrogen concentration on the surfaces
for all samples was increased. However, the behaviour of the nitrogen was seen to be
different for uncoated and coated substrates because the thickness of the Ti and Ti-Nb

surface layer coatings was selected as about 5 um which allowed to survive until at the

end of the process. The EDX results for Nb concentrations showed about 25 at. % which
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also proved the presence of Ti-Nb surface layer coatings after 8-hour nitriding
treatment.

Ti and Ti-Nb surface layer coated Ti alloy substrates showed about 30-33 at. % N on
their surfaces and all these four samples showed Ti2N phase in their XRD diffraction
patterns. The uncoated Ti-64 substrate was also showed Ti>N phase by increasing its
nitrogen concentration to about 26 at. %. The compound layer for Ti-64 substrates
increased its thickness (0.85 to 1.50 um). The uncoated Ti-AVM substrate remained
stable (only peak shifting and a stabilisation). The increase of nitrogen concentration
(compared to 4-hour treatment) on the surface was very limited which is only about 3
at. %. It is showing how difficult to accumulate nitrogen interstitials on the surface of
B Ti-AVM alloys.

The uncoated Ti-64 substrate, Ti coated Ti-64 substrate, and Ti coated Ti-AVM
substrate showed extra peaks (after 8-hour TPN700 treatment) which belong to the Ti-
Al intermetallic phase and o’ martensitic phase. The X-ray analyses from the different
depth of the samples showed that the uncoated Ti-64 substrate showed a layer-like
structure which the upper part composed of thin TioN phase and the Ti-Al and o”-Ti
phases are following the ceramic nitride phase. The Ti-Al phase was expected to placed
closer to the surface than the o”’-Ti phase considering the diffusion of Al atoms. The
mixture of the a-Ti and B-Ti phases were placed at the bottom of this layered structure.
Moreover, the Ti-Al and o”-Ti phase were not appeared in the XRD patterns (neither
GAXRD nor 6-26 XRD method) of the uncoated Ti-AVM substrate, Ti-Nb coated Ti-
64 and Ti-AVM substrates. It could be related to the nitrogen diffusion rate (faster for
B Ti coating and alloy substrate) which can be an effect of the movement of the other

additional element inside the Ti alloy substrates.
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The optical images (after 8-hour TPN700 treatment) from the surface of the Ti and Ti-
Nb coated Ti-AVM substrates showed very different morphology than the samples
which 4-hour TPN700 treated. This proves the Ti coating also survived until the end of
the process. If all the coating would sputter off, the surface morphology will be shown
as a coarse-grained structure which seen after 4-hour TPN700 treatment.

The different nitriding behaviour for the remaining Ti coatings on the different
substrates was determined from the cross-sectional SEM images. The nitride
morphology of the Ti coated Ti-64 sample (after 8-hour TPN700 treatment) was found
almost similar to the uncoated candidate. On the other hand, a very thin nitride layer
was formed for the Ti coated Ti-AVM substrate and the remaining Ti protected its
structure. This different nitriding behaviour of Ti surface layer coatings may be related
to the different nitriding behaviour of the underlying substrate.

The nitriding behaviour of the underlying Ti-AVM substrates showed different
nitriding behaviour for Ti and Ti-Nb coated candidates. It showed significantly more
alpha stabilisation near the coating substrate boundary for Ti-Nb coatings. It can be said
that the effect of the faster nitrogen diffusion in Ti-Nb coatings caused more alpha
stabilisation than the Ti coated one.

The remaining surface layer coating thicknesses were not found uniform. The highest
value was seen in the middle of the samples, and the thickness started to decrease
towards to the edges (dome shape trend was observed) of the samples because of the
“plasma edge effect”. This effect was not clear for the 4-hour TPN700 treatment
because there is no coating left at the end of the process.

The “sputter off rate” for the surface layer coatings found for Ti coated Ti-64 is 71 %,
Ti-Nb coated Ti-64 is 61 %, Ti coated Ti-AVM is 82 %, and Ti-Nb coated Ti-AVM is

71 %. All these results showed that both surface layer coatings survived more while
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they were coated on Ti-64 substrates. The Ti-Nb surface layer coating survived more
for both substrates while comparing with Ti coated candidates.

The additional element for Ti-64 samples were also proved by drawing an EDX map
from surface to the bulk. There is not only nitrogen interstitial diffusion but also Ti, Nb,
Al and V substitutional diffusion mechanism was seen in this study. It is also leading
to the formation of the o phase and Ti-Al intermetallic phase under the nitride layer
because of the replacement of the Al and V atoms. The depletion of Al can lead to B-Ti
to o transformation (in some grain 15-16 at. % V concentration was seen). The excess
of the Al atoms may lead to the formation of the Ti-Al intermetallic phase.

The sputter yield value for Ti-Nb coatings was found more than Ti coatings during the
deposition process. However, the Ti-Nb coatings were survived more than Ti coatings
for both Ti alloy substrates. The reasons can be expressed that the sputter yield rates
can be changed because of the structure of the surface layer coatings changing from
metallic to ceramic during the nitriding. The interaction of the nitrogen with Ti and Nb
(together) could be decreased the sputter off rate of the Ti-Nb surface layer coatings.
The surface hardness was determined higher for all the samples which treated 8-hour
at 700°C. The coated substrates showed different hardness results than the 4-hour
treated candidates because the surface layer coatings were still present after 8-hour
nitriding treatment. Ti coated Ti-64 substrates showed higher hardness value than the
Ti coated Ti-AVM because of the different nitride formation structure of the Ti
coatings. On the other hand, the Ti-Nb coated Ti-AVM substrate showed higher
hardness value than the Ti-Nb coated Ti-64 substrate. The reason for this may be related
to the o stabilised substrate which provides better support to Ti-Nb coating.

The surface roughness values were also increased for uncoated Ti alloy substrates after

8-hour TPN treatment. The undesired surface roughness values of the uncoated Ti-
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AVM substrate were decreased to acceptable rates by the effect of Ti or Ti-Nb surface

layer coatings. Similar improvement was seen for Ti coated Ti-64 substrates.
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6 Micro-Abrasion Wear Performance of Coated and Nitrided
Samples

6.1 The optimisation of the test parameters

The micro-abrasion test was initially applied on the uncoated and untreated (substrate only) Ti-
64 and Ti-AVM samples to optimise the test parameters. The wear coefficient (k) values were
calculated (mentioned in Section 3.2.7) and compared for two different substrates for five
different numbers of revolutions of the steel ball. The initial results for the substrates (only one
repetition was done for each number of revolution) can be found in Table 6-1.

Table 6-1 Wear scar depth and wear coefficient values of Ti alloy surfaces subjected to the
different number of revolutions

Ti-64 (substrate only) Ti-AVM (substrate only)
No of
Revolution Wgzr :ﬁ | Wear coefficient Wgzr tsﬁ 4| Wear coefficient
P (x10** mm3/Nm) P (x10* mm3/Nm)
(um) (m)
25 1.08 8.03 0.82 5.12
50 2.09 10.63 1.65 8.50
100 3.17 10.74 2.8 8.13
200 4.45 10.59 414 8.34
400 6.66 10.88 6.2 8.61

The wear coefficient values were seen to be similar (except 25 revolutions). This trend was
expected because the substrate (to which the micro-abrasion test was applied) was not treated
previously, so the wear coefficient values should not be changed for different depth. The wear
scar depth value was changed by increasing the ball revolutions. So, a similar number of
revolutions must be chosen to make a comparison between different samples to get more

reliable results (especially for nitrided samples).
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The lower values for the wear coefficient after 25 revolutions (for both substrates) can be
explained by the presence of a work-hardened layer as a result of metallographic preparations
and having different wear mechanism at the beginning of the test while the surface of the
sample is completely flat and smooth. It was seen that at least 50 revolutions are needed to

obtain a reliable comparison between different samples.

Figure 6-1 Optical microscopy images of the micro-abrasion wear scars for Ti-64 substrate after
(a) 25, (b) 50, (c) 100, and (d) 200 ball revolution

Two techniques could be used while measuring the wear scar diameter: Optical microscope or
surface profilometer [141]. The optical microscopy images of the micro-abrasion wear scars
for Ti-64 substrates can be seen in Figure 6-1 for different ball revolutions. It can be seen the
size of the wear scars is generally increased by the effect of increasing ball revolutions.
However, the results for 25 and 50 ball revolutions look very similar (which could suggest very
critical error while calculating the wear coefficient). The measurements which were taken by
surface profilometer allowed the scatter in the scar diameter measurements to be reduced. The
2D profiles of micro-abrasion wear scars for Ti-64 substrates can be seen in Figure 6-2. The

accumulation of the abraded particles on the edge of the wear scar circles can be determined
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by measuring the scar diameters with a profilometer. It should also be mentioned that the wear
coefficient values for 50, 100, 200 and 400 (see Table 6-1) would not be accurate if the scar
diameter measurement was made by optical microscopy because all the black region (inside

the wear scar region) would not show the real abraded areas.
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Figure 6-2 2D profiles of micro-abrasion wear scars for an untreated Ti-64 substrate for
different ball revolutions

The other parameters such as applied load, volume fraction (Vs) of SiC slurry and the ball speed
were chosen to get a three-body (rolling, dimpling) wear mechanism rather than two-body
(grooving) and mixed type of wear regime (two-body/three-body). This is important because
the crater volume measurement is maintained easily for three-body wear regime. Moreover,
the wear volume values should be proportional to the applied load and sliding distance by
satisfying the Archard equation (Eg. 3.2). Higher applied load values, lower SiC Vs values and
relatively lower ball speeds promote two-body grooving [1], [200], [201]. Therefore, all

experiments were applied with a normal load of 0.1N and concentrated SiC slurry including
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0.8g particles per ml of water. Keeping the concentration of this super-saturated slurry stable
was also tricky because the precipitation of the SiC particles was observed to be very fast (even
when experiments were taking place). Separation of the precipitated SiC particles (back to the
slurry by using a stick) was almost impossible because there is no time to do this while applying
the abrasive wear experiments. In order to keep the concentration of the slurry stable, a small
plastic magnetic stirrer bar was dropped into the slurry bottle, and the bottle was placed on a
magnetic stirrer (see Figure 6-3). The mixing operation continued during the experimental
procedure. It should be noted that besides the optimisation of the parameters, keeping the
experimental parameters stable is also important for this wear method because the decreased
concentration of SiC slurry would end up with lower wear coefficient results by changing the

wear regime.

Figure 6-3 The micro-abrasion bench (with the slurry mixing system)
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6.2 Ti, Ti-Nb and Ti-Nb-N coatings

The abrasion resistance of the metal (alloy) and ceramic Ti-based coatings was determined by
using micro-abrasion technique, of which some examples for this test (applied on Ti-based
coatings) can be found in the literature [202]-[206]. The key point of this is to decide the proper
number of revolution values because only coatings were desired to be worn out (non-
perforating test) and avoide any substrate effects. The effect of Nb addition to the pure Ti
coating system and the effect of nitrogen on the Ti-Nb system were determined by comparing
Ti, Ti-Nb and Ti-Nb-N PVD coatings. The number of revolutions selected was 50 (by doing
several trial micro scale wear tests). In fact, all these PVD coatings were produced for 2 hours
deposition time, and they all were expected to have 2-2.5 um thickness. The trend of having
lower wear coefficient data which were found for very low revolution values (see Table 6-1)
while doing experimental parameter optimisation for Ti-64 and Ti-AVM substrates were also
observed for Ti, Ti-Nb and Ti-Nb-N PVD coatings. An almost 2 times lower wear coefficient
was found for 25 revolutions when comparing with 50 revolutions. It is believed to be
confusing for the further comparisons, and it was decided to use 50 revolutions for micro-
abrasion testing. Moreover, the Ti-Nb-N ceramic coatings which have much higher surface
hardness and elastic modulus values (see Table 4-14) yielded a very shallow wear scar (when
applied 25 revolutions) while comparing with their equivalent (as respect to their positions on
the substrate holder) metallic Ti-Nb coatings (no nitrogen). Some examples of 2D profiles for
Ti, Ti-Nb and Ti-Nb-N coatings can be found in Figure 6-4. At first sight, it can be understood
that the Ti coating has the biggest scar depth and the Ti-Nb coating (contains 32.9 at. % Nb)
showed less scar depth compared to pure Ti coatings. The ceramic Ti-Nb-N coating also
showed similar scar topography with metallic coatings, and it is suggested that the abrasive
wear modes are similar for all PVD coatings. However, there are some droopy shaped bumps

were seen on the 2D profile of Ti-Nb-N coating. It may be related to the generations of hard
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coatings debrides during the wear process. They will act as sources of abrasive materials beside
SiC in the slurry and may plough into the coating and split (debond) the coating from some
points. The elastic mismatch between the hard-ceramic coating and soft Ti-64 substrate could
promote the formation of these cracks. The Ti-Nb-N coating did not show any stacked material
(a toroidal shaped) which the Ti and Ti-Nb coatings showed. The abraded materials may flow

back to the scar during the abrasion process for Ti-Nb-N coatings.
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Figure 6-4 2D profiles of micro-abrasion wear scars for Ti (clean), Ti-Nb (clean) and Ti-Nb-N
(N-Ti-64-P1) for 50 ball revolutions

The wear coefficient data calculated by surface profilometry for Ti and Ti-Nb coatings can be
seen in Table 6-2. The Ti-Nb coatings which were used as surface layer coatings before nitriding
process showed approximately 25 % difference by their wear coefficients compared to pure Ti
coating. It is because of the Nb alloying which is about 33 at. %. The other Ti-Nb coatings

which were produced previously (the necessary information for these coatings can be found in
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Table 4-7 and Figure 4-11) were also applied micro abrasion test to see the effect of Nb

concentration on the wear performance.

Table 6-2 Wear coefficients of Ti and Ti-Nb coatings (deposited on the Ti-64 substrate)

Sample Nb concentration Wear coefficient A K¢, % (compared to
P (at. %) (x10* mm3/Nm) pure Ti coating)
Ti-coating 0 9.69
(clean) '
Ti-Nb coating 329 790 o5 7
(clean) ' ' '
Ti-Nb coating
(Ti-64-P1) 16.9 8.81 -9.08
Ti-Nb coating
(Ti-64-P2) 25.4 7.71 -20.4
Ti-Nb coating
(Ti-64-P3) 40.5 7.07 -27.0

The mean values of the wear coefficients for Ti-Nb coatings showed that the increase of Nb in
the coatings enhanced the wear performance. Although, the Ti-Nb coating (Ti-64-P1) contains
almost 17 at. % Nb, it showed limited wear enhancement. The behaviour of this coating can be
attributed to its phase structure which can be found in Figure 4-11. This coating deposited on
the Ti-64 substrate and the B stabilisation was found weaker than other candidates. This
phenomenon suggested to us that besides the alloying elements, the phase structure of the
coatings could be important regarding abrasive wear resistance. It can be seen for the untreated
substrates that the Ti-AVM substrate showed approximately 25 % better abrasive wear
resistance than the Ti-64 substrate. It should be noted that the amount of Mo inside the Ti-
AVM substrate is also very high to affect the wear performance. Above some critical
concentration (depend on the additional elements) the dominant phase is becoming 3, and the
mechanical properties of the Ti alloys can be improved towards to the additional elements

mechanical properties [207].
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The wear coefficient values for the Ti-Nb-N coatings can be found in Table 6-3. As a ceramic
nitride material; it was expected to have better wear performance compared to metallic Ti and
Ti-Nb coatings. The increased surface roughness of these coatings makes the measurement of
the scar length difficult. The average wear coefficient values showed that the wear performance
of the ceramic Ti-Nb-N coatings decreased with increasing Nb addition. The wear coefficient
values are very near to each other, with the maximum difference found to be approximately 10
at. % between (N-Ti-64-P1) and (N-Ti-64-P3) coatings. Therefore, this small difference can be
not so critical when considering the desired effect of minimising final surface roughness after
treatment (and optimisation of the nitrogen diffusion rate). These wear results were already
significantly enhanced compared to Ti and Ti-Nb metallic coatings and not surprising because
the mechanical properties of these coatings (see Table 4-14) suggested that high abrasion
resistance was likely.

Table 6-3 Wear coefficients of Ti-Nb-N coatings (deposited on the Ti-64 substrate)

Nb N —
Sample concentration | concentration | v ear,coefficient
(at. %) (at. %) | X107 mmNm)
Ti-Nb-N coating
(N-Ti-64-P1) 8.94 53.03 6.10
Ti-Nb-N coating
(N-Ti-64-P2) 15.07 52.38 6.34
Ti-Nb-N coating
(N-Ti-64-P3) 24.20 49.69 6.75

The hardness and elastic modulus of the coatings were decreased by the addition of Nb.
Although the phase structure of all three coatings was similar (see Figure 4-28), the difference
with respect to wear performance may be clarified by the different amounts of Nb inside the
coatings. The wear coefficient data also are in a good agreement with the literature work [1]

while comparing these coatings with TiN coatings (the wear coefficient was reported to be
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6.91x10* mm*/Nm for non-perforating micro abrasion tests of TiN coatings deposited on an

untreated Ti-64 substrate).

6.2.1 A comparison between perforating and non-perforating tests

Micro-abrasion tests were applied with 100 revolutions on a single-layered Ti-Nb-N coating
(N-Ti-64-P2) which was deposited on Ti-64 substrate in order to perforate the coating and
reach to the substrate. The k¢ value was calculated using the Hedenqvist method [205] after
perforating test and it was compared with the non-perforating (with 50 revolutions) test which
was discussed in the previous section. Figure 6-5 shows schematically the contact geometry of
the wear scars for only substrate or only coating (non-perforating) and coated substrate

(perforating).

(a)

b —> < b

Figure 6-5 The geometry of wear scars formed by micro-abrasion testing (a) in bulk (b) in a
coated sample (Reproduced from Ref. [208]

The extended equation (from Eq. 3-2) can be used for the coated substrate which includes the
wear coefficient of coating and substrate, and the wear scar volumes of coating and substrate.

The wear equation can be written as:

V, V.
SN =<4+ = Equation 6.1 [135], [144]
KC KS

The wear scar volumes (for coating and substrate) can be calculated separately by using the

measured a and b values (as can be seen in Figure 6-5) [209]. In order to obtain these values,
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optical microscopy has to be used because the boundaries are not clear in surface profilometer
measurements. As already discussed the measured crater diameters were found to be higher for
optical microscopy. To make a valid comparison, the wear coefficient measurement (which
was done with surface profilometer) was repeated for the non-perforating test (instead of the
value in Table 6-3). The optical microscopy images of the micro-abrasion wear scars for the Ti-
NDb-N coated Ti-64 substrate can be seen in Figure 6-6. The black region on the image which
belongs to the substrate after perforating test is not perfectly circular. The reason for this
prominent shape may be related to the brittle nature of the ceramic coating. Therefore, the wear
scar diameter for the substrate (which is necessary to calculate the wear volume) is measured
assumptively. First it was tried to measure from the shortest and longest part (and average
them), and secondly, the area extracted from the image (by using image analysis software,
Imagel) and the radius is assumed from the total area. Both of the results were found very

similar to each other.

Figure 6-6 Optical microscopy images of the micro-abrasion wear scars for Ti-Nb-N coated Ti-
64 substrate after (a) 50, (b) 100 revolutions and (c) extracted area (refers to substrate)
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After calculating the wear volumes of the coating and substrate (V¢ and Vs), the Hedenqvist
approach [205] was used to calculate the k. as the value of the ks was pre-determined from the
untreated substrate (by using the optical image which can be seen in Figure 6-1). The calculated
wear coefficients can be found in Table 6-4. It is obvious that booth perforating and non-
perforating test results for the Ti-Nb-N coating shows higher resistance to micro-abrasion test
when it is compared to the untreated Ti-64 substrate. The k. values obtained from two different
tests are also making fairly good agreement (about 20 % difference). The reason for this can
be relate to: firstly, the formula which is used for the calculating the wear volumes is giving
approximate results. The sliding distance seen by the coating is longer than the substrate after
perforating. This sliding difference is significant when small numbers of revolutions are used.
Secondly, the measured wear diameter for the substrate after perforating test includes some
assumptions. Thirdly, the ks value used here was obtained from a different micro-abrasion test
and any errors may be carried over to the calculation of perforating k¢ value. As a summary, if
only the coating wear rate is required, it is better to apply short micro-abrasion tests without
any perforation. Therefore, the depth of the wear scar is limited by the coating thickness. By
this means, the test and the calculations can be performed quickly, and the results will be less
affected by assumptions. Moreover, very low numbers of revolutions (such as 10,15) should

be avoided to get more accurate results.

Table 6-4 The perforating and non-perforating specific wear rates of Ti-Nb-N coatings (wear
diameters were measured with optical microscopy)

Sample Ks (non-perforating) | k. (non-perforating) K. (perforating)
P (x10* mm3/Nm) (x10** mm3/Nm) (x10* mm®3/Nm)
Ti-64
(substrate only) 34.57 i i
Ti-Nb-N coating
(N-Ti-64-P2) - 13.39 16.48
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6.3 TPN Samples

The abrasion resistance could be difficult to determine for the diffusion treated (nitrided)
samples. The major reason for this is that the boundary between the substrate and the hardened
zone or compound layer is not clear. For example, the Ti, Ti-Nb or Ti-Nb-N coatings (their
wear performance can be seen in Section 6.2) deposited by magnetron sputtering technique
have a clear coating/substrate interface. Also, the structure of the coatings is homogeneous; in
other words, it shows the same characteristic at every point through its thickness. In this case,
the non-perforating type of the abrasion test could be applied to analyse the exact coating wear
rate. On the other hand, diffusion treated samples show very different chemical and mechanical
properties from the surface to bulk. Secondly, the different types of samples (although all
process parameters were kept constant, except time and temperature), which are Ti coated or
Ti-Nb coated before nitriding, each yield different nitride (layer) structure and thickness.
Thirdly, depending on the type of the coating and Ti alloy substrate, the nitrogen case depths
were also variable. All these findings showed that the wear coefficient of the diffusion treated

substrates could be affected by several concurrent factors.

On the other hand, this technique could be a coherent way to grade the efficiency of different
diffusion treatments. The nitrogen case depths were estimated from the cross-sectional
hardness/depth profile. Moreover, it is proved that the thin Ti or Ti-Nb surface layer coatings
(1.25 um thick) were removed after 4 hours nitriding process at 700°C. Therefore, previously
coated samples will also behave as an uncoated material beyond some point in the nitriding
treatment cycle. Taking into account all these factors, the diffusion treated samples can be
cautiously compared with each other. For this purpose, the number of revolutions was selected
as 100, to keep the depth of the penetration of the ball to approximately 3 um, which is still in
the strengthened region for all treatments. Changing the number of revolutions would allow

checking any (desired) total depth depend on the structure of the treated samples. The most
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important thing is to keep the total number of revolutions the same for all samples to make a

reliable comparison.

6.3.1 TPN500

The micro-abrasion wear test was applied to uncoated Ti-64 and Ti-AVM substrates which
were nitrided for 4 and 8 hours at 500°C. Because there is no nitride compound layer formed
on the surface for these substrates (discussed in Section 5.2), the result of the 100 revolutions
were shown only for nitrogen diffusion zone, and the comparison was made with untreated
substrate results. The wear coefficient values for the uncoated Ti-64 and Ti-AVM substrates

treated at 500°C for 4 and 8 hours can be found in Table 6-5.

Table 6-5 Wear coefficients of uncoated Ti-64 and Ti-AVM surfaces subjected to TPN500
treatments for various process durations

Ti-allo Sample Wear coefficient A Kk, % (compared to the
y P (x10* mm3/Nm) untreated substrate)
Untreated 10.87
. Uncoated
Ti-64 TPN500-4h 9.66 -11.1
Uncoated
TPN500-8h 933 142
Untreated 8.13
. Uncoated
Ti-AVM | 2\ e00-4h 7.46 -8.2
Uncoated
TPN500-8h 701 137

The wear coefficient was found to be about 11 % less for the uncoated Ti-64 substrate after 4h
nitriding process at 500°C. The Ti-AVM substrate which was treated in the same run showed

about 8% enhancement in abrasion wear resistance compared to its untreated counterpart.

182



When the process duration was increased to 8 hours, the wear scar for both substrates was
found to be smaller. It means the abrasive wear resistance was improved and about 14 %
enhancement was seen for uncoated Ti-64 and Ti-AVM substrates compared to untreated
substrates. The more nitrogen (diffusion) inside the Ti alloy substrates may be happened (with
extra 4 hours nitriding process) but the measured wear rates after 4 hours and 8 hours nitriding
process could be affected by many other factors (not only the effect of saturation of the Ti
alloys with nitrogen). The remaining effects from the first 4 hours nitriding process which may
be caused by surface finishing before process and ion (argon and nitrogen) bombardment
during the process which creates compressive stress. Moreover, the longer nitriding time would
have a higher annealing effect which can cause substrate grain growth and affect the bulk

mechanical properties.

6.3.2 TPNG600

The micro-abrasion wear test was applied to the uncoated Ti-64 and Ti-AVM substrates which
were nitrided for 4 hours at 600°C. The disappearance of the B phase and a small Ti2N nitride
phase XRD peak on the surface of the Ti-64 substrate (see Figure 5-5) had proven the cause of
an increase in surface hardness by the effect of nitrogen diffusion. On the other hand, the
appearance of o peaks (see Figure 5-6) for the Ti-AVM substrate which is related to the strong
a-stabilisation effects of interstitial nitrogen, had influenced the increasing of surface hardness.
It was also discussed previously that the 4-hour TPN600 treatment gave better enhancement of
surface hardness, compared to the 4-hour TPN500 treatment (see Table 5-3 and Table 5-4). The
wear coefficient values for the uncoated Ti-64 and Ti-AVM substrates treated at 600°C for 4
hours can be found in Table 6-6. About 20% reduction in wear rate was seen for the uncoated
Ti-64 substrate after 4h nitriding process at 600°C, and the Ti-AVM substrate which was
treated in the same run was showed about 17% reduction. All these findings are in a good

agreement with the improved mechanical properties of uncoated Ti-64 and Ti-AVM substrates
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after 4-hour TPN60O treatment. The wear coefficient data after 4-hour TPN600 process was

also found better than the 8-hour TPN500 treatment.

Table 6-6 Wear coefficients of uncoated Ti-64 and Ti-AVM surfaces subjected to 4 hours

TPNG60O0 treatments
Ti-allo Sample Wear coefficient A K, % (compared to the
y P (x10* mm3/Nm) untreated substrate)
Untreated 10.87
Ti-64
Uncoated
TPN600-4h 815 195
Untreated 8.13
Ti-AVM
Uncoated
TPN600-4h 0.7 167

The wear scar depth was found to be about 2.9 um for Ti-64 and 2.6 um for Ti-AVM substrates
while calculating the wear coefficients for the 4-hour TPN600 treatment. While comparing
these values with the untreated samples (see Table 6-1), the difference was found to be about
8.5% and 7% for Ti-64 and Ti-AVM substrates respectively. This may be concluded as: firstly,
the nitriding response is better for Ti-64 substrate than Ti-AVM substrate. It may be related to
the amount of dissolved nitrogen being higher on the near-surface of the Ti-64 substrate (about
3 um) which is also the reason for increased hardness. Secondly, the ratio of decrease of the
wear scar diameter (and accordingly, the reduction in wear coefficient) is in good agreement
with the ratio of decrease in wear scar depth. This shows that the scar geometry has a spherical
trend which changing its dimension similarly in all dimensions. It is obeying the 3B wear

mechanism and making the results more reliable.
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6.3.3 TPN700

The most significant changes were seen after nitriding treatment applied at 700°C. The
formation of a nitride compound layer on the surface of the Ti-64 substrate in particular and
the presence of a nitrogen-stabilised diffusion zone beneath it (which means a gradual
mechanical property transition from surface to bulk) was observed by cross-section
nanoindentation hardness tests (see Figure 5-17). This type of surface/cross-section structure for
the Ti-64 substrate after 4-hours TPN700 treatment can be beneficial for some applications
such as adhesive wear and galling. It is because the improved surface (by changing the
chemistry of it) would contact the metal or ceramic surface and a reduced friction coefficient
could be obtained. On the other hand, the relatively soft and ductile nature of Ti or Ti-alloys
can easily be destroyed while they are contacting with a harder surface. On the other hand, the
abrasive wear test (using a slurry containing SiC particles) instead of a dry sliding wear test
showed different behaviour for Ti-64 substrates. The wear coefficient values for the uncoated,
Ti coated, and Ti-Nb coated Ti-64 substrates treated at 700°C for 4 hours can be found in Table
6-7. The untreated Ti-64 substrate showed some enhancement related to abrasive wear, but it
was found about 8% while this enhancement was seen about 19% after 4-hour TPN600
treatment. This suggests that the thin compound layer which is formed on the surface (Ti2N)
may be fractured during the wear test and the newly formed nitride debris can speed up the
wear rate. Although the surface hardness values were found better after TPN700 process (see
Figure 5-20), the wear performance of the uncoated Ti-64 substrate was found limited after TPN
treatment. It also appears that surface hardness alone is not responsible or improved abrasive
wear performance but also a gradual change of the mechanical properties from surface to core

may be more beneficial.
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Table 6-7 Wear coefficients of uncoated, Ti coated, and Ti-Nb coated Ti-64 surfaces subjected to
4 hours TPN700 treatments

Wear coefficient A K, % (compared to
Ti-a||0y Sample (X10-4 mm3/Nm) the untreated
substrate)
Untreated 10.87
Uncoated
TPN700-4h 9.97 83
Ti-64
Ti coated
TPN700-4h 9.60 117
Ti-Nb coated
TPN700-4h 9.18 155

The highest surface roughness was found for the uncoated Ti-64 substrate compared to Ti or
Ti-Nb coated Ti-64 substrate (see Figure 5-9). The PVD metallic coatings deposited before the
nitriding process led to a decrease in the final surface roughness values. The higher surface
roughness could end up with higher local contact pressures on the surface while applying the
micro abrasion test and this may accelerate the detachment of these nitride asperities. Having
lower surface roughness values gave some advantage for the Ti, and Ti-Nb coated Ti-64
substrate based on their wear performance. Moreover, the Ti-Nb coated Ti-64 substrate which
showed deeper cross-sectional hardening (see Figure 5-17) by the effect of the higher diffusion
rate of nitrogen in the beta phase coating than in the Ti-64 substrate yielded the best wear
performance between the Ti-64 substrates. This again shows the importance of a functionally
graded change in the mechanical properties with depth after the nitriding process. In the light
of all these findings, the higher surface hardness, lower surface roughness and more gradual
hardness change from surface to bulk (compared to its uncoated and Ti coated candidates)
make the Ti-Nb coated Ti-64 substrate more effective in application areas requiring abrasion

resistance.
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The response of the Ti-AVM substrates after TPN700 process was completely different from
the Ti-64 substrates. The wear coefficient values for the uncoated, Ti coated, and Ti-Nb coated

Ti-AVM substrates treated at 700°C for 4 hours can be found in Table 6-8.

Table 6-8 Wear coefficients of uncoated, Ti coated, and Ti-Nb coated Ti-AVM surfaces
subjected to 4 hours TPN700 treatments

. A K, % (compared to
Ti-alloy Sample ‘(’)‘(’fgﬂcﬁﬁ‘:ﬁ'fl’\'ﬁ‘; the untreated
substrate)
Untreated 8.13
Uncoated
TPN700-4h 011 248
Ti-AVM
Ti coated
TPN700-4h >63 ~30.7
Ti-NDb coated
TPN700-4h 512 29.0

On the first appearance, the wear performance of the Ti-AVM substrates was enhanced
compared to the TPN500 and TPN600 processes. It means that the wear coefficient of the Ti-
AVM substrates decreased after the TPN700 treatment. The uncoated Ti-AVM substrates
showed about 25% reduction in wear after 4-hour TPN700 process in which these values were
approximately 8% and 17% for 4-hour TPN500 and 4-hour TPN600 process respectively. It
should be said (firstly), the surface chemistries of the Ti-AVM substrates did not change a lot
(see Figure 5-8), and it was seen that some a-Ti peaks appeared on the surface of the Ti-AVM
substrates after 4-hour TPN700 process. The difficulties of the formation of the nitride
compound layer on the surface of Ti-AVM substrates was concluded with a lower surface
hardness values (see Figure 5-20) after the nitriding treatment. The reason for this because of
the relationship between the crystal structure and nitriding behaviour. The final product
provides very good abrasive wear performance by not creating a (significant) compound layer

on the surface.
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It was reported by Cassar et al. [112] that for getting a higher accumulation of nitrogen on the
substrate surface after nitriding, a higher cathode bias voltage could be used, but with
consequential higher surface roughness. With respect to the applications in which the final
product might be used, the process parameters could be changed, or the process can be varied

by using different reactive gas mixtures [210], [211].

In our study, more gentle surface roughness results were obtained (see Figure 5-9) related to the
chosen process parameters (the position of the samples inside the nitriding chamber is also
important). The method of depositing a metallic PVD coating before the nitriding process
provided more significant changes on the final properties of the Ti-AVM substrates because
the surface roughness of the uncoated Ti-AVM (because of larger grain size) was found to be
almost double uncoated Ti-64 substrates (after TPN700 process). The wear coefficient of the
Ti and Ti-Nb coated Ti-AVM substrates were found about 5% less compared to the uncoated
Ti-AVM substrate after 4-hour TPN700 process. The enhancement of the wear performance of
the Ti and Ti-Nb coated Ti-AVM substrates could be related to the reduced surface roughness
because the surface morphologies were found similar for all three Ti-AVM substrate
conditions. It was previously discussed that the thin (1.25 um) Ti and Ti-Nb surface layer
coatings were sputtered off completely after a 4-hour TPN700 treatment. The 1% difference in
wear coefficient was seen between Ti and Ti-Nb coated Ti-AVM substrates, but it is a
negligible value compared to the overall enhancement of wear performance. This may be
related with the better diffusion hardening response of the Ti coated Ti-AVM substrate (see

Figure 5-18).

6.3.3.1 Wear performance after depositing of thicker surface layer coatings
Most of the previous wear experiments were based on the uncoated substrates which were

nitrided at various temperatures for different process durations. Although some samples coated
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with Ti and Ti-Nb (before the nitriding process), these surface layer coatings did not survive
until the nitriding treatment finished. All wear craters (about 3 um deep) were composed of
ceramic nitride layer (depends on the samples and process conditions) and nitrogen diffusion
zone. However, thicker surface layer coatings were deposited before the 8-hour TPN700
process in order to see the “sputter off” behaviour of the coatings. Moreover, the remaining
coatings with different thickness (see Table 5-7) were also nitrided. Instead of only the nitride
layer which formed on the substrate (for uncoated samples), the different nitride layer which
belongs to remaining surface layer coating (besides the nitriding of the substrate) could affect
the wear performance of the samples. In order to make a good comparison, the wear test

parameters were kept the same as the previous tests.

The wear coefficient values for the uncoated, Ti coated, and Ti-Nb coated Ti-64 and Ti-AVM
substrates treated at 700°C for 8 hours can be seen in Table 6-9. Increasing the nitriding time to
8 hours enhanced the wear performance of uncoated Ti-64 substrate. The comparison of the
wear performance of the uncoated Ti-64 and Ti-AVM substrates (for all nitriding conditions)
can be seen in Figure 6-7. The increase of the thickness of the nitride (compound) layer and the
more beneficial diffusion zone (with its increased nitrogen concentration) under it may lead to
improving the abrasive wear performance of untreated Ti-64 substrate (compared to 4-hour
TPN700 process). An approximately 18% reduction in wear (compared to untreated) was also
found for the untreated Ti-64 substrate after 8-hour TPN700 process which is better than the
wear performance of the Ti and Ti-Nb coated Ti-64 substrates after 4-hour TPN700 process.
Therefore, it can be said that the increase of process duration (at relatively higher treatment
temperatures) could result in more significant changes compared to lower treatment

temperatures (based on wear performance).
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Table 6-9 Wear coefficients of uncoated Ti-64 and Ti-AVM surfaces subjected to 8 hours

TPN700 treatments
Ti-allo Sample Wear coefficient A Kk, % (compared to the
y P (x10* mm3/Nm) untreated substrate)
Untreated 10.87
Uncoated
_ TPN700-8h 8.90 181
Ti-64 Ti coated
i coate
TPN700-8h 8.44 223
Ti-NDb coated
TPN700-8h 836 231
Untreated 8.13
Uncoated
_ TPN700-8h 451 44
Ti-AVM E——
i coate
TPN700-8h >87 2t
Ti-NDb coated
TPN700-8h >0 319

11

10

—8— Uncoated Tic4
—®— Uncoated Ti-AVM

Wear coefficient (x10-* mm?/Nm)

[ ]

Untreated
TPN500-4h
TPN500-8h
TPN600-4h
TPN700-4h
TPN700-8h

Figure 6-7 The wear coefficient of the uncoated Ti-64 and Ti-AVM substrates (for all nitriding
conditions)
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On the other hand, the uncoated Ti-AVM substrate showed a similar trend (with previous wear
tests) on abrasive wear performance after 8-hour TPN700 process. The increased hardness (see
Figure 5-33) depending on the amount of nitrogen on the surface (which was also expected
almost maximum nitrogen can be dissolved inside B-Ti phase without forming any ceramic
phase) may be the reason to find superior abrasive wear performance for the uncoated Ti-AVM
substrate after 8-hour TPN700 process. It can be seen in Figure 6-7 how the uncoated Ti-AVM
substrate is improving its nitriding performance by changing the nitriding temperature and
time. If the nitriding temperature (which was chosen maximum 700°C) is increased more, the
wear mechanism of the Ti-AVM alloy can be different depending on its a to B transus
temperature. Moreover, the nitriding time can be increased to see the effect on wear
performance but (in this condition) the surface roughness value (the biggest value was found
for this sample which was 0.161 um after 8-hour TPN700 process) could be more detrimental.
Cassar et al. [2] reported that Ti-15Mo (which is another example of a metastable B-Ti alloy)
has a Ra value which is about 0.34 um after 4 hours nitriding process at 700°C. This value is
almost two times bigger than the value which was found in this study. The increased surface
roughness would increase the local contact stresses between the surface and ball. As a result,
it would increase the initial increase wear on the surface and moreover the wear coefficient was
found more than the untreated sample. They also reported that the previously coated pure Ti
on the surface of Ti-15Mo substrate allowed to decrease the final surface roughness and
consequently decrease the wear coefficient. The smoother surface which was found in this

study did not give any negative effect on the wear performance of the Ti-AVM substrate.

The Ti and Ti-Nb surface layer coated Ti-64 substrates showed better wear performance than
the uncoated Ti-64 substrate after 8-hour TPN700 process. The remaining surface layer
coatings kept more nitrogen on their surfaces and the gradient hardness change from the surface

to the core of the substrates was beneficial in the sense of wear. The EDX results (see Table
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5-6) was proof that the surface layer coated substrates have more nitrogen on their surfaces
after 8-hour TPN700 process. The surface coatings allowed to have better surface roughness
values except for Ti-Nb coatings on a Ti-64 substrate. However, interestingly, the wear
coefficient value of the Ti-Nb coated Ti-64 substrate was found less than the Ti coated Ti-64
substrate. It is suggesting that the negative effect of surface roughness on the wear performance
was eliminated by the better nitriding efficiency of Ti-Nb coating. It also allowed more nitrogen
to diffuse inside the substrate and it made the coating/diffusion system more wear resistant.
However, as a result, the Ti coated, and Ti-Nb coated Ti-64 substrates have similar wear
performance. This suggests that the thickness of the PVD surface coatings should be selected
carefully. If the Ti-Nb coating had chosen 3 um (rather than 5 um), the final properties would

be maximised.

The effect of the Ti and Ti-Nb PVD metallic coatings which were deposited on Ti-AVM
substrate was resulted differently compared to the uncoated Ti-AVM substrate after 8-hour
TPN700 process. As discussed earlier, there is no surface layer coating left after 4 hours
nitriding process, and there is no nitride layer formed after both 4-hour and 8-hour TPN700
processes. Thus, the abrasive wear performance of the substrates had shown an increasing
trend. Thicker coating layers which remained on the surface are also nitrided after 8-hour
TPN700 process. Although the surface roughness values (see Figure 5-34) were decreased by
the effect of a surface coating, the abrasive wear performance of the Ti and Ti-Nb coated Ti-
AVM substrates were worse than the uncoated one. This can be assimilated to the nitrided Ti-
64 substrate at 700°C, in which the abrasive wear performance was decreased by the formation
of a nitride layer (it was thought to accelerate the wear by the effect of the lower load-bearing
capacity of the substrate). It is also found that the Ti-Nb coated Ti-AVM substrate has better
wear performance than the Ti coated Ti-AVM substrate after 8-hour TPN700 process. This can

be attributed to the higher surface hardness (see Figure 5-33) value of the Ti-Nb coated Ti-AVM
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substrate compared to the Ti coated one which has different nitriding behaviour by forming a
(too thin) nitride layer on the surface (see Figure 5-28). As a conclusion, the wear performance
of the diffusion/coating system strictly depends on the substrates type, surface coating material

(and thickness) and the treatment time.

The deposition of metallic PVD coatings (Ti or Ti-Nb) before nitriding process had some
influence on wear performance of the titanium alloy substrates depend on process parameters
and underlying substrate’s crystal structures. Besides the decrease of the wear coefficients of
the titanium substrates after TPN process, the aim was here to create better hardened zone
(better load bearing capacity) to subsequently deposited PVD hard coatings. Because, the hard
PVD ceramic coatings (such as TiN, CrAIN) need good adhesion to the titanium alloy substrate
to show beneficial wear performance. It was already shown in Section 6.2 that although the Ti-
Nb-N coating (on Ti-64 substrate) has very hard nature (around 23 GPa), the wear performance
of this coating was limited because of soft Ti alloy substrate under it which allow to debonding
of the ceramic coating easily. A quantitative comparison can be made with the similar works
which was applied micro abrasion test after nitriding process or single-layered coating
deposition. It should also be noted that the process parameters for both surface engineering
methods and wear test methods may affect the final wear performance. On the other hand, to
compare the % change of the wear coefficient compared to the untreated substrates will result
with a more significant comparison for TPN treated samples. It is seen in Table 6-10 that the
TPN process provided better wear performance over untreated samples. The Ti-Nb interlayer
coatings (deposited before nitriding process) increased the wear performance. However, the
wear performance of the samples which was previously nitrided and subsequently ceramic
coated were found superior. In conclusion, to produce a wear resistant titanium alloys, duplex

(or triplex) processes are suggested.
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Table 6-10 A quantitative comparison of the various materials base on their wear performance

Wear coefficient (x10* mm3/Nm)

Samples In this study References
Untreated Ti-64 (substrate only) 10.87 9.65 [2]
TPN700 (4h) on Ti64 9.97 8.98 [2]
Ti-Nb layer + TPN700 (4h) on Ti64 9.18 -
TPN700 (8h) on Ti64 8.90 -
Ti-Nb layer + TPN700 (8h) on Ti64 8.36 -
Single-layered TiNbN/TiN on Ti64 6.10 6.01[2]
TPN700 (8h) + TiN on Ti64 - 4.87 [2]
Single-layered TiAISiN on steel - 6.36 [212]
Single-layered TiB2 on steel - 6.84 [213]
UNS S32750 stainless steel (substrate only) - 9.6 [214]
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6.4 Summary

The micro-abrasion wear test was used to figure out the wear resistance of single layer Ti, Ti-

Nb and Ti-Nb-N coatings, triode plasma nitrided (uncoated, Ti coated, Ti-Nb coated) Ti-64

and Ti-AVM substrates. The wear coefficient of the samples was compared with the untreated

sample and the effect of treatment temperature and time on the wear performance was

determined. The following key points from this chapter can be drawn:

The optimisation (and decision) of the parameters was found very critical for this
technique. The initial experiments were applied on untreated substrates. 5 different
revaluation values were tried (from 25 to 400). The depth of the wear scars was found

about from 1 um to 7 um.

It was decided to use 50 revolutions for the single layer coatings to not affect from
the substrates. On the other hand, 100 revolutions was used while applying this test
to triode plasma nitrided substrates. In order to maintain the concentration of SiC
slurry, a magnetic bar and stirrer were used during the experiment. The wear scar
measurements were done with a surface profilometer because the optical microscopy
measurements were not found stable.

The wear coefficient of (approximately 2 um thick) Ti and Ti-Nb coatings were
calculated, and the change of the wear coefficient of Ti-Nb coatings compared to Ti
coatings was evaluated. The Ti-Nb coating which contains about 17 at. % Nb resulted
with 9 % enhancement. When the Nb concentration is increased, the wear
performance of the Ti-Nb coatings was improved. It is about 27 % enhancement was
found for the Ti-Nb coatings which contain about 40 at. % Nb. The pure Ti and Ti-
Nb (33 at. % Nb) coatings which deposited before nitriding treatment showed about

2 um and 1.75 um wear scar depths respectively.
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The ceramic Ti-Nb-N coatings showed better wear performance than the metallic Ti
and Ti-Nb coatings. The higher surface roughness values made the measurement
difficult for these samples. However, it is about 30 % improvement was seen for the
Ti-Nb-N coating (compared to Ti-Nb coating). Unlike the metallic Ti-Nb coatings,
the increase of Nb concentration in Ti-Nb-N coatings made these coatings less wear
resistance. Therefore, while selecting the desired Nb concentration for the pre-
deposition process, the Nb and N relationship should be considered.

The effect of the triode plasma nitriding treatment (which were applied for different
time and temperatures) on the wear performance was evaluated for both substrates.
Any changes in the physical and mechanical properties of (uncoated, Ti coated, and
Ti-Nb coated) Ti-64 and Ti-AVM substrates (after different diffusion treatments)
could affect their wear performance. All results were interpreted by considering these
changes and compared to each other. The nitride compound layer (if formed after
nitriding treatment), the nitrogen diffusion zone, the pre-deposited Ti or Ti-Nb
coatings (if remaining after nitriding treatment) were considered as a whole system.
TPN500 treatment showed very limited wear enhancement which is related to the
amount of nitrogen was diffused inside the substrates. The uncoated Ti-64 and Ti-
AVM substrates demonstrated about 11 % and 8 % enhancement after 4-hour
treatment (compared to the untreated substrate) on their wear performance
respectively. The increase of treatment duration to 8 hours resulted in an
improvement of wear resistance. However, it is only 3 %, and 5 % (extra) increase
was found for uncoated Ti-64 and Ti-AVM substrates respectively. It was already
discussed in Section 2.5.2 that the relationship between the nitriding time and the

diffusion depth is not linear.
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The uncoated Ti-64 and Ti-AVM substrates showed about % 19 and % 17
improvement on their wear performance after 4-hour TPN60O treatment (compared
to the untreated substrate). It can be said that 100°C increase of the nitriding
temperature has a better effect on wear coefficient than the 4 hours increase of the
nitriding duration of TPN500 treatment.

The wear behaviour after TPN700 treatment was found different for different crystal
structured Ti-64 and Ti-AVM substrates because of their affinity to the formation of
a nitride layer on their surface. The uncoated Ti-64 substrate showed only %8
enhancement after 4-hour TPN700 treatment which was worse than the 4-hour
TPN500 treatment. The reason for this low wear performance was attributed to the
formation of the compound layer on the surface of the Ti-64 substrate. The pre-
deposited Ti and Ti-Nb coatings before nitriding treatment decreased the wear
coefficient values which were approximately 12 % and 16 % enhancement seen
respectively. It was referred to the decreased surface roughness and increased
diffusion performance.

The uncoated Ti-AVM substrate showed about 25 % enhancement after 4-hour
TPN700 treatment. This substrate maintained the increase the wear performance
even at 700°C. It was already discussed that the mechanical properties of the Ti-
AVM substrates were enhanced after 4-hour TPN700 treatment without forming any
significant compound layer. Therefore, the corruption on the wear performance (at
relatively high temperatures) is related to a thin compound layer formation with weak
support from the underlying substrate (which seen for uncoated Ti-64 substrate). The
Tiand Ti-Nb coatings (no coating was found after the nitriding treatment) which pre-

deposited before the nitriding treatment showed about 5 % enhancement. It is
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attributed to the decreased surface roughness compared to the untreated Ti-AVM
substrate.

The increase of the treatment duration from 4 hours to 8 hours for TPN700 treatment
resulted with better results for uncoated Ti-64 and uncoated Ti-AVM substrates. It is
about 18 % and 45 % enhancement were obtained after 8-hour treatment (compared
to the untreated substrate) on their wear performance respectively. The uncoated Ti-
AVM substrate (still) did not form any compound layer and maintained the
increasing trend on its wear performance. Although the uncoated Ti-64 substrate has
formed a thicker compound layer after 8-hour TPN700 treatment (compared to 4-
hour treatment), the wear performance was improved. It is because of the more rigid
structure of the compound layer and the better support which is coming from the
underlying substrate.

The thicker (5 um) Ti and Ti-Nb surface layer coated Ti-64 substrates showed better
wear performance compared to uncoated ones after 8-hour TPN700 treatment. Their
benefits were almost similar, and it is attributed to the decreased surface roughness
after the nitriding treatment. On the other hand, the wear performance of the Ti and
Ti-Nb coated Ti-AVM substrates were found lower than the uncoated one. It is
related to the ceramic nitride phase in which the remaining surface layer coatings
formed. The substrates which formed a compound layer on their surface showed
lower wear performance. The relatively better wear performance of the Ti-Nb coated
Ti-AVM substrate (compared to Ti coated one) after 8-hour TPN700 treatment is
attributed to the different morphology of their (formed) nitride layers. It is all
concluded that the wear performance of the coating/nitriding processes depends on

both the type of the substrate and type of pre-coatings (with various thickness).
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

Conclusion

This PhD study consisted of two main sets of experiments: the first one was the production of
(metallic and ceramic) PVD coatings for different purposes and the second one was the triode
plasma nitriding of (uncoated and previously PVD metallic coated) two different Ti alloy
substrates (Ti-64 and Ti-AVM). The aim was to use the different nitrogen diffusion behaviours
of the PVD metallic Ti (HCP) and Ti-Nb (BCC) surface coatings to improve the nitrogen
diffusion efficiency during plasma nitriding. The physical and mechanical properties of the
nitrided substrates were examined (as well as their wear performance) and the effects of
diffusion treatment temperature, time (and the thickness of the different pre-deposited PVD
surface coatings) on nitrogen surface and bulk diffusion kinetics were investigated. The

following conclusions can be drawn:

The metallic Ti and Ti-Nb coatings (with Nb concentration of 18 to 88 at. %.) were
produced succesfully. In order to obtain almost fully (B) phase Ti-Nb coatings, it was decided
to select at around 33 at. % Nb to balance between the phase stability of the Ti-Nb coating and

the higher nitrogen diffusion efficiency of ‘pure’ B-Ti during plasma nitriding.

The hardening effect for Ti-Nb coated Ti-64 substrate was found to be higher than that of
other Ti-64 substrates (after 4-hour TPN700 process) which is related to the higher diffusion
rate of nitrogen (in the B phase coating). Nitrogen can diffuse to the substrate faster and allows
higher nitrogen concentration (thicker hardened zone) under the surface. The hardening effect
for Ti coated Ti-AVM substrate was found higher than other Ti-AVM substrates (after 4-hour
TPN700 process). It can be explained with a lower diffusion rate of nitrogen (in the alpha phase

coating) allowing the slowdown of the nitrogen interstitials, and they can build up a hardening
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effect by increasing their concentration in the near-surface rather than spreading inside the Ti

alloy substrate.

The 1.25 pum thick Ti and Ti-Nb surface coatings (deposited before plasma nitriding) was
sputtered off completely after a 4-hour TPN 700 treatment. The sacrifice of the fine-columnar
PVD surface coatings led to decrease in final surface roughness of Ti alloy substrates,
compared to uncoated equivalents. The post-nitrided surface roughness value for Ti-Nb coated
Ti-64 substrate was found to be 52% less than the uncoated Ti-64 substrate-and a similar
improvement was seen for the Ti coated Ti-AVM substrate with a 67% decrease (compared to
the uncoated substrate). Therefore, it was suggested that the thickness of the surface coatings
should be selected by considering nitriding duration (long-lasting surface coatings) to obtain

smother surfaces after plasma nitriding.

The uncoated Ti-64 and Ti-AVM substrates showed remarkable wear enhancement (up to
20 %) after TPN500 and TPN600 treatments. However, micro-abrasion wear performance was
found to be low for TPN700 treatment (compared to lower temperatures) for the Ti-64
substrate, which can be attributed to formation of the Ti>N phase. The Ti and Ti-Nb surface
coatings provided some benefit, with approximately 12 % and 16 % enhancement (compared
to the untreated substrate) seen respectively after the 4-hour TPN700 treatment. On the other
hand, the wear performance of the Ti-AVM continued to improve after TPN700 treatment. The
Ti and Ti-Nb surface coatings provided approximately 30 % enhancement (compared to the

untreated substrate) to the wear performance of Ti-AVM substrates.
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Recommendation for Future Work

This work showed that TPN treatment needs to be designed (individually) for different Ti alloy
substrates. If the surface coatings are desired to be deposited before plasma nitriding, the
material and the thickness of the coatings should be selected carefully. Some recommendations
of this work could be addressed to:

e Depositing a-Ti or B-Ti surface coatings inside the same chamber in which the TPN
treatment is taking place. Thus, after depositing a surface coating, the TPN treatment
can be started directly (all production stages will occur in the same vacuum
environment).

e Ti-Staballoy coatings (the phase structure was predicted as nanocrystalline particles
were embedded inside an amorphous matrix) with different Fe, Cr and Mn content
should be deposited on Ti alloy substrates to analyse the effect on nitrogen diffusion
efficiency during TPN treatment. The structure of the Ti-Staballoy coatings needs to be
analysed using TEM, to see the effect of the different additional elements on the phase
structure (crystallinity) of the coatings.

e The depth of the nitrogen diffusion zone after TPN treatments can be measured more
precisely by glow-discharge optical emission spectroscopy (GDOES) to obtain more
reliable nitrogen concentration data from the surface to core of the different titanium
alloy substrates after TPN treatments.

e TPN studies should be extended by applying at lower temperatures (i.e. 500°C) after
depositing PVD surface coatings. The sputter removal rate is expected to be slow
compared to TPN700 treatment, and thus less thick surface coatings can be selected to
increase the nitrogen diffusion efficiency for lower treatment temperatures.

e The characterisation of the phase structure of the uncoated and (thicker) Ti and Ti-Nb

coated Ti alloy substrates was complex (after 8-hour TPN700 treatment). The findings
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from several XRD experiments need to be checked using TEM (especially to determine
o’ martensite and Ti-Al intermetallic phase distributions). Most of the pre-existing
nitriding work in the literature does not mention these phases because of the possibility
of overlapping the XRD peaks (if the duration of the XRD experiment was selected
shorter) is very high.

Other mechanical properties (such as sliding wear, impact and fatigue resistance) of the
samples (produced with duplex diffusion/coating system) will be studied with test

samples of an appropriate (larger) size than the samples investigated here.
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