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Abstract

At the hot end of the turbocharger, there are components that undergo surface-related
degradation mechanisms, which include the ones that arise when the components move
against each other. Not only do these degradation mechanisms affect the long-term
performance of the component, they could eventually lead to catastrophic failure of the entire
turbocharger. In addition, future regulations dictate higher efficiency engine systems to meet
emission restrictions. These require the turbocharger to run at higher temperatures and loads,
leading to reduced service life of current components if new materials are not found. As
conventional materials, like stainless steels, do not tend to provide adequate friction and/or
wear behaviour and cobalt-based superalloys being expensive, alternative solutions need to be
explored. As the dominant degradation processes are surface-related, treating or coating the
material’s surface to obtain the properties required for the application offers an alternative. As
coating solutions will open a wide range of materials to investigate, a time efficient process
needs to be implemented by industry in order to reduce the time in obtaining an appropriate
solution. From an industrial perspective, the solution must not only fit with the required

engineering requirements, it must also meet business and purchasing requirements.

The present study was conducted as a research and development project with Cummins Turbo
Technologies (CTT) to implement new solutions for variable geometry (VG) turbochargers that
will operate in increasingly aggressive conditions. A description of how sets of selected
materials behaved at three critical temperatures for turbocharger operation is discussed in
terms of microstructural, mechanical and chemical changes in order to understand their
behaviour in the relevant environments. The fundamental degradation aspects of a range of
coatings wear are compared to stainless steels and Co-superalloys, offering new scientific

knowledge in high temperature dry wear of engineering alloys and coatings.

In order to understand the performance of the materials performace in the aggressive
environments experienced a series of environmental tests were conducted and characterized
before and after testing. A room temperature corrosion and high temperature oxidation test
were done to obtain information about the material behaviour when the turbocharger is not
or is in operation, respectively. A tribology test at different temperratures within the
temperature range of operation of a VG mechanism were done in order to obtain information
regarding their performance while in contact. A thermal shock test was done in order to

understand whether or not the coating system is able to withstand high temperature changes.



Finally, an adhesion test was done in order to understand how to coating system will behave

under overstressed conditions.

From Cummins’s perspective, this knowledge was enhanced by the development of
comprehensive selection methodology, which will be discussed and applied throughout this
thesis. The methodology includes not only engineering requirements but also accounts for
business requirements. This provides an innovative aspect to the research work that has been

implemented by Cummin



1. Business case

1.1. Executive Summary

The development of new engine systems is driven by the increasing regulations related to the
by-products created during the fuel combustion process, which are damaging to the
environment and living organisms’ health. In order to determine whether the emissions

regulations are met by engine systems, three kinds of testing are carried out [1]:

e Steady-state cycle testing (SC) — Used to obtain engine performance at different set
loads and revolutions

e Transient cycle testing (TC) — Tries to replicate the conditions experienced by the engine
system under a real road situation

e Load response testing — Smoke is sampled and analysed under different speeds and

loads.

The maximum values of different chemicals measured within diesel (compression ignition) and
natural gas (positive ignition) exhaust gases in these tests are controlled by EU legislation Euro
VI ‘@’, ‘b’ and ‘c’ [1] and are shown in the table below (ESC/TC= European SC/TC, WHSC/TC=
World Harmonized SC/TC).

Euro VI emissions limits

Limit values
co THC NMHC CH, NO,(1) NH, PMmass  PM (?)
(mg/kwh) (mg/kWh) (mg/kwh) (mg/kWh) (mg/kWh) (ppm) (mg/kwWh)  number
(#/kwh)
ESC (CI) 1500 130 400 10 10
ETC(CI) 4000 160 400 10 10
ETC(PI) 4000 160 500 400 10 10
WHSC (3)
WHTC (3)

Note:

PI= positive ignition

Cl=compression ignition

(*) The admissible level of NOZ component in the NOx limit value may be defined at a later stage

(%) A number standard is to be defined at a later stage and no later than 1 April 2010

(%) The limit values relating to WHSC and WHTC, replacing the limit values relating to ESC and ETC, will be introduced, at a later stage,
once correlation factors with respect to the current cycles (ESC and ETC) have been stablished, no later than 1 April 2010.

Table 1.1. Emission limits for different tests carried out on engine systems (adapted from [1]).

The upcoming Euro VIl is expected to further reduce these limiting values of the different

chemicals found in heavy-duty exhaust gases. Limiting values for NOx are expected to be reduced



by half and NO; shall be added to the recorded values. Maximum size of particles will be reduced
from 23nm to 10nm [2]. These tighter limits that will enforced by the Euro VII legislation will
affect the development of not only materials of components, such as cylinder heads and pistons,
but also the aftertreatment, such as filters, sensor technology and power train technology or

hybridisation [2].

Figure 1.1. Schematic representation of engine downsizing [3].

One of the trends to achieve the ever more restrictive regulations is engine downsizing,
illustrated in Figure 1.1. This is defined by the use of a smaller sized engine which nevertheless
provides the same power output as its bigger version [3]. When downsizing, engine systems add
turbomachinery to improve engine efficiency and power output. This improves fuel combustion
efficiency due to higher amounts of available oxygen for combustion, resulting in an increase of
engine power [4]. Turbocharging is considered a standard technology in the heavy-duty vehicle
sector. The main reason of the boom of turbomachinery in engine systems was the need to

achieve highly conflicting requirements [4]:

- Low-speed torque

- High-speed power

- Faster engine response during system changes

- Increased boosting

- Lastly, as previously mentioned, the highly demanding regulations in the reduction of

exhaust chemicals exhaust after fuel combustion.

The principle of operation of a turbocharger is the exploitation of the kinetic energy of a turbine
wheel driven by the hot exhaust gas coming from the engine, which is compressed at the turbine
house. The exhaust gas energy is transfer to the turbine wheelthat rotates. The turbine wheel is
connected to a compressor wheel by a shaft, from which the kinetic energy is transferred. As
the compressor wheel rotates, air is sucked in and redirected to the engine using an outlet in

the compressor housing that also compresses the air. In order to offer more control over the



amount of exhaust gas reaching the turbine to obtain better performance at different engine
speeds, components like the Variable Geometry (VG) and Wastegate (WG) mechanism were

developed [5].

The Cummins Turbo Technologies (CTT) VG mechanism, as shown in Figure 1.2, is composed of
a fixed shroud plate and nozzle ring with extended blades, which slides using a pneumatic or
electric actuator. By this movement, the pressures at the turbine wheel can be changed by
reducing or increasing the exhaust gas flow area. This allows higher boost at low engine speeds,
and reduce the back-pressure and turbine speed, and increase the back-pressure for braking
purposes. The WG mechanism is a bypass valve that opens in order to reduce the exhaust gas
flowing towards the turbine wheel, allowing the usage of a smaller housing, and wheel to

achieve higher boost at lower engine speeds [6].

Sliding nozzie ring
and blades extended

Fixed
shroud
plate.

Exhaust gas Boost air

Speed
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\_ :

d

i
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! ]
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- |
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o

<= Control air

Figure 1.2. Schematic representation of a CTT VG turbocharger [6].

As these components are in the turbine housing, they already perform in a high temperature
oxidative and corrosive environment. Additionally, all parts of these components are in contact
with each other, which causes them to undergo tribological mechanisms that will degrade the
components reliability, durability and performance over time. Further, future applications of

these components will be subjected to wider temperature ranges and higher contact stresses,

3



as turbocharger sizes keep being reduced and exhaust gas temperature increases for efficiency

purposes.

Components of the VG mechanism are made of austenitic stainless steel which offers high
temperature protection while providing the required mechanical properties to sustain the
applied loads. However, the wear resistance is lower than that of other materials. Wear can
subsequently increase friction between parts and seize them, causing failures to the

turbocharger and the engine.

Cobalt-base superalloys are known as alternative materials that can improve the tribological
performance of the contact at high temperatures [7], but these alloys tend to be very expensive
[8] and prices seem to be increasing [9]. Further, they have more limited manufacturing routes

due to their lower ductility.

Another alternative is coatings or surface treaatments, which can provide more cost-effective
solutions to improve a component’s lifetime and has been previously shown in other industries
i.e. tool industry [10]. Coatings/surface treatments can provide a high-performance composite
material, which combines a cost-effective substrate for the application combined with a material
that can counter or reduce the effects of any surface degradation processes. However, these

technologies face some problems, which are:

- Little knowledge about their behaviour in specific applications.

- Literature and supplier knowledge can guide in the coating/surface treatment selection
process, but it is not clear how they would perform in specific applications.

- Coating/surface treatment specifications need to be more refined as different suppliers
have different processing methods, which can change the end result properties and,
subsequently, their tribological behaviour.

- During the component design stage, coating/surface treatment and substrate materials
need to be taken into consideration and tested, making the stage more time consuming.

- Expensive quality control processes

- No industry standards or generalised ones.

- Introduction of a new failure mechanism, which is related to the failure of the layers

formed/deposited and delamination.

Currently, CTT uses a nitrocarburizing treatment, which improves wear and friction performance
of the stainless steel components used for the VG mechanism, but this treatment suffers from

a variety of disadvantages:



Cost

Proprietary process

Supply chain from a logistics perspective as the treatment application is done by a
unique supplier at one location in the world. This makes the company dependent on the
supplier for specific products with little to no possibility to respond to any issues. In
addition, products that are produced on other continents that require this proprietary
treatment must travel to this one place and back, slowing the supply chain and
increasing production costs.

Reduction in the corrosion resistance, which limits the technology to lower
temperatures

Future environmental compliance of the coating/surface treatment process

While friction performance is acceptable, further improvement would be beneficial

Therefore, there is a need to understand the behaviour of the current and different

treatments/coatings to improve the performance of high temperature tribological contacts and

to be able to design systems that provide the tribological performance required. In the context

of this research, this relates in particular to reducing material loss and friction reduction across

a range of temperatures.

1.2. Benefits

The outcomes of this project aim to provide a range of different benefits that can be classified

by six different topics: wear, friction, dual sourcing, global supplier presence, environmental,

and knowledge.

A reduction in wear can provide:

A better component performance over time as the concepts under study may wear less,
maintining the component’s original geometry for longer

Reduction of maintenance costs or occurrences of component replacement

Longer component lifetimes

Higher reliability of the product

A reduction in friction can provide:

Cheaper actuators by reducing friction, since load requirements are reduced

Faster response



Further benefits can be related to the improvement of supply chain by the possibility of
dual/global sourcing or using more globally present companies. From a dual sourcing
perspective, the benefits can be:

Limited supply chain disruption due to uncontrollable risks, such as natural disasters.
Flexibility and reliability as the “better supplier” may be given bigger production
volumes. Higher performance of a supplier depends on cost, lead times, product quality,
global presence and the seller-buyer relationship. However, dual-sourcing may worsen
the customer service of the seller or will impact the willingness to improve required

services, as improvement entails investment.

Benefits from being supplied by a company with a larger global presence are:

Helps to reduce cost, as their product may be cheaper due to increased access to
materials and an abundant workforce.
Facilitates expanding to new markets as they adapt easier to the new conditions

Adapts better to uncontrollable changes, such as political conditions of a country.

Knowledge outcomes:

Thinking practices of other engineers trying to solve tribological issues

All cost improvements, as previously mentioned

Start of new product development projects, not just for the component under study,
but for other applications within turbomachinery

Depending on the desired outcome of any new project, work instructions can provide a

reference of techniques that could be used and save time

1.3. Risks

This section states the risks that could have affected both the research being undertaken and

Cummins from having a subcontractor, the author. The risks were divided into four categories:

technology, research process/methodology, facilities and organisation.

1.3.1. Technology

Patents that relate to functional applications of the technology. This is considered to
be a small risk. A patent, which restrains a material that is widely used for other
applications, is unlikely to have been successfully filed.

Technical Success, within the selection requirements explained in Section 3.1. As the
project was a starting point in understanding the potential technology for the

application, there was a high risk that the concepts under study would not be



successfully implemented in the application. To try to mitigate this risk, a wide range of
concepts have been looked at in this project.

Laboratory performance not matching application performance. Even though the
environment is replicated as closely as possible when doing a laboratory test, the
environment to which materials are exposed in a real-life application is more dynamic
(non-constant loads and/or varying temperature) and more corrosive (air vs exhaust
gas). This could cause changes in real application performance. To ensure the
performance of the concept, the next step when doing a product development project
should be testing the product capability at a component, full turbocharger, full engine
system, and real-life application level.

Dealing with different new suppliers. This includes the need to understand how the
suppliers work and how they can be integrated into CTT’s supply chain. Also, there was
a need to understand the specific supplier’s product as it may have some microstructural
and chemical differences despite being advertised under the same ‘name’.
Understanding the supplier and having a good relationship with them can establish
grounds to develop projects targeting specific needs within turbomachinery
components.

Unsuccessful knowledge transfer. Monthly meetings were organised for groups with
relevant interest. The work was presented at internal conferences and to groups within
CTT.

Base technology knowledge of the author at the beginning of the project. Priority was
given in the first few months to conduct an extensive literature review of tribology,
coatings and characterization techniques and to align the author’s understanding with
the state of the art knowledge of the field. All learnings were regularly presented

(monthly) and discussed (weekly) to improve and reflect upon them.

1.3.2. Research process/ methodology

Difficulties in obtaining answers from the different environmental tests. Equipment
training included software training. Main equipment training was received within the
first year of research. Niche equipment knowledge was acquired as needed.

Skills of the person conducting the research. An interview process was applied, which
tested base skills and subject capability to improve. An EngD project always takes into
account a learning process of the person carrying out the project.

Unsuccessful research process. The project was reviewed on a monthly basis by the

stakeholders, who advised on strategies to keep the research on track.



1.3.3. Facilities

Requirement of equipment to carry out the testing. The tribometer was purchased
through a tender process and installed and commissioned during the EngD project. The
risks were reduced by buying a standard tribometer capable of the testing conditions
required. Risks arose from the installation of the equipment and testing as it was
unknown if it was going to perform as expected. In addition, functional issues needed
to be addressed remotely as the supplier was based in another continent in a different
time zone, causing delays.

Training for using different facilities. Main equipment training was received within the
first year of research. Other equipment training was obtained as needed.

Time available on equipment. Most equipment could be booked in advance (2-4 weeks)

based on testing plans.

1.3.4. Organization

Introduction of new suppliers in the supply chain; this includes lead times, costs,
product quality, possible sources and procurement strategy. This required working
directly with the procurement team in CTT and joining meetings with suppliers. This
presented a considerable risk as project was concerned with the final stages of the
production line. As long as time lines were met, this would not present any issues. In
order to pre-empt any problems, lead times plus a buffer were taken into consideration.
Project monitoring. Project development was needed to monitor the progress of the
project on a regular basis and to ensure that the project was on track to provide helpful
information for future product development projects. Meetings were carried out
monthly.

Confidentiality breach. Legally binding contracts were set up between the university
and Cummins to keep the work carried out confidential throughout the duration of the

EngD.

1.4. Project Definition

As time was the main limitation and the research needed by CCT was broad the aim of the

project was selected to focus on two key aspects to drive the innonvation and knowledge

necessary to introduct new technologies in CCT’s turbomachinery product portfolio: (1)

comparing and contrasting a range of surface treatment/coatings to inform and develop a

standard material characterisation procedure and (2) designing a selection process for future

projects and applications that take engineering and purchasing requirements into consideration.



As the project focused mainly on materials engineering and material characterisation aspects of

coating systems and focussed on:

- Surface topography, before and after coating/surface treatment application
- Microstructure and bonding characteristics

- Mechanical properties

- Corrosion and oxidation at room/high temperature

- Tribological performance at different temperatures

The environment that was used to benchmark the different concepts was derived from the VG
mechanism. Coatings/surface treatment were applied to a 300 series stainless steel and the
performance was tested under laboratory conditions. There are two main reasons why the VG

mechanism was chosen:

- The VG mechanism allows study of the behaviour of the technology under a wide range
of condition i.e. temperature, sliding distance or speed, and a range of contact stresses.
- Inaddition, CTT groups developing VG mechanism turbocharger for different application

had an interest in the research.

The strategy of Cummins is to reduce the impact on the environment and for their products to
add value by giving superior performance. This includes their products to be reliable, durable
and dependablewhile reducing their running costs, which includes acquisition and maintenance
costs [12]. The author believes that this project is clearly in line with Cummins views which were

previously mentioned on the Section 1.2.

As can be seen throughout the whole work, this project was in particular about implementing

new technology in the business through:

- Spreading knowledge across different research/technology groups about the
technology under study

- Stressing benefits and disadvantages when applying these technologies

- Highlighting opportunities to expand certain concepts under study and to develop
projects where the technology can offer a benefit.

- Finding new possibilities to keep or improve the performance of the VG mechanism.

- Understanding of how the different technologies perform in the environments they

were exposed to.

As time was the main limitation, the aim of the project was to compare and contrast a range of

surface treatment/coatings, develop a standard material characterisation procedure and design



a selection process for future projects and applications that take engineering and purchasing

requirements into consideration.

As the project focused mainly on materials engineering, and characterisation aspects,

coatings/surface treatment were studied regarding:

- Surface topography, before and after coating/surface treatment application
- Microstructure and bonding characteristics

- Mechanical properties

- Corrosion and oxidation at room/high temperature

- Tribological performance at different temperatures

The environment that was used to benchmark the different concepts is the VG mechanism.
Coatings/surface treatment were applied to a 300 series stainless steel and the performance
was tested under laboratory conditions. There are two main reasons why the VG mechanism

was chosen:

- The VG mechanism allows studying the behaviour of the technology under a wide range
of condition i.e. temperature, sliding distance or speed, and a range of contact stresses.
- In addition, CTT groups developing VG mechanisms turbocharger for different

application had an interest in the research.

The strategy of Cummins is to reduce the impact on the environment and for their products to
add value by providing the required performance and complying with regulations. This includes
their products to be reliable, durable and dependable, and reducing their running costs, which
includes acquisition and maintenance costs [12]. The author believes that this project is in line

with Cummins views which were previously mentioned on the Section 1.2.

As can be seen throughout the whole work, this project was in particular about implementing

new technology in the business through:

- Spreading knowledge across different research/technology groups about the
technology under study

- Stressing benefits and disadvantages when applying these technologies

- Highlighting opportunities to expand certain concepts under study and to develop
projects were the technology can offer a benefit.

- Finding new possibilities to keep or improve the performance of the VG mechanism.

- Understanding of how the different technologies perform in the environments they

were exposed to.
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1.5. Thesis Structure

The thesis is divided into eight chapters:

e Chapter 2 contains a literature review divided into two section. The first section covers
basic tribology principles and summarises the tribological behaviours of various metallic
materials, austenitic stainless steel and Co-based superalloys. The second section covers
different coatin systems and technologies, and how these materials may behave in a
tribological loading environment.

e Chapter 3 states the different methods used to select and characterize the different
materials for the application under study. This includes details about the equipment
used and the way the experiments were carried.

e Chapter 4 reports and discusses the findings regarding behaviours of the material pairs
under laboratory simulated wear and friction conditions at 250°C.

e Chapter 5 reports and discusses the findings regarding behaviours of the material pairs
under laboratory simulated wear and friction conditions at 650°C.

e Chapter 6 reports and discusses the findings regarding behaviours of the material pairs
under laboratory simulated wear and friction conditions at 760°C.

e Chapter 7 summarises and concludes all findings and relates them back to the initial
aims and objectives of the project. This is followed by a range of projects or
understanding from different observed problems encountered or could be encountered

and further information for understanding purposes.

1.6 Submission Structure
Four submissions were presented with the Innovation report that complement the data and

show the behaviours observed and discussed during the tribology chapters.

e Submission 1 is the paper presented at the 13" International Conference on
Turbochargers and Turbocharging. This submission contains more information about
how the different materials behave during the different environmental tests, in
addition to a brief overview to the material tribological behaviour at the three test
temperatures selected.

e Submission 2 shows all the morphological, microstructural and chemical behaviours
observed at the surface and cross-section of the wear scar after the materials were

tribologically tested at 250°C. Complements Chapter 4.
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Submission 3 display the different morphological, microstructural and chemical
changes of the surface and the cross-sections of the different material pairs after they
were tribologically tested at 650°C. Complements Chapter 5.

Submission 4 presents the the topographical, microstructural and chemical changes
observed at the surface and the subsurface of the material pairs after being they were

tribologically tested at 760°C. Complements Chapter 6.
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2. Literature Review

2.1 Introduction

This chapter presents a critical review of the sliding behaviour of coated and uncoated materials

at a range of temperatures. This chapter it is divided into the following sections:

e Section 2.2 presents the basic aspects of friction, focusing on dry friction

e Section 2.3 discuss the different wear theories and the main wear mechanisms

e Section 2.4 expands on the behavior of wear debris at the contact and the formation of
transfer layers in unlubricated systems at different temperatures

e Section 2.5 examines the performance of different alloys, mainly stainless steels and Co-
based superalloys.

e Section 2.6 looks at different surface treatments and coating deposition methods
focusing on thermo-chemical processes (TCP) and physical vapour deposition processes
(PVD). Each topic will be expanded for the specific surface treatments/coatings
examined during this research. After an introduction to the coating/surface treatment
material, their tribological performance will be examined.

e Section 2.7 concludes the literature review.

2.2 Friction

Friction is defined as “the resistance to motion that exists when a solid object is moved
tangentially with respect to the surface of another that it is in contact with, or when an attempt
is made to produce such motion” [13]. Friction is not a material property; but a system response

and it is expressed as the forces that oppose the relative tangential displacement.

Friction is mainly divided into dry friction and viscous friction and subsequently divided into
sliding and rolling friction. The tribological system under study will predominantly experience
dry sliding, therefore a closer look to how dry sliding friction is influenced by wear and corrosion

behaviour will be taken [14].
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(Resistance to motion: sliding, relling)
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Figure 2.1. Diagram Showing Types of Friction [14].

In a sliding friction system, friction force (F) is define as the coefficient of friction (p) times the
normal force (N). In a sliding friction system we can also distinguish between static; which is the
frictional force encountered in a stationary system, and kinetic friction; which is the frictional
force measured in a system in motion. In a stationary system; static friction is overcome by
applying a force greater than the resistance force in the direction of motion. In a system in
motion, three scenarios can be observed. If the force applied is lower than the resistance due to
friction, the system will stay stationary. If the applied force is equal to the resistance due to
friction, the system will move at a constant speed for a system in motion and it will stationary
for a stationary system. Finally, if the applied force is greater than the frictional resistance, the

system will accelerate; for a static or system in motion.

- F

A =—— F

R (Reaction) = N

Figure 2.2. Sliding Friction Free Body Diagram [14]
F* = uN (1.1)

where: F*=friction force, p= coefficient of friction and N= normal force.
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Currently, there are four laws of friction concerned with its magnitude:

e The friction coefficient of a system is dependent on the normal load [15]
e The friction coefficient is independent of the nominal contact area [15]
e The friction coefficient is independent of the sliding velocity [16]

e The friction coefficient is independent on the surface roughness [17, 18]

These rules are sometimes oversimplified and there are many of exceptions to each of these
rules [17]. Also, these rules do not tend to consider any wear mechanisms acting on a system
and later on by showing people’s work it will be shown that the consequences of changing some

of these parameters can change the friction magnitude of the system.

2.2.3 Friction Theory
There are four main dry Friction theories, Roughness, Adhesion, Deformation and Ploughing, of
how friction araises in a system, but all of them have their controversies. These main theories

are developed thinking that friction raises due to the asperities interacting at the micro-/nano-

scales [19].

2.2.3.1 Roughness Theory

The roughness theory, developed by Coulomb in 1781, believes that friction raises from
asperities interlocking. Even though, he believed that an adhesive component existed, it was not
the main cause as an increase of the friction value was not observed as the area of contact

increased [16, 20, and 21].

Sl Sl G
S I

Figure 2.3.Coulomb’s Asperity Interlocking Thoughts [16].

Therefore, friction araises from the work done to drag the asperities over the counterface
asperities in a system at which rigid solids are mating. If that is the case, the friction coefficient

of a system can be obtained by [16, 20, and 21]:
u= % = tan6 (1.2)

where 6= the surface inclination angle
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This is true if 6 is constant, no energy is lost and if the energy change goes from an initial to a
final state continuously. Even though, this theory complies with the laws of friction of the time,
it raised a lot of questions, such as what values to use as 6. This theory assumes that the mating

materials are rigid [21].

This theory was not criticized until 1804 by John Leslie [e.g. 21]. He agreed with energy being
used and recovered when asperities are climbed up and descend, but when adding the relative
different positions, the system average will be a horizontal straight line as climbing and
descending asperities will cause a variation with an average value of 0. On the other hand he
believed that material deformation was produced when the asperity dropped and indent the
opposite surface, using work to do [e.g. 20, 21]. He also opposed to adhesion of the surface
rising the friction value of the system as a vertical force component (adhesion) does not have a
horizontal component (friction), therefore cannot have an effect on it. Though this statement
was disproved by Desagulier’s lead spheres experiments, taking high shear forces to separate

the lead balls [21].

2.2.3.2. Adhesion Theory

The adhesion theory was proposed by a few groups in the middle of the 20™ century. This theory
suggested that friction rises due to the strong adhesion of asperities in contact and the normal
force upheld by the weaker asperities, which may undergo plastic flow [17, 22, 23, and 24].
When the tangential force applied translates relatively to the asperities, the weaker ones will

undergo shear [9] as shown in Figure 2.4. This theory describes the coefficient of friction as [14]:

— Shear plane

N
LNy
Asperity /

. ———=—— Perfect adhesion

Junction " : :

2a

&

Figure 2.4. Free Body Diagram Representing Perfect Adhesion Between Two Asperities [14].

F _ma’?H _H

=N = e, =, (13)
where a= area in contact, H= hardness and t,= shear yields strength
For a metallic material,

H =30, = 61, (1.4)

16



where oy= tensile yield strength

Therefore,

oy Ty _1_
p=g=g = =g=0167 (1.5)

These theories strong point was the material deformed by the forces, normal and tangential,
induced on the system. The problem was that it gave a universal friction coefficient, which is not
true as shown by vacuum studies of metals. Also, shear and plastic deformation were treated
separately [17], shear force calculated by a lower-bound analysis and the normal force by an
upper bound analysis, which is not valid for systems that work in the material deformation
regime for a weak point analysis [25]. Another issue, pointed by Buckley [26], was the existence
and easily formed chemisorption and physisorption surface layers, leading to wrong

measurements of surface energy.

Despite these shortcomings [17], this theory started to show that friction is related to material
deformation and it is still believed that an adhesion component has an effect to the overall static
and dynamic coefficient of friction [27]. This adhesion component (u.) tends to change from 0
to 0.4 depending on the surface interaction, on the lower end for lubricated systems or highly

contaminated surfaces [27].

2.2.3.3. Deformation Theory

While the adhesion theory treated the stresses due to normal and tangential forces separately,
the deformation theory treats them as one problem. This theory proposed that friction araises
due to plastic deformation of the asperities in contact at the boundary [28, 29]. In this theory,
the friction coefficient is calculated by a slip-field problem, in which stresses and forces at the

interface are calculated, as illustrated in Figure 2.5 [28].

L Sliding direction

;.Jr " /7

]

Figure 2.5.Slip-Line Field Representation of Two Asperities in Contact [30].

This theory it is believed to apply in a static system more than one already in motion. The reason
for this is believed to be due to reduction of asperity interaction as original asperities deform;

therefore, new asperities must be generated for this component to contribute to the system
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friction. This deformation component it is said to contribute 0.43 to 0.75 to the overall

coefficient of friction [19].

2.2.3.4. Ploughing Theory
Surface ploughing arises from the penetration of an asperity or wear particles penetrating in
one or both of the surface in contact. The hard body ploughs on the soft body, permanently

displacing it and leaving a groove on its path [31]. This behaviour was first described by Bowden

and Tabor [20, 21].

The coefficient of friction during ploughing, depends on the projected area of contact at the
plane normal to the sliding direction and the particle’s relative hardness to the material surfaces.
Calculation of the forces of the system is divided into two upper-bound issues; wedge ploughing
is a 2D issue while ploughing by a cone or sphere is a 3D problema as illustrated schematically

in Figure 2.6 and 2.7. For the 2D problems, p is [14]:

U = tanf (1.6) u= %tan@ =~ tanf (1.7)

l N (load per unit length) )

2w _ F (load/length)

Figure 2.6. Free Body Diagram of a Wedge (left) and Cone (right) Shaped Body Plowing in a Surface [14].
While a 3D problem tends to be more complicated:
_2R%2( . _q(a a )
u=rg{sn (5) -5 (1-3)) (1.8)

where R=radius of the circular body and 6= 6:+6,, where 6 and 6, are the displacement of both

solids due to compression.

If 6 is smaller than R, then:

e s () 19
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Figure 2.7. Free Body Diagram of a Spherical Body Plowing in a Surface [14].

The ploughing component varies from 0, seen when wear particles are absent or soft surfaces
are in contact, to 1.0, when two identical metals are in contact and wear particles are

penetrating both surfaces [27].

2.2.3.5. Combination of Friction models

The Bowden and Tabor model of friction brings together adhesion theory and plastic
deformation theory, by accounting for the force required to overcome surface adhesion and the
force required to move the asperity or particle by pushing the material away from its path. This
model represents an idealised situation and does not take into account asperity deformion [13,
14] nor does it explain the friction behaviour under static conditions, or stick and slip due to

junction growth, increasing the real contact area [18].

Shu [27] based his studies in metals in tribological contact and suggested that friction is mainly
controlled by three components: asperity deformation, adhesion and ploughing. While asperity
deformation controls the static friction behaviour or running-in, adhesion and ploughing
mechanisms are more prominent friction contributors. This does not mean that friction can

increase due to other components present [27].

2.3. Wear

Wear is defined as “the progressive loss of substance from the surface of a body brought about
by mechanical action” [32]. The wear process tends to be steady and continuous, making it hard
to detect during a casual inspection, but can have high consequences; such as effiviency loss

and/or component failure.

Wear resistance is a system property, not a material property. As such, the different material
information reported by other researchers may not be the same due to a change in the

tribological behaviour
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2.3.1. Archard wear theory

Archard’s wear theory [33] is a simple model that is used to understand the basis for wear
processes. This theory, similar to Bowden and Tabor’s theory of friction, says that wear is caused
by the formation of wear particles that are created by the asperities or high points that are in
contact during the relative motion of both surfaces. The main assumption of this theory is that

the number of asperities or major points in contact is limited.

The next assumption is that the number of asperities that are in contact depends on the applied

load and the indentation hardness of the material.

K¢P
W = s (2.1)

where: W= wear volume, Ks=probability of an encounter leading to the generation of a wear

particle, P=applied load, H= indentation hardness of the softer material.
After simplification,

W = K,P, (2.2)
Where Kj is known as surface condition the K factor or wear coefficient.

From this theory, the laws of sliding wear were developed and, as with the sliding friction laws,

they should be used as a guideline [33]:
-Wear volume is directly proportional to the applied normal load
-Wear volume is directly proportional to the sliding distance
-Wear volume is inversely proportional to the hardness (with exceptions)

Therefore,
V= kE (2.3)
H

where: V=Wear volume, N= Normal load, S= Sliding distance, H= Hardness and k=wear

coefficient.

As explained in the discussions above, friction and wear are related and this theory/equation
does not capture this relationship. Although the equation is not based on rigorous testing, it
gives a useful engineering approximation, due to the neglect of other material or environment
properties, such as brittleness. It ignores material deformation and some assumptions are

arbitrary, such as no changes in wear as the surface changes [33]. This approximation tends to

20



be more precise if applied to metals, even though as the metallic system becomes more
complicated, for example: for metals with more than one phase present, the precision can be
reduced drastically. For ceramic and polymer materials it is les precise because other parameters
tend to be more important for these materials, such as toughness and elastic/viscoelastic

behaviour, respectively.

2.3.2. Abrasive wear

Abrasive wear occurs when a solid is loaded against another solid, countersurface (two-body) or
particles (third-body) from the environment or from one of the surfaces in the system. One
condition is the harder material must be at least 1.3 times harder than the softer for abrasive
wear to occur [20, 34]. Researchers have developed a wide range of ways to classify the different
abrasive wear mechanisms depending on other factors affecting the system such as stresses

[35], but the most widely used are to differentiate between two and three body abrasive modes.

{» H%&/ Rigid mounting - P ik
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Figure 2.8. Representation of a Contact under two Body Abrasion [36].

Two-body abrasive wear occurs, as mentioned above, when two surfaces come into contact. In
this situation, the soft surface gets abraded by the hard surface. For this mode, different wear

mechanisms are involved [37]:

-Cutting involves the removal of soft material by a hard body. The damage caused on
the surface is in the shape of deep grooves and elongated strips of material can be seen

as debris. Cutting is illustrated in Figure 2.9.

—_ ——— Direction of abrasion

Figure 2.9. Representation of the Cutting Mechanism [36].
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-Ploughing produces deep grooves due to the penetration of asperities on the counter-

surface, as shown in Figure 2.10.

® Direction of abrasion
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Repeated deformations by subsequent grits

Figure 2.10. Representation of Ploughing Mechanism [36].

-Wedge-forming is caused by a build up of material ahead of the asperity, causing flaked

shape debris, and is considered a less detrimental form of abrasion wear.

-Fracture abrasion wear is caused by brittle fracture at one of the solids in contact and
is shown in Figure 2.11. There are three different ways in which this brittle fracture can
happen: localized cracks that cause localized fragmentation, accumulation of cracks in

an area that causes high volumes of material being released and deep median cracking.

e Direction of abrasion

Figure 2.11. Representation of the Fracture Mechanism [36].

-The asperity deformation mechanism of abrasion relies on the plastic deformation of
asperities when they collide against each other. As the asperities become work
hardened due to continuous deformation, they also increase their brittleness and they

break off [27].

2.3.2.1. Third-body abrasion

Third-body abrasion wear (Figure 2.12) is caused by loose particles entrained within the
interface experiencing relative motion, which come from the wear process or particles from the
environment. This wear mode tends to show slower wear rates, normally one or two orders of
magnitude slower than two-body abrasion [35, 38, 39], as the debris will spend some time rolling

and abrading the surfaces.

22



Opposing surface remote

Figure 2.12. Representation of a System under the Effect of Third-Body Particles [36].

These wear particles, normally are in an oxide or work hardened state, can help the system
reduce overall wear by acting as solid lubricants [40], but they can also be detrimental by acting
as abrasive particles. This difference in behaviour depends on the system characteristics, such
as contact pressure, sliding speed, temperature, etc., and the particle morphology, size and
mechanical properties. These particles created during the wear process can be classified into

two categories [41]:

e Passive debris or debris is withdrawn from the contact, it does not have any positive or
negative impact on the system except the wear volume lost due to the particle
formation.

e Active debris or retained debris can have a positive or negative effect on the system.
Jiang proposed four mechanisms in which these particles could behave at the contact
interface [36, 42, 43]:

o Rotating mechanism is caused by the rotation of an entrapped particle around
its own centre.

o Skidding mechanism occurs when the particles fixed in one of the surfaces slide
across the opposite surface.

o Rolling mechanism occurs when particles are free to rotate at the surface
interface of the contact.

o Rolling restriction mechanism occurs when the particles rolling at the contact
are strongly adherent, restricting their rolling and increasing the force required

for motion.

Production or removal of the particles can occur harmoniously keeping an equilibrium. When a
given volume of particles is reached, they will bear the load and therefore, they will affect the
wear and friction of the system. The volume required will be dependent on the surface
roughness and particle size [44]. Rice [45] adds that the effect on the system tribological
performance will also depend on their mechanical properties. On the contrary, Suh [46, 47] has

shown that the lack of volume of these particle layers can have a positive effect on the
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performance of the tribological perspective, from a friction reduction perspective, by

‘undulating’ the surface topography of the material.

The agglomeration of particles can form compacted layers, which can serve as a system
protection [48]. In a high temperature environment. a ‘compacted layer’ composed of oxidation

products from the surfaces and or third body particles is sintered as a transfer layer.

2.3.3. Adhesive wear

Adhesive wear (Figure 2.13) is considered one of the most detrimental wear mechanisms that a
system can experience as it causes high wear rates. Surface adherence comes from the attractive
forces between both surface atoms. As a result, one of the materials’ properties to consider is
its chemical affinity and/or material electropositivity to the counterface, as reported by

Subramanium [49-51] using aluminium-silicon alloys worn by different materials.
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Figure 2.13. Metal Transfer when both Surfaces Adhere [16].

Adhesive wear occurs when material is pulled off one surface due to strong adhesive forces
between the atoms that come into contact, causing bonds to break not at the surface-surface
interface, but within the substrate material [17]. Subsequently, adhesive wear can lead to debris
formation or transfer of material back to the original substrate. This typically this would equate
to material from the softer surface being transferred to the harder material surface. Adhesive
wear is more likely to observed for smoother surfaces [17], as a smoother surface tends to show

a higher real area of contact i.e. the area of asperities in contact is higher.

The main condition in order for the material being pulled from one surface is that the shear
strength of the joint junction is higher than the shear strength of the bulk, or subsurface in this
study of coatings, of the material with lower shear strength. As this is not normally the case, the
production of a fragment by adhesion is rare [17] as it requires local regions to have lower
strength or regions with lower strength formed due to the material continuously plastically

deforming by creating or increasing the size of defects, such as voids. Others, such as Green and
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Tabor [52], showed that sometimes the junction stops being parallel to the sliding direction,

which can give raise to the formation of a particle.

Bowden and Tabor [53] stated adhesion happens at the asperity tips and due to the tangential
motion, the softer asperity is pulled from the substrate. This hypothesis was later criticized by

Shu, Saka, Jahanmir [54] and others for the following reasons:
-Hard surface wear cannot be explained
-Surface roughness cannot be explained
-Loose particles cannot be explained
-Metallurgical and microstructural material parameters are not taken into account
-Cannot relate wear and friction behaviour changes

-Work required to generate wear particles will be between two to three orders of

magnitude smaller than the external work done

-Interface between adhered surfaces is unlikely to be stronger than the bulk of the

material due to vacancies and impurities.

Researchers like Shu [27] and Jahamir [54] believe that if that is the case, adhesion mechanism
does not influence the overall wear volume, except when large flash temperatures are

experienced in the system. This point will be further discussed in Section 2.3.5.

2.3.4. Corrosive wear

Corrosive wear (Figure 2.14) occurs when the surfaces in contact interact chemically with the
chemical species in the environment and tends to be divided into two steps [17]. The first step
is the surface reaction with the environment, which can result in the formation of a protective
layer or the continuous corrosion of the material due to the formation of a non-protective layer
or if the protective layer is porous, brittle or spalls off. The second step is the removal of the

protective layer formed due to the sliding motion of the surfaces in contact.
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Figure 2.14. Effects of Corrosive Reagent in a Tribology System [36].

In an environment in which oxygen is present in an unlubricated system, metallic surfaces will
undergo a type of corrosive wear known as oxidative wear. This type of corrosive wear is
characterized by the formation/removal of an oxygen-based compound layer by the mechanical

action of the sliding motion in the system [17].

Quinn developed a model [40] that relates the wear rate to the formation/removal of the oxide
layer. In his theory, he assumes that the oxide layer formed requires to be a critical thickness

before it can no longer sustain the tangential load [55].

Quinn’s model should be able to predict the contribution of oxidative wear to the total wear of
the surfaces if the the static oxidation behaviour of the materials and the critical thickness of

the oxide layer are known, which can be measured experimentally.

As mentioned, wear rates using this theory are related to static oxidation, while wear rates for
materials mainly undergoing this wear mechanism are experimentally far greater. Firstly, the
model does not consider the temperature difference caused by friction, also known as the flash
temperature. As Archard [56] showed in his studies, flash temperatures at the surface due to
load or speed can have a significant impact on the wear behaviour due to material changes.
Secondly, while the energy required for oxidation reactions remains the same in a tribological
system in which surfaces undergo oxidation, the Arrhenius constant does not, due to constant
changes in the surface condition, such as an increase of dislocation density due to work
hardening, which can affect the oxidation behaviour [57]. Finally, as this theory is based on static
oxidation, it does not take into account crack formation in the oxide layers and oxide transfer to
the counter-surface; and therefore, it does not take into account the formation of

transfer/glazed layers during the wear process or the presistant removal and re-formation of
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the oxide film due to mechanical and tribocheical effects, which will further explained in Section

2.4 [55].

2.3.5. Delamination Wear Theory

In 1972, the delamination theory (Figure 2.15) was proposed by Suh [58] in order to explain how
metals and other solids wea. This theory was later supported by other researchers and it

answers many of questions unanswered by other theories.
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Figure 2.15. Delamination Theory Diagram [14].

This theory states that asperities of the surface are deformed and fractured, due to continuous
loading, producing wear particles. Because the wear rate of harder asperities is slower, they
apply a traction force on the smooth parts of the surface, which will cause an increase in the
amount of plastic deformation per loading cycle. Due to this cyclic deformation of the material
subsurface, cracks nucleate and grow as the material continuously deforms. This process

continues until the cracks propagate to the surface and produce a sheet-shaped wear particle.
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Figure 2.16. Diagram of the Material Delamination Process [58].
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There are several reasons, some of which are illustrated in Figure 2.16, as to why cracks are

generated at the subsurface, which are [27]:
-The surface is under a triaxial compressive load

-The hardening process due to plastic deformation is lower at areas near the surface
due to dislocation annihilation. Subsurface hardening due to dislocation pile-up can lead

to the nucleation of voids, which may coalesce due to void growth or shear action.

-The maximum shear stress present due to a Hertzian contact is higher at a distance

below the surface, which suggest that the material will yield first at the subsurface.

-The tangential load or friction force, produces tensile stresses in the material behind

the contact.

- The presence of inherit defects/ secondary particles at the higher shear/tensile stress

area.

Delamination theory does not reject the behaviours explained by previous theories. In a
tribological system different wear mechanisms act to certain degrees on the contact depending
on the material pair and the conditions experienced, meaning that a wear mechanism may be

prominent or absent depending on the conditions.

2.4. Wear at High Temperatures

While the mechanisms explained above will still be acting in a high temperature environment
(2200°C), their contribution to the overall wear will differ from the one seen at a lower
temperature. The key considerations as the temperature increases are the changes in
mechanical properties and the other changes due to the interactions with the environment e.i.

oxidation.

Materials used at high temperatures are often linked to very aggressive environments. One
method of reducing the wear in a high temperature tribosystem is to take advantage of the
oxidation behaviour of the material because the oxide debris can act as a solid-lubricant [42].
Furthermore, in combination with the high temperature and contact stresses, a compacted layer
can be formed as shown in Figure 2.17 [59]. This compacted layer can reduce the overall wear
in the tribosystem; however, the formation of a compacted layer is hard to predict for a material
combination because the mechanism of formation needs to be understood, which relies upon
the environment characteristics such as temperature, contact pressure, oxygen partial pressure,

sliding speed, etc.
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Figure 2.17. Glazed layer structure in a metallic surface [36].

There is a minimum temperature, known as the critical temperature, for the formation of a
stable glazed layer. This critical temperature depends on the material under evaluation and
other system parameters, such as load [48], speed or frictional heating [60]. When the
temperature is lower than the critical temperature, the formed layers are brittle and cannot
form a coherent layer and, as the temperature increases, the density of the layer is greater and
the sintering of the layer is easier, offering higher protection due to its faster formation and
higher durability. In addition, the type of oxide/oxides formed have an effect on the critical
temperature. Scott, Glascott and Woods saw the formation of glazed layers at temperatures in
between 200°C-300°C under fretting conditions for iron-based alloys. In their study, they
attributed the difference in critical temperature for glazed layer formation to the ductility of

oxides formed [61].

Burkinshaw and Blacker [62] from CTT reported on wear performance of wastegate materials at
different temperatures and developed a test procedure for assessment. In their work, two
different Cobalt-superalloys had the best performance at temperatures greater than 850°C. At
600°C, a material pair comprising of a Nickel superalloy against a sintered stainless steel
performed better from a wear perspective, showing that different material pairs perform
differently when subject to specific system conditions, in this case temperature due to the

formation of the compacted/transfer layers.

Wood [63, 64] has studied the tribology behaviour of dissimilar metals in a fretting type of wear
at a temperature range between 21 °C and 750°C, in which he combined Iron, Nickel and Cobalt
alloys. He showed in a system for which most of the third body particles will be retained, such
as fretting conditions, alloy combination has a significant impact on the wear rate due to the
different characterisitics of the compacted layers formed by the different oxidation behaviours.
During his study, the higher wear regime seen at intermediate temperatures was attributed to
delamination of the material, as plate like debris was observed, demonstrating how the nature

of the oxide affects the stress at the subsurface.
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As the particles formed are based on the contacting materials to, the alloy combinations will
influence theparticles and hence will dictate the properties of these layers. Pauschitz [65]
mentions that the properties of these layers are dependent on the conditions of the tribosystem,
including the mating materials and the wearing materials, and identify four different scenarios.
These scenarios are the (1) formation or (2) not of a transfer layer mainly composed of one of
the materials in contact with very low oxygen content, (3) a mechanically mixed layer composed
of original and oxidized material, and (4) a composite or compacted layer mostly composed of

oxidized particles.

Scott, Lin and Wood also proposed three mechanisms for the debris generation during the
formation of glazed layers during a study of fretting wear of iron-based alloys at temperatures

between 200°C and 600°C [66]. Theses mechanisms are:

-The oxidation-scrape-reoxidation mechanism in which the oxide layer formed is
continuously removed by the mechanical action acting on the surface forming third
body particles which can remain or be removed from the system. This mechanism is
dependent on the bulk temperature of the material in contact and the flash
temperature at the asperities.

-The total oxidation mechanism relies on the development of a coherent stable oxide
layer which is not removed by the mechanical action. This layer will continue growing
and providing wear protection.

-The metal debris mechanism which involves the formation of metal debris. The metal

debris is broken down until it spontaneously oxidises.
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Figure 2.18 Dry Sliding Wear Schematic of Metals [49].

During the study of Nimonic 80A by lJiang [41], he developed a model for the formation of
compact and glazed layers by the sintering of third body particles. This model assumes the

following [41, 68]:

- Wear rates after compact layer formation are negligible.
- All particles formed during the wear process are retained in the system and
compacted.

- Inhis case, he assumed that most of the oxide formed was Nickel oxide.

It was reported that this model is reasonable in comparison to the wear rates obtained during
pin-on-disk testing conducted on the material pair; however, the calculated values tend to show

lower wear rates than the values obtained during testing as shown in Figure 2.19.
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Figure 2.19. Comparison of Predicted and Test Results [41].

31



The previously presented literature suggests that the properties offered by the compacted
layers are related to their physical properties and condition [67], such as thickness, particle size
and defect density, and not their chemistries; however, the chemistry of the particles present in
the wear debris and their condition may dictate their formation and nature of the compacted
layers. The following sections discuss the wear behaviour of steels and cobalt superalloys and
will show further how the mechanical properties of the alloys and the formation of these

compacted layers improve the wear and/or friction behaviour of material pairs.

2.5. Tribology of Metals

2.5.1. Austenitic Stainless Steel

Austenitic stainless steels are a group of steels heavily used by industry due to:

e The retention of their mechanical properties at higher temperatures, which is mainly
dependent on the Nickel content and other alloying elements due to solid solution
strengthening. Ni content also aids stabilizing the autenite phase.

e The higher oxidation and corrosion resistance, which is mainly dependent on the Cr
content in the alloy as Cr is used to form a regenerative passive layer that prevents
further chemical reaction between the bulk and the environment at which is subjected.

e They are considered to be a cost-effective alloy, as the main component is iron (tends

to be low cost) and fulfill requirements in a wide range of conditions.

The disadvantage of these alloys is that they tend to be considered to have a lower wear
resistance, gving the tendency of the tribological systems composed of these alloys to suffer

from scoring, galling and seizing [69].

These alloys are face-centre-cubic (f.c.c.) with the possibility of being metastable, which is
normally found on the alloys with low stacking fault energy (SFE) [70]. The SFE of the alloy

depends on:

e Temperature, with the SFE increasing as temperature increases [71].

e Alloy composition, with Ni, Cu, Al and C increasing the SFE and Cr, Si decreasing it with
increasing concentration. Mn reduces the SFE below 13wt% Mn and while contents
above raises it, and N effects on the SFE are very dependent on base material and strain
rate [70]. Just note that depending on the original composition of the alloy, the solute
element added can have completely the opposite effect [72]. This makes it hard to
establish universal composition equations for the purpose of calculating stacking fault

energy.
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These alloys can easily undergo a martensitic transformation, which is caused by the
displacement of atomic planes during plastic deformation. This martensitic phase was found to
have a number of forms - a b.c.t. (a’) at high strains; hexagonal close-packed (h.c.p.) or &-
martensitic, shown to be maximum at low strains, and transforms to a’-martensite as strains
increase; and a combination of both [73, 74], which is dependent on both the work-hardening
conditions and the alloy elements of the steel [75,76]. This martensitic transformation is
favoured by lower SFE alloys, while higher SFE alloys will deformed by twinning, or dislocation
glide[twinning and martensite in 304 austenitic stainless steel]. The different deformation
mechanisms, work-hardening, twinning and dislocation gliding, are very important from a
tribological perspective as the mechanical properties and the fracture behaviour of the area near
the contact will be continuously changing during the wear process and will affect the friction
behaviour as the zone affected by the load will cause continuous changes in crystal structure

and the formation of defects, such as pores and shear bands.

2.5.1.1. Tribology of Steels

After Suh [58] highlighted the problems of the adhesion theory and proposed the delamination
wear theory, more researchers studied how these microstructural changes at subsurface could
affect the wear and friction behaviour [77, 78]. Rigney and Glaeser suggested that highly
deformed surfaces produced plate-like debris due to the conversion of the sub-surface to a cell-
like structure as a consequence of the increase in dislocation density, which depends on applied
stress, temperature and stacking fault energy of the alloy [78]. The amount of delaminating
material is dependent on the “cell” size, which decreases as the material hardness increases

[79].

Korshunov and Mints [80] studied various metastable and stable austenitic stainless steels
against a 4Cr13 steel disk on a disk-type friction testing machine at various speed (0.75, 1.5, 4.5
and 7.5 m/s) and pressures (1, 2, 5, 10 kg/cm?). They showed that metastable austenitic steels
give higher wear resistance than stable ones, which they attributed this to the ease of formation
of the martensitic phase at the contact area. Similar results were seen by Dumbleton and
Douthett [81] when adding different contents of Si and Ni to a base AlSI 301 stainless steel alloy
tested against a 440C stainless steel using a 6.1lb load at 1500 and 2500 rev/min. They reported
that as the steel work-hardening rate increased, the running-in period is reduced due to the

faster formation of the martensitic phases.

On the contrary, other researchers found completely opposite behaviours. Hsu [69] tested 304,

a low SFE alloy; Nitronic 60 (a higher alloyed austenitic stainless steel), with slightly higher SFE
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than the 304; and 316, with the highest SFE, against a 440C stainless steel on a block-on-ring
configuration using three 40min loading cycles; 64N, 133N and 200N, with a speed of 30rev/min
in an argon and air atmosphere. From his experiments, he saw an increase in wear for the lower
SFE alloys, from which Nitronic 60 showed lower wear rates in comparison to the 304 stainless
steel, attributed to the stability of the austenite phase. A lower CoF for the lower SFE alloys was
attributed to a larger particle formation for the 316 causing long term friction variations.
Although Nitronic 60 and 304 showed a similar average friction, 304 exhibited larger-amplitude
changes due to the larger gradient of mechanical properties between the steel bulk material and
the martensitically-transformed areas. This last behaviour is the cause of galling and not the

wear rate due to the following reasons:

- The harder areas will be more likely to fracture.

- The harder areas and particles are more likely to damage the opposing surface.

- The harder areas will increase the volume of material plastically deformed. This
behavior was seen by Bressanelli and Moskowitz [82] during tensile testing of

metastable stainless steels.

Similar behaviours were seen by Shende [83] in his study of 304, 305, 310, 316 and 332 stainless
steels self-mated in an argon atmosphere. Singer [84] in his studies of ion implanted steels, such
as 304 stainless, found a reduction in wear and friction as the load capacity of the surface of the
material is increased, reducing the work-hardening rate. This behaviour reduces the (1) size of
and (2) delays the formation of the plate-like particles due to changing the fracture behaviour

from a ductile fracture (large particles) to a brittle fracture (finer particles).

Few researchers have looked at the behaviour of steels at higher temperatures and even fewer
on the behaviour of austenitic stainless steels. Stott and Jordan [85] looked at the friction and
wear transitions of carbon steel against high-speed steel and high-chrome steel due to load,
(10N, 15N and 20N) and temperature (500°C, 550°C and 600°C). They reported that lower CoF
and wear for the high-chrome steel was achieved due to the formation of glazed layers, while
higher wear rates were seen on materials with unformed or unstable glazed layers due to

increased particle formation and poor particle retention due to shallow grooves.

Hirsch [86] looked at the tribology performance in fretting conditions of AISI 301 stainless steel/
AISI 52100 steel at different temperatures (20°C, 250°C, 400°C and 500°C). Hirsch reported an
improvement of wear performance at 250°C from 20°C due to glazed layer formation, but wear
increased at the highest temperature due to reduction in the fatigue resistance at higher

temperatures. On the other hand, Hirsch also observed a reduction in the stabilized CoF as the
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temperature increased due to a change in composition of the oxide and a decrease of particles

in the contact.

Smith [87] studied the performance of 316 stainless steel against itself steel between 20-500°C
in a reciprocating motion test in air. From a wear perspective, Smith saw a decrease in wear up
to 300°C, due to the formation of a-Fe,0s. Also, he noted semi-circular patterned areas of oxides
at the subsurface of the steel, which seemed to correlate with the stress fields calculated by
Dautzenberg and Zaat [88]. At 300°C, the formation of a compacted layer was observed, which
subsequently breaks and rebuilds. Above 300°C, the wear is reduced further by containing the
wear debris due to the formation of deep grooves. Similar behaviours were seen by Skinner and

Newman [89].

Roy [90] looked at the behaviour of 253MA austenitic stainless steel against 100Cr6 in a pin-on-
disk configuration at ambient temperature, 473K, 673K, 873K and 1073K in an air environment.
For ambient temperature and 473K, the material underwent delamination wear, causing higher
wear rates and higher CoFs. When the temperature reached 673K, mechanically mixed layers
were formed. In addition, at this temperature both materials exhibited similar mechanical
properties and the CoF achieved its lowest value with very low wear. At 873K, the material from
the 100Cr6 transferred to the 253MA and oxidized, giving a small wear rate but with increased
friction from the previous temperature due to the compacted layer formed not being very
adherent. Finally, 1073k showed a lower wear rate and friction than the previous temperature

due to the formation of a stable compacted layer.

2.5.2. Cobalt based Superalloys

Cobalt superalloys are heavily used in high temperature applications, where other alloys cannot

be used due to:

e Their high temperature mechanical properties, provided by solid solution
strengthening and the precipitation of a carbide and/or an intermetallic phase.

e Their high corrosion resistance due to the addition of Cr.

The main disadvantage of these alloys is their cost that continuous to increase due to the use of
cobalt in the energy sector for batteries [91] and also the challenge of processing the material

to the desired component shape due to the presence of the hard precipitated phases.

Pure cobalt and its alloys can undergo an allotropic transformation from f.c.c. to h.c.p., or vice
versa, due to temperature or plastic deformation. The temperature or strain level of these

transformation will depend on the alloying elements present. f.c.c. is stabilized by Ni, Fe, C, Mn
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and Ti, and h.c.p. is stabilized by Cr, Mo, W and Si. Nickel seems to have the highest influence
on stability, and alloys with high Ni contents require greater amounts of h.c.p. stabilizers
elements if that is the preferable phase [92]. The h.c.p. phase may be preferable as h.c.p. crystal
structures provides a more limited amount of slip planes, therefore offering a higher hardness

alloy.

As previously mentioned, precipitation hardening of cobalt superalloys is key for their high
mechanical properties at higher temperatures, but it is also seen that thse particles can increase
the performance of the alloy from an abrasive resistance perspective. This section provides a
review of the performance of a carbide precipitated alloy, Stellite 6®, and an intermetallic

precipitated alloy, Triballoy® T-400, as these alloys were used in the present study.

2.5.2.1. Stellite 6®

Stellite 6® is a hypo-eutectic cobalt superalloy that has been mainly used for wear-resistant
applications, such as cutting tools, or where temperatures and corrosion restrict the use of most
other materials. Stellite® 6 is characterized by a cobalt-chrome rich matrix and Cr;Cs eutectic

precipitates [93], with hardness and modulus values of 24.3 and 346.7 GPa, respectively [94].

2.5.2.1.1. Tribology of Stellite 6®

Rose [42] examined the performance of Stellite 6® against MA956, Nimonic 80A and itself under
reciprocating motion conditions from 25°C to 750°C and a range of loads from 7N to 25N. Rose
showed how at low temperatures these material pairs tend to show a low wear due to their
mechanical properties and to the formation of fine particles that reduce the metal-metal contact
time. As temperature increased, an increase in wear was caused due to the loss of mechanical
properties resulting from change in wear mechanism (delamination of material). After that
transition, wear of the material became more stable again, followed by a second transition to
abrasive wear until stable compacted layers are formed, which resulted in a high reduction in
wear. In addition, this stability seem to be very dependent on the strength of the alloys at the
testing temperature, supporting the importance of the mechanical behaviour in dictating the

wear response of this alloy.

Inma [60] looked at Nimonic 80A against Stellite 6® at different temperatures, from room
temperature to 750°C, at a speed range of 0.314m/s to 0.905m/s. At low temperaturas, both
speeds caused a similar behaviour in which particle debris kept surfaces separated, resulting in
low wear and low friction. At the mid temperature range, low speeds caused the formation of
compacted patches, while at higher speeds, the system exhibited delamination, giving high wear

and high friction. At low speeds and from 510°C up to 750°C, particle agglomeration formed a
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compacted layer that reduced friction and wear of the system. On the other hand, at higher
speeds the compacted layer did not form. Inma believed that was due to the behaviour of
Nimonic 802 as when the same conditions were applied against a Nickel 200 a glazed layer

composed mainly of NiO was formed.

2.5.2.2. Tribaloy® T400

Tribaloy® T400 is considered a Co-based wear and corrosion resistance superalloy containing
intermetallic Laves phases. These Laves phases with a hardness of 21.81GPa and an elastic
moduli of 397.5GPa, improve its high temperature mechanical properties and offer high wear
resistance properties [95]. This phase is a hypereutectic phase, mainly CosMo.Si or CoMoSi,
surrounded by a eutectic phase matrix, which can have an f.c.c. or h.c.p. structure depending on

the manufacturing conditions which influence the allotropy of Co as previously mentioned [95].

2.5.2.2.1. Tribology of Tribaloy® T400

Renz [96] studied the performance of this alloy for a valve application, running against a CrMo
steel at 40, 400 and 600°C. At low temperatures, Tribaloy® T400 material was transferred to the
steel pin, protecting it from the wear process. When the system was at 400°C, an increase in
wear was seen and was attributed to the loss of mechanical properties of the alloy. Finally, at
600°C, the wear decreased due to the formation of a compacted layer. At all temperatures, wear
behaviour and friction behaviour did not show a one-to-one correlation, as when friction

decreased, a decrease in wear was not observed.

Nsoesie [97] also examined the wear behaviour of Tribaloy® T400 from 250°C up to 450°C and
against two other cobalt alloys; T400C and T-401. Nsoesie saw the best wear performance given
by the hardest material. As the temperature increased to 250°C, an increase for all materials
increased material lost due to material softening. At the highest tested temperature of 450°C,

the three alloys benefitted from the formation of compacted layers, reducing wear.

On the other hand, Liu [elevated temperature wear behavious of a Co-Mo-Si ternary metal
silicide alloys] studied the behaviour of Triballoy against an austenitic stainless steel at 400, 500
and 600°C at a range of loads. During his studies, he showed the increase of wear rate with load
and a decrease with temperature for the triballoy, while the autenitic stainless steel increased
wear as load and temperature increase. No compacted layers were observed at any of the

testing temeratures.
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2.6. Surface Engineering

Tribological mechanisms and others, such as corrosion and fatigue, can lead to equipment
failure. These phenomena happen at the boundary between the environment and the bulk of
the component, altering the surface. Therefore, the best way to improve the material behaviour

against these mechanisms is to change the surface properties.

Surface engineering is a “the design of a substrate-surface(coating) system to give a combination
of properties that neither componentis capable of providing alone [98]. The reason surface
engineering is earning a higher importance is because of the possibility of more cost-effective
solutions, a wider range of solutions from an array of coating/surface treatment processes.
Using surface engineering reduces demands for niche bulk materials while enhancing the

performance of the component.

Although coatings/surface treatment can provide a variety of advantages, industry is still

sceptical of coating/surface treatment solutions for their components due to:

- Uncertainty generated by the little understanding of coating technologies and their
implementation in a real-life application, with some exceptions in other industries like
aerospace and tool industries, which have been using coatings for longer periods of
time.

- Testing in simulated conditions which tend to accelerate the testing process, causing
uncertainty in the long-term performance of the technology.

- Expensive quality control measures needed in markets that are under heavy regulations,
becoming a high financial risk in the short term.

- No standards that help customers select the appropriate technology required for their
application. In the context of tribology, the information provided about the technology
may not apply to the system performance improvement, which can mislead and require
extra time to probe the technology efficacy for the application.

- Material recycling can be an issue as it may require removal of the coating from the
substrate.

- Introduction to a new failure mechanism in the system, coating delamination. If
delamination occurs, the substrate may not longer perform in the same manner as the
coated system. In a tribological contact, this type of failure can drastically increase

component degradation.
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- Although suppliers provide information of how their technologies behave in different
environments, the information provided might not apply to the system under

improvement.

As shown above, the application of coating solutions to improve component performance has
advantages and disadvantages, and from an engineering perspective there is a need to
understand the behaviour of the technologies under the conditions in which they are used in
service. This understanding must be gained in the most cost-and tim-effective way to entice

companies to use coatings for their components.

2.6.1. Tribology of Coatings

From a tribological perspective at the microscale, mechanisms previously observed are present
in coated materials, such as asperity behaviour due to stress and strains, crack nucleation, crack
propagation, and particle formation. These microscale behaviours produce the behaviours seen
at the macroscale, which describe the tribological behaviour of the system. From a coating
context, Holmberg and Matthews set out four different macroscale processes for coating
systems and these will be discussed [99]. A deeper look will be taken to the use of hard coatings
as a way of reducing the impact of the tribological contact on the system, although soft coatings

can also achieve improvements by taking advantage of different mechanisms [99].
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Figure 2.20. Coating macromechanical mechanisms for coating systems [99].

The first macroscale mechanism described by Holmberg and Matthews arises from the
relationship between the hardness of the substrate and the coating applied. The application of
hard coatings helps reduce the contact area of the system and reduces the ploughing of particles
and asperities, aiding in reducing both wear and friction. The reduction of friction is not as high

as expected for a soft film because hard coatings have higher shear strength, which has been
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considered a higher importance effect for the friction reduction by researchers like Shepard and

Suh [100] and, Bull and Rickerby [101].

The second macroscale mechanism is related to the coating thickness. Two scenarios are
possible depending on the ability of the coating to support the load of the system. If the coating
is very thin, there is the possibility of the substrate supporting the load. This behaviour can cause
the coating to break off or crack due to the continuous deflection of the substrate, as seen by
Leroy and Villechaise [102]. On the contrary, when the hard coating applied is thick and stiff
enough, the effect of the load on the substrate can be reduced or neglected (stress shielding),
preventing or reducing the rate at which the coating will fail and resulting in a more favourable

situation.

The third macroscale mechanism results from the roughness of the surfaces in contact, and four
situations can develop due to the effect of the previous macromechanism. On one hand, rough
surfaces of a thick coating can have a beneficial impact on the friction behaviour of the system
as it can reduce the points in contact These points can be maintained if the materials are hard
and tough enough to allow the asperities to carry the higher loads, as reported by Sainsot [103].
On the other hand, a rough surface can increase the CoF of the system due to asperity break off
and/or interlocking. From a thin coating perspective, substrate deflection can increase the
number of asperities in contact and therefore reduce contact stresses at the asperity tips by
distributing the load among more asperities. However, as these deflect, the substrate is loaded

and failure can occur causing coating delamination.

The final macroscale mechanism described relates to the behaviour of the particles in the
contact. Five different scenarios can occur depending on the roughness of the surface and the
particle shape. The first behaviour considers the particles “hiding” in the valleys, having no effect
on the friction and wear behaviour. As roughness can be reduced with time due to the wear
process, these hidden particles can begin to increase the wear rate and friction as they will not
be able to “hide”. This behaviour is shown by Shu and Saka in their work with “undulating”
surfaces [34, 35]. In order for the particles to be contained in the valleys, they are required to
have a critial size, which is a function of the surface roughness. Before the critical size is reached,
particles are crushed if they have lower hardness than the surfaces in contact. If these particles
have higher hardness than the surfaces, the particles act as abrasives, ploughing and scratching
the surfaces. Also, if particles can act as load carriers and rounded enough, and the surfaces are

smooth, they can act as rollers, helping reduce the CoF of the system [104].
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2.6.2. Thermochemical Processes

Thermochemical processes involve the saturation of the substrate material with a desired
element by their mutual reaction through the use of heat and a chemically active medium,
typically a powder pack (solid), paste (solid with binder), bath (liquid) and/or gas. Saturation of
the base material by diffusion is very dependent on the process temperature, time, element
concentration in the medium, and the base chemistry of the substrate as it will dictate any
further reactions. There are a wide variety of elements used in processes, which includes carbon,
nitrogen, chromium, titanium, silicon, sulphur, niobium, vanadium, aluminium and zinc [105].

Some considerations in using these processes are [106]:

e Temperature cycling can cause distortion or introduction of residual stresses in
component

e Deterioration of surface finish of the component

e Components are often left in an annealed condition and possibly undergone grain
growth

e Can result in dimensional changes to the component.

During this work, three pack cementation processes, (aluminising, chromizing and boronizing),
two nitrocarburizing treatments applied by a salt bath process, and a nitriding process via a gas

were studied.

2.6.2.1. Pack cementation

A pack cementation process consists of the immersion of the components in a sealed or semi-
sealed retort with a powder mixture that contains the surface treatment element source, a
halide salt activator and an inert filler. Subsequently, the retort is introduced into a furnace since
the process relies in the formation of halides of the surface treatment element, which are

absorbed then decompose at the surface and diffuse into the substrate [107].

2.6.2.1.1. Aluminising

As the name suggests, Aluminising uses aluminium or an aluminium alloy to form a layer of
mainly aluminides, and in the case of steels iron aluminides. The process is carried at
temperatures between 700-1100°C for hours [108]. These types of surface treatment tend to be
used to improve the hot-corrosion resistance of components [109]. As iron aluminides are
formed during this process, the end result will differ due to possible thermodynamic and kinetic
factors depending on the process parameters and/or base material chemistry and the phase

diagram shown in Figure 2.21 can be used to gain insight into the posible phases that can form.
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Figure 2.21. Fe-Al Phase diagram [110].

From a mechanical perspective, these intermetallics are considered to have low ductility and
low fracture toughness [111], with higher Al contents lowering the ductility of the iron
aluminide. Some researchers have found a beneficial effect by the addition of Cr, as it can
improve the ductility of these materials [112]. As temperature increases, the Young’s modulus
drops in a linear fashion [113]. From a hot-corrosion perspective, the higher the Al content the

higher the resistance to these environments [110].

A few researchers have looked at the tribological performance of intermetallic materials.
Sharma [114] studied the FesAl-ordered intemetallic at room temperature using a tungsten ball
at three different frequencies. The studies showed that load and speed increase the wear rate
of the material, with microcutting and microploughing wear mechanisms, in addition to
detachment of surface material as the load increases. A similar tribological behaviour was seen
by Yang [115] while looking at the tribological behaviour of an FeAl intermetallic against a

bearing steel at different sliding speeds.

Zhang [116] studied the difference in performance of hot-dip aluminized and uncoated H13 at
room temperature and 600°C. Even though the steel performance was better at room
temperature, the aluminized layer appeared to perform better at 600°C due to the aparent
formation a solid-lubricant Fe,Os surface oxide film. This beneficial effect was also observed by
Kato [117] as he added Fe,;05 particle that compacted into a tribolayer. Ahmadi [118] saw a

similar behaviour in his studies, in which the steel performed worst at high temperatures
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compared to the aluminized layers and was attributed to the higher capability of the layers

formed to maintain the tribolayers formed during the wear process.

2.6.2.1.2. Boronizing

Boronizing is a process in which boron is introduced into the substrate of interest and forms a
range of boride compounds (Figure 2.22) that change the microstructure, chemistry and
mechanical properties of the surface. Boronizing tends to be done at temperatures between
850-950°C resulting in the formation of an iron boride layer that aids steel alloys by improving

their wear resistance and their corrosion resistance [119].

As mentioned previously, substrate chemistry plays an important role. From a boronizing
perspective, the elements that have an impact in the end are Fe, Cr, Ni, Mo, V, W, Cand Si [119].
In a simpler system, such a low carbon steel, boronizing, as explained by Carbucicchio [120],
forms a hard jagged boride layer composed of the Fe,B phase. In comparison, as more elements
are present the process becomes more complicated, such as in the case of a stainless steel. For
a stainless Steel, the boride layer tends to be composed of a FeB/Fe;B layer. The Cr present can
easily diffuse in the boride layers, forming compounds such as (Fe,Cr)B and (Fe,Cr);B, and at the
grain boundaries forming chromium carbides, such as CrsC; and Cr;Cs. Ni tends to form a Ni-rich
layer in the form of NisB below the formed layers due to the lower diffusion of the Ni during the

process [121].
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Figure 2.22. Fe-B Phase Diagram [122].
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The FeB phase is not a desirable layer as it has poor adherence to the Fe;B layer and tends to
have high residual tensile stresses. A post treatment can be applied at 1000°C in an inert

atmosphere in order to remove FeB and form a thicker Fe;B layer [121].

Tabur [123] in his studies of boronized AlSI 8620 steel showed how temperature and time of the
process affects its wear performance. The longer the processing time, the higher the wear
resistance of the simples. This behaviour is attributed to longer times making the grooves at the
FeB layer finer and increasing the layer thickness, but as the temperature of the treatment
increases a reduction of wear resistance was shown and is attributed to an increase in size of
the grooves and their depth. Also, as load increased, the wear rate was found to increase as the
wear scars get wider and deeper, increasing abrasive wear. Some of these behaviours were seen

by other researchers - Wang [124] and Jain [125].

Motallebzadeh [126] studied the performance of two different boronized steels at room
temperature and 500°C and found that wear increases at higher temperatures. This was
attributed to cracking and spalling, believed to result from removal of water in the ceramic
layer, based on the observation of arc-shaped cracks, and from thermal stresses, where the
crack pattern was seen to be more branched. A similar behaviour was seen by Cimenoglu [127]
while studying the behaviour of the single-phase and dual-phase layers, although the cracking
was just attributed to thermal stresses. Previously to these studies, Taktak [128] examined two
bearing steels. with and without the boronizing treatment, up to temperatures of 600°C.
Taktak saw the same trend of wear increase as temperature increased even though glazed
layers were formed on the surface. The wear mechanisms were suggested to be delamination
changing to oxidative above 300°C. In general, the boronizing steels performed better than the

untreated steels.

2.6.2.1.3. Chromizing

Chromizing is a thermochemical process which relies on the introduction of chromium into the
desired substrate, which can be steel, nickel and cobalt alloys, and is carried out at temperatures
between 700-1100°C [129]. Chromizing tends to be applied to improve service life of
components, to increase service temperature, to prevent adhesion of molten metals and salts,
to improve tribological performance of components and/or reduce the tolerances caused by

other layers formed, such as overlay layers [130].
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Figure 2.23. Fe-Cr Phase diagram [130].

The end result depends on the treatment temperature and time, as well as on the carbon and
chromium concentration of the substrate. For a simple binary system, the end result can be
visualized using the binary Fe-Cr equilibrium diagram shown in Figure 2.23. For a basic system,
the steel will be retaining its austenite phase (at low temperatures) up to an intake of 12-13%wt
of Cr. When this limit is exceeded, the system will transform to a ferritic phase when cooling
down. Lastly, the two areas to note are the fully tetragonal area and the ferrite and tetragonal
areas, which requires the layers formed to be held at temperature for a long time for these

phases to form [130].

Carbon, as mentioned previously, can have an impact on the end result as carbon has a high
affinity with chromium and will form chromium carbide compounds [130]. Other important
elements that can have an effect are sulphur and phosphorous, which can have a detrimental
effect on the chromium compounds, austenite stabilizers such as nickel and manganese tend to
produce lower thickness layers formed, and finally ferrite stabilizers such as chromium and

silicon tend to give higher thickness layers [130].
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The end result is an outer layer with higher chromium content that improves the strength in
addition to introducing high compressive stresses in the layers, which tend to be balanced by
tensile residual stresses present at the area close to the interface between the substrate and
the layers. Finally, depending on the carbon content, formation of an outer carbide layer (high
and medium carbon contents) and/or the formation of carbide precipitates in and below the

layers formed at the grain boundaries [130].

From a tribological perspective, chromizing uses hardening by formation of carbide/nitride
particles or layers via single [131 and 132] or duplex treatments [133 and 134]. Hakami [134]
studied a chromized AISI 1045 steel and two plasma nitride versions of the chromized steel. The
wear and friction were lower than for just the chromized sample due to the formation of a
continuous layer of carbides and nitrides. Lee [132] compared two steels and their chromized
versions. The chromized steels formed a layer composed of nitrides and carbides and exhibited

a higher wear resistance.

Taktak [133] compared two chromized steels at room temperature and 500°C against the same
steels with an additional nitriding treatment. During this study, it was shown that the chromized
steel fail due to delamination, while applying the nitriding treatment and forming the nitride
layer caused the the wear mode to transition to an abrasive wear mode, lowering the wear rate
and reducing steady-state CoF. Elevated temperature reduced both the wear rate and the CoF

of all the treatments due to the tribolayers formed.

2.6.2.1.4. Nitriding and Nitrocarburizing

Nitriding and nitrocarburizing are two of the oldest and most popular diffusion processes used
to increase the hardness of the surface of a material. These treatments can be carried at
temperatures between 420 and 630°C [135]. As shown in Figure 2.24, at lower concentrations
nitrogen will be in solid solution forming the austenite phase if it was not present before the
treatment. As the amount of nitrogen increases and exceeds the maximum solubility limit,
nitrides will start individually to grow and form a continuous nitride layer (FesN) as shown in
Figure 2.24. As the concentration increases even further, Fe:Nux forms, where x ranges
between 0 and 0.5. The sequence described is a very general overview of the changes made to
the surface and subsurface, as the initial composition of the substrate material can significantly
affect the final microstructure, and consequently, properties. Other variations include the
formation of a Fe;N layer or nitride precipitates in the presence of nitride formers such as Cr,
Mn, Ti, V and Al [136]. All these phases can be obtained as main phases if the process is adjusted,

giving Nitriding a very wide range of end results that can be tailored to different applications.
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Figure 2.24. Growth of Fe-base nitrides during a Nitriding process (a) [135], and Fe-N Phase Diagram (b) [137].

For an austenitic stainless steels, the transition in mechanical properties between the bulk
material and the nitride layer, which ranges hardness between 800HV and 1200HYV, is very sharp
in comparison to other steels which exhibit a smoother transition. In addition, when nitriding is
applied at temperatures higher than 450°C, Cr tends to form CrN precipitates, which will have
an impact on the oxidation and corrosion behaviour. Gas or plasma nitriding carried out at
temperatures lower than 450°C can be further case-hardened without reducing the corrosion
properties of the base material. In these conditions, the outer layer formed is supersaturated

austenite (hardness between 1200-1700HV) with the drawback of requiring longer processing

times [135].
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Figure 2.25.Schematic representation of a QPQ nitrocarburizing treatment [138].

The main advantage of nitrocarburizing over nitriding is the reduction of processing time, as the

addition of carbon aids the formation of the nitrides, specifically Fe,Ns; phase [135]. When doing
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these treatments, sometimes they are followed by an extra two steps, polishing of the surface
and a post-oxidation step, known as QPQ process (Figure 2.25) [138]. The addition of a Fe-base

oxide layer aids corrosion resistance and fills any pores close to the surface with oxides [139].

From a tribological perspective, the behaviour of these treatments is very dependent on the
final composition. Studies have shown that nitriding and nitrocarburing can improve the wear
performance in comparison to a steels [140 and 141]. For example, Heydarzadeh [142] looked
the difference in behaviour of different compound layers, and Quiang [143] looked at the
difference in behaviour of QPQ treatment and demonstrated how different processing
parameters can significantly affect the wear and friction performance of these treatments.
Heydarzadeh showed in his studies of an AISI 52100 steel that the layer with higher amount of
FezNs had the highest hardness and wear resistance, and lowest CoF. He also pointed out that
the running-in behaviour of these materials show a high CoF due to the higher average surface
roughness generated as a consequence of the treatment. Qiang’s ring-on-block tests against an
AISI 52100 steel showed that in unlubricated conditions, a QPQ process improves the wear
performance but increases wear in comparison to a Fe;Ns layer, attributed to the hexagonal
lamellae crystal structure of this phase. Creating an oxide layer without the polishing step

provides a decrease in the wear resistance and slightly lower CoF than a QPQ process.

At higher temperatures, the literature concerning the tribological behaviour of these treatments
is very limited. Emami [144] showed that the nitrided steel performed better than the untreated
steel at all temperatures in terms of wear and friction attributed to the development of
compacted layers, with higher oxygen contents in the layers at higher temperatures. Pellizzari
[145] looked at the behaviour of nitriding and other hard coatings for an aluminium extrusion
application. From his experiments, in which the plate was at 350°C and the block at 250°C, the
wear improvement was not as significant for the nitrided steel in comparison to the other hard
coatings as it was found that the nitrided steel undergoes material delamination accompanied

with by a large and unstable CoF.

2.6.3. PVD

Physical Vapour Deposition (PVD) is the process of applying thin films and is done at reduced
pressures, 102 to 10 Torr. The process takes advantage of the different physical phenomena
that take place after the material that is to form the coating is atomised or vaporised, which are

[105]:

- High energy is applied or bombarded to the “target” material causing it to vaporized or

atomize.
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The atoms are then transported to the surface of the substrate and can react with the
atmosphere at which they are subjected i.e oxygen, nitrogen or a carbon-based gas like
methane. In order to prevent reactions argon tends to be the prefer gas.

The final step is the build up of the coating at the surface of the substrate material.
During this stage reaction between the vaporized material and the atmosphere can still

ocurr.

Depending on the PVD technique (thermal evaporation, cathodic-arc depostion and sputtering)

and the specific conditions, some of the steps shown above may not occur. Also, a plasma flux

may be used in order to direct the ionized atoms onto the substrate and can be used in different

atmospheres in order to achieve different chemistries and microstructures.

As with the other treatments, the PVD process shows advantages and disadvantages [106] over

that need to be considered before the decision to use it as a coating process for the desired

component. These relate to the process itself, the deposition materials and the component

requirements.

Advantages:

Wide range of coating material possibilities, which includes the deposition of pure
materials or compounds and inorganic and organic materials

More environmentally-friendly than other deposition techniques such as electroplating
Substrate is not required to be in a high temperature environment, giving the possibility
to coat a much wider range of substrates than other techniques

As the precursor materials are not toxic, pyrophoric or corrosive, makes material
handling easier

Can improve adhesion between coating and substrate by pre-cleaning of the surface
using ion bombardment when compared to other processes which rely on a mechanical
bond

No post-processing, such as polishing and machining, as the coating replicates the
original surface

Specific process parameters, such as deposition rate, can be highly controlled.

Disadvantages:

Line-of-sight process, which makes it difficult to coat intricate components
More expensive than other processes, such as some thermochemical processes

Requires highly skilled operators
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Equipment requires a high degree of cleanliness or one kit per coating to avoid cross
contamination

Substrate requires a high degree of cleanliness in order to achieve the superior coating
adhesion

Surface texture of the substrate material can impact the success of the coating process
Different sources used for the PVD process can give different coating structures and

properties.

From a PVD perspective, magnetron sputtering and arc-evaporation are the most widely used
techniques to apply nitride base coatings, with each one having advantages and disadvantages

for consideration as shown in Table 2.1 [146].

Table 2.1. Advantages and Disadvantages of PVD deposition by Magnetron sputtering and Arc evaporation.

Advantages

Magnetron sputtering Arc Evaporation

e Smoother surface due to the )

Higher ion to neutral ratio providing

formation of smaller particles during
the deposition process

Ease scaling up the process

Good thickness control

Good uniformity

Higher control over layer structure
and properties

Lower deposition temperatures
allowing a wider substrate range,
more concerning with polymer
substrate materials

Wider range of deposition materials

better adhere and more densify
layers

Higher deposition rates

Disadvantages

Magnetron sputtering

Arc Evaporation

e Lower density

e Lower adhesion

e Target poisoning

Defects formed when low

. use
melting point materials
Defects can lead to higher roughness

surfaces
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2.6.3.1. AITiN

TiN was heavily researched at the 70-80s, but this coating could not be used for tool applications
with temperatures higher than 600°C due to its oxidation behaviour and loss of mechanical
properties. A way of increasing its temperature stability, the addition of Al to TiN to form a TixAl;-
xN, was developed. It was found that a maximum of x=0.6 was required to keep the layer as a
single phase by arc evaporation (146) and x=0.4 by a dual-magnetron sputtering process [147].
This Ti1-xAlxN improved the oxidation resistance due to the formation of an Al,O3 -TiO; dual oxide
layer [148], in comparison to TiN just forming a TiO, which is unstable at higher temperatures.
In addition, the retention and/or increase of mechanical properties at high temperatures (600-
1000°C) was observed and attributed to a split into cubic AIN and cubic TiN, hindering the motion

of the boundaries between each phase due to a development of elastic strain fields [149].

From a tribological perspective, Rodriguez [150] looked at a series of nitride-based coatings,
which include AITiN, in room temperature environments against a half-hardened 100Cr6 steel.
Rodriguez found that the least hard coating used (CrN) in comparison to the AITiN was better
from a wear perspective. Aihua [151] also studied a range of nitride-based coatings, which
included TiN, TiAIN, AITiN (higher Al content) and AICrN, at room temperature against a silicon
carbide ball using a ball-on-disc configuration. Ahia [151] showed that the lower Al content
coatings showed both better friction and wear behaviour. In the case of AITIN, its poor
performance was attributed mainly to brittle fracture, while the poor performance of AICrN was
attributed to a higher number of particles from the silicon carbide ball, since the ball of this
contact showed the higher wear. This behaviour of the AITiN described by Aihua [151] was
previously described by Hsieh [152]. Hsieh showed that the Ti-based thin films containing Al
tested at room temperature against Al,O3 balls have the worst wear performance. This was
attributed to the oxide formation, being TiO, for the Ti-based films in comparison to Al,03
formed for the coatings that contained aluminium, which exhibited the brittle fracture
mechanism noted previously. On the contrary, on tool studies of these coatings, higher Al
content AITiN yielded better wear performance up to Al contents of 0.66 at% [149] attributed
to the decomposition of the single phase AITiN into c-AIN and higher Ti content c-TiAIN. The
detrimental effect of >0.66 Al content is due to the formation of h-AIN in a c-AlTiN matrix during
deposition, which has a large volume mismatch [153]. Similar detrimental mechanisms for the
tribological performance of the coating was highlighted by Chen [148], while the magnetron
sputtered coating suffered from precipitation of h-AIN when the same at% was tried to achieved.

causing a reduction in the tool life
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Even though tool testing highlights mechanisms that occur at higher temperature due to the
heating of the tool, these mechanisms can change when reciprocating or rotational motion tests
are carried at high temperatures. Liu [154] studied the performance of AITiN at temperatures
ranging from room temperature up to 700°C against a silicon carbide ball. Liu showed that from
room temperature to 400°C, the wear rate increased and this was attributed to a mild abrasive
wear. At higher temperatures, wear was not measurable due to the formation of a tribolayer
from debris material from the silicon carbide and the coating itself. On the other hand, the
friction behaviour was dependent on the stability and amount of TiO,, as Liu showed that as
temperature increased up to 500°C, the CoF decreased, while it increased again higher
temperature. Dejun [155] looked at higher temperatures than Liu; from 700-900°C against a
SisNg ball. Results showed a decrease in the CoF as temperature increased due to the oxidation
of the coating. From a wear perspective, it increased as temperature increased due to a change
in wear mechanisms from a mainly abrasive and oxidative wear to an adhesive and fatigue type
of wear. Similar results to Dejun were obtained by Nohava [156] who examined the performance
of a range of nitride-based coatings, including AITiN, at room temperature, 600°C and 800°C.
Novaha [156] showed an increase in wear as temperature increased, being very high at 800°C
due to coating failure attributed to oxidation of the substrate causing cracks from the top layer

to inside the substrate.

2.6.3.2.CrN

After the development of AITiN to improve the performance of the TiN for higher temperatures,
a second generation of nitride base coatings was developed, CrN-based systems, to improve the
efficiency of these hard coatings in high temperature environments. In comparison to TiN, the
CrN-base systems are known for the better performance in corrosion/oxidative environment,
due to their chemical inertness, low internal stresses, high hardness, thermal stability and wear
performance [157 and 158]. Mayrhofer [158] adds that the end result after deposition, in terms
of microstructure and internal stresses, not only on the mechanical properties of the coating,
but also on its thermal stability. The thermal stability is dependent on the transformation of c-
CrN to h-Cr;N [159], which as previously pointed out, it is dependent on the coating
characteristics given by the application process. At 900°C the h-Cr;N is further decompose into
Cr and N. It has been show that this phase transformation can change the oxidation behaviour

of the coating [159, 160 and 161].

As with TiN, to further increase the stability of CrN for higher operation temperatures, Al
additions in CrN were carried in order to “improve” the thermal stability at more demanding

temperature environments. The addition of Al into the system increases the temperature at
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which the single phase coating starts to undergo phase transformation. As with AITiN, the
amount of Al has an effect on the phase of the AICrN coating. When the aluminium content is
lower than 60-80 at%, the coating will have an f.c.c. structure; while above, it will be hexagonal
[162 and 163]. Also, AICrN undergoes a phase transition at high temperatures due to the
precipitation of h-Al. Lin showed that there is a phase precipitating at 900°C; h-AIN, for a
Cro77Alo23N and as Al content, the h-AIN phase precipitation can increase up to 1000°C for a
Cro.4AlosN. for Cro77Alo23N and with increasing Al content, the temperatura at which h-AIN phase
precipitates can increase up to 1000°C for a Cro.4AlosN. The precipitation causes a Cr enrichment
in the parent phase resulting in a further phase transformaion to Cr;N [164]. Yttrium is added to
nitride base PVD coatings, such as AICrN and CrN, in order to improve their thermal stability,
improve mechanical properties and oidation resistance [165]. From a thermal stability
perspective, yttrium hinders grain boundry diffusion preventing the coating elements, oxygen
from the environment and susbtrate elements [166, 167, 168], as Mirkka [169] shown the

presence of Fe and Cr along the column boundries of a TIAICrN coating.

From a mechanical properties standpoint, the behaviour of these coatings is different depending
on the ratio of the elements contained in it and the processing method and its parameters; and
these variations have been reported in the literature. Normally, CrN coatings are reported to
have hardness values, ranging between 15-25 GPa [170, 171, 172, 173 and 174]. Hones [170]
explains that the variation comes from the ratio between the CrN and Cr;N phases- the higher
the Cr;N content, a higher the hardness for the coatings with the same amount of internal tensile
stresses. Also, Hones [170] saw a reduction in hardness due to an increase in grain size, which is
in accordanc with the Hall-Petch relationship [174]; however, Sundgren [175] stated that the
influence of the grain size on the hardness of single-phase refractory materials is not significant.
Adding Al into the CrN system tends to increase the hardness of the coating, which varies
between 10-36GPa [164, 171, 172, 173, 176 and 177]. This can be attributed to the hardening
effect produced by the introduction of a solute element, which distorts the crystal lattice and
increases slip resistance [179], a decrease in grain size which increase the lattice friction and/or
the increase in residual stresses in the coating. All these papers report different trends in the
mechanical behaviour of this coating system. Some authors showed an increase in hardness as
the at% Al increased [164], probably because the Al content to produce a coating composed of
hexagonal and cubic phases was not reached. Others have seen a decrease in hardness when
the at% Al is very high [171,173 and 177]. In some cases, it was attributed to an increase in grain

size [166], but most attributed this to the existence of both cubic and hexagonal phases.
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As temperature increases, for the CrN coating system, there is a drop in mechanical properties
up to 800°C [164,171 and 172] due to a decrease of the internal stresses, defect density, and an
increase in grain size. Reiter [171], showed an increase in mechanical properties after the 800°C,
which he attributed to the precipitation of the h-CroN phase. Increasing the at% Al has been
shown to increase the thermal stability of the mechanical properties of the Cr-N system [164,
171 and 176]. The higher stability of the system at higher Al content is attributed to the stability
at higher temperatures of h-Al [154]. William [176] noted a high increase in hardness at 725°C
for an AloesCro32N coating, attributed to the formation of the previously mentioned h.c.p. phase,
but a decrease after higher temperature annealing, attributed to a larger grain size, and the

distribution and the higher volume fraction of this h.c.p. phase.

From a tribological perspective, these coatings can demonstrate different behaviours in the
same system depending on the counter-face and coating characteristics. Su [180] have shown
an increase in wear resistance of CrN, in Su’s study against two bearing steels. He also reported
that coating thickness affects the wear resistance of the coatings, comparing CrN and Cr(N,C)
coatings in his study [181]. In this paper, he attributed this to the combined behaviour of coating
layer and the substrate, which will depend on test load. For his system, a 7um CrN layer was
the optimum. Others, like Warcholinski [182], looked at the tribological behaviour of different
phases present in CrN layers and CrN multilayers. From a single layer perspective, a CrN layer
showed lower CoFs and higher wear resistance than the harder h-Cr,N, which was associated to
its lower shear strength. A further room temperature study was done by Lin [183] who looked
at the behaviour of different thickness CrN deposited by modulated pulsed power magnetron
sputtering, from 5-55um, applied on a range of substrate against AISI 440C steel. During this
study, Lin concluded that the best tribological performance was given by the hardest substrate
and thicker coating as this system provided a higher load carrying capacity. The wear
mechanisms ranged from minor cracking for the hardest substrate with a 55um thick coating to
heavy delamination of the coating for the softest substrate. The last observation was an increase
of wear rate as load increased which was attributed to higher flash temperatures on the surface

and an increase in the ploughing force.

Sanchez [177] and Ding [173] studied the performance of different at% Al in the Cr-N system on
the wear and the friction behaviour against a 6 mm diameter 100Cr6 ball and 9.5mm diameter
Al,0s. respectively. In addition, Sanchez [177] did the test using a 5N load at 10cm/s, while Ding
[173] used a 10N load at 20cm/s. Sanchez looked at the behaviour of coatings with at% Al of 0.5-
0.7 and showed that both friction and wear were the lowest when the at% Al content provided

the highest hardness. He attributed this wear behaviour to the difference in wear mechanisms,
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being mainly abrasive at the lower at% Al to an adhesive type of wear for the higher at%Al, while
the friction behaviour was attributed to rougher surfaces giving higher friction coefficients. Ding,
from a wear perspective, showed a similar trend for coatings with at% Al between 0-0.5, but the
harder coatings provided higher friction coefficients attributed to an increase in coating
roughness at% Al increased. From a wear perspective, Bobzin [184], showed a similar behaviour
by comparing CrN to Cro77Alo23N mated against SisNs and Al;Os. Bobzin also identified the wear
modes to be adhesive transitioning to abrasive when particles are pulled into the contact and
attributed the better wear resistance of the Cro77Alo2sN to the better abrasive resistance
resulting from a higher hardness. On the other hand, Aihua [150] and Mo [185] showed in their
experiments that more basic coatings, such as TiN and CrN, perform better than AICrN. During
Aihua’s experiments, AICrN wore more of the SiC counterface, causing a higher debris
accumulation and a higher wear of the system. Mo [185] attributed the difference in tribological
behaviour to their difference in oxidation behaviour due to the heating caused during the test,
as their relative hardness did not aid to predict their tribological performance. i.e CrN best

performing, while AITiN worst performing from a wear perspecive.

From a high temperature perspective, the behaviour of the coating was attributed to transfer
layers formed on the coating surfaces. Zhang [186] looked at the behaviour of CrN up to 500°C
against a WC ball with a range of loads. During his studies, he observed that at temperatures up
to 315°C, the CrN layer suffers ostly from abrasive wear. At higher temperatures, the wear
mechanisms shifts to a mild oxidative wear due to the formation of an oxide layer, but as the
load of the test increases, it transitions to severe wear mode as the oxide ayer breaks and the
unprotected coating surface adheres to the counterpart. Additionally, this translated to an
increase in friction. If these layers were not broken down, Zhang showed that wear and friction
decreased for the system studied. Similarly, Polcar [187] and Sue [188], observed these friction
and wear trends when testing these coatings against a 100Cr6 and a SisN4 balls and Inconel 718
disc up to 500°C and 600°C, respectively. The wearing of the 100Cr6 steel and the Inconel 718
disc formed transfer layers that protected the CrN layer, causing a reduction in wear and
lowering the friction CoF. In addition, Polcar looked at the differences between CrN and Cr/CrN
multilayers [189] at temperatures between 600-800°C. From a wear perspective, the
multilayered coating outperformed the single layer in their system, even though wear was found
to be negligible for both. Polcar also claimed that the CoFs of the different coatings were very
similar and proposed this was due to the formation of dense tribolayers composed of chromium-

based oxides.
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Gangatharan [190] studied the behaviour of AICrN (pin) at temperatures up to 400°C against
EN31 steel discs on a pin-on-disk configuration. During his studies, both wear and CoFs increased
as temperature increased due to the wear of the steel disc counterpart, even though the coating
performed better than Ti-6Al-4V. A similar behaviour was seen by Polcar [191], who carried out
tests up to 600°C against Al,O3 and 440C balls. Polcar saw the formation of tribolayers at 500°C,
followed by the coating failing at 600°C due to the formation of large coating particles that
increased both the CoF and wear rate. Nohava [156] also saw similar results for the coating
behaviour at room temperature and 600°C, but found that at 800°C, the wear rate of the system
increased due to coating failure. Finally, Pulugurtha [192] looked at the difference in the
tribological behaviour between CrN and CrAIN against a WC pin of 6mm at room temperature
and Al,Os3 ball at 700°C. In addition, both CrN and CrAIN were deposited with Ar/N, flow rates of
43-43, 60-40 and 70-90 sccm at 1.5 mTorr chamber pressure. During his studies, AICrN showed
higher CoFs and higher wear rates for the higher at% Al contents at both temperatures
attributed to the lower hardness of the coating obtained at higher Al content. Pulugurtha
suggested the difference in behaviour with other previous authors studies is due to the purity

of the films, with others having oxygen in the Cr-N.

2.7. Conclusion

In conclusion, this literature review presented basic friction and wear mechanisms that could be
observed for the systems under study. As the basic friction and wear mechanisms explained
were developed by the study of metallic materials, further information about the behaviour of
coating systems was also reviewed. After the tribological summary, an overview of the different
materials and the different coating/surface treatment processes applied during the project was
undertaken, including the different behaviours observed by a range of researchers using various

testing conditions.

The trend, for both coated and uncoated system, shown by literature was the improvement of
wear and friction performance as temperature increased attributed to the formation of
compacted layers. This reduction of friction and wear caused by these layers were generally
related to the reduction of particles in the system, since as particles are compacted, the
formation of these layers create surfaces with higher load carrying capacity, mostly mention on

the studies of the metallic pairs.

The reduction in the performance of the coated and uncoated systems was generally found to

be caused by the loss of mechanical properties of the material under contact, as well as layer
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failure. As the temperature increased, the performance degradation was also attributed to the

absence of the compacted layers or to their low durability.

The formation of compacted layers was said to be dependent on all the system conditions,
including the material pair under study, but at the same time, it is still not well understood due
to the complexity and inter-relationships of a rango of mechanisms. From a wear performance,
it was mentioned that protection was obtained when a high density, high adherence layer is
formed with the ability to reform fast if broken. Similar requirements were assumed from a
friction perspective, but no explanations were found for the varying friction behaviours
observed in different systems with slightly different “durable’” compacted layers. Friction is a
sum of all the different acting mechanism and its complexity is a function of time, temperature

load, frequency, environment, and both large and small changes in alloy/layer composition.

As observed during the literature, coatings/surface treatment showed a wide of different wear
and friction behaviour and enlighted me that all paths can give a solution to the “problem” under
study. However, as enlighting as it was to read the literature, the data obtained was not used in

order to select the concepts that will be used for the study for the following reasons:

- Most cases in the literature do not replicate the contact under study. Also, most cases
in the literature and most prominent observed on the coating/layer treatment literature
than the literature related to the behaviour of the bulk metals, are interested in the
behaviour of one of the sides in the contact; while neglecting the behaviour of the other
material. For this study is both important to replicate the contact and the behaviour of
parts of the system.

- In order to understand how the material could behave during the application from a
tribological perspective, a series of “snaptshopts” were taken at different temperatures.
For some materials selected, that information was not available.

- The selection of the different materials under study is restricted not only by the
environment in which they are introduce in, but also in what is commercially available,

the capabilities of the suppliers to fullfill demand, component geometry and costs.

Taking into consideration the experience and at the same time inexpirience in the topics
touched during this EngD and all the things learn during the literature search, a wide range
of materials with a wide range of behaviours, from a tribological, mechanical and chemical
interactions with the environment, were selected in order to understand for current and

future reasearch
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3. Methodology

3.1Selection Process

Coating technology opens a wider pool of possibilities for the application under study, but it can
be detrimental as finding solutions for the different challenges are time critical in industrial
situations. Therefore, a cost-effective process that aids the selection process needs to be
developed. Matthews, Holmberg and Franklin [193] introduced a 9-stage process which
progressively eliminates the materials under study; in contrast, previous methodologies such as
that in James [194] dictate that if something works it is used, eliminating the opportunity to
explore other possible candidates that may outperform it. In addition, the Matthews, Holmberg
and Franklin methodology takes into consideration the contact type/condition and not the wear
mechanism, unlike the traditional selection tools such as those developed by Smart [195]. This

9 stage selection process is comprised of the following stages [193]:

1. Application and Design, which involves assessing the need to develop a general
specification of the required solution.

2. Component Specification, which defines the environmental and service conditions, and
the constraints to which the components will be subjected.

3. Functional tribology requirements, which involves the statement of the limitations, such
as noise and vibrations, and the requirements from a friction and wear perspective.

4. Functional coating/surface treatment requirements, which is a coating/surface
treatment specification for the application.

5. Non-functional requirements, which include parameters of the coating/surface
treatment and the process that are necessary but do not have an effect on the
tribological properties.

6. Economic and procurement requirements, which are related to the economic, legal and

procurement factors.

The following three steps relate the steps 4, 5 and 6 and use the different requirement types as

filtering options.

7. Coating/surface treatment process characteristics
8. Coating/surface treatment material characteristics

9. Specific layer material and process characteristics
As proposed by Matthews, Holmberg and Franklin, the methodology needs to take into account:

- The conditions to which the components are subjected
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- Constraints due to the material application

- Limitations added by the ‘rules’. These rules are based on different tribological contact

conditions.

Based on this process presented by Matthews, Holmberg and Frankling, a methodology was

developed for the current studyusing the engineering and purchasing requirements given in

Table 3.3.1. For each application, these requirements were evaluated and scored using a Cause

and Effect (C&E) matrix following the filtering process shown in Figure 3.1.

Engineering requirements

Purchasing requirements

Adhesion between coating and substrate

Intellectual property

Corrosion resistance

Environmental compliance

Thermal shock

Cost

Thermal capability

Dual source/global availability

Surface treatment uniformity

Bringing capability to manufacture in-house

Surface finish requirements

Component dimensional changes

Tribological characteristics

Table 3.1. Elements taken into consideration during the selection process.

Pick another
Concept

Adhesion

Literature
Search Tribology
250°C
ELG
650°C

Corrosion

Thermal

Shock

oy

Thermal Capability
850°C

Legend

. Filter

Performance
Test

+ Backwards
* Forward

Tribology

+ Tribology

760°C 850°C

Stage 1 Stage 2 Stage 3

Stage 4 Stage 5

Figure 3.1.Filtering process diagram.

Initially, at Stage 1 information regarding the purchasing and engineering requirements of the

different coatings/surface treatments were obtained, including some knowledge of their

tribological characteristics. Then, based on the information gathered, a set of coatings and

surface treatment were selected and samples were purchased. During Stage 2, this set was
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filtered down based on other coating/surface treatment characteristics, such as adhesion,
thermal capability, corrosion and thermal shock. At Stage 3, the 250°C and 650°C tribology
testing was used to further filter the concepts prior to the testing at the final temperature.
Between Stages 4 and 5, a new thermal capability test was added to address the future
requirement of 850°C, followed by the 850°C temperature tribology test for future applications
(note that this temperature test was not carried during this project due to time restrictions
caused by the different challenges faced). Although the cycle finishes at Stage 5, if an
appropriate solution is not found, or more time is available, the previously rejected samples may

be reconsidered or the cycle may need to restart from Stage 1.

In order to rank the different coating/surface treated materials, a Cause and Effect Matrix (C&E)
was developed. In this matrix, each of the requirements proposed in Table 3.2 are assigned an
importance rating from 1-10, according to a set of rules as shown in Table 3.2. Each

coating/surface treatment concept is assessed for these criteria and scored accordingly.
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Requirement (importance -
rating) Test Score Criteria
9 H1
3 H2
Life of Coating (10) Adhesion Test
1 H3, H4
0 HS, H6
9 Reduced pitting with no oxides on the Surface
3 Similar pitting and small amounts of oxides formed
Corrosion Resistance (7) Environmental testing: Corrosion
1 High amounts of iron oxide with none or small pitting
0 Excessive pitting and high amounts of oxide formation
9 High resistance to temperature change. No coating delamination and no discolouration
3 Very minute (Slight?) amount of visible cracking, flaking of the surface treatment or discolouration
Thermal Shock Test (5) Environmental testing: Thermal Shock
1 High (Severe?) damage to the surface treatment i.e. flaking, cracking or delamination
0 No resistance at all
9 Stable oxide layer generated at temperatura
. Environmental testing: Oxidation/Thermal 3 Stable but partial oxide layer formed at temperature or unstable, but full oxide layer formed at temperatura
Thermal Capability (9) Stability
1 Unstable partial oxide layer formed at temperature. Or substrate oxidation observed
0 No oxide layer formed at temperatura
9 Low thickness variation, low variance of surface roughness between samples, full coverage of the surface and no porosity
A combination of surface roughness,
Surface Treatment thickness variation, coating coverage, 3 Intermediate thickness variation, medium surface roughness variance between samples, full surface coverage with few missing spots of coverage and low porosity
Uniformity (8) substrate close surface properties
(case depth and phase changes) and porosity 1 High thickness variation, good surface finish with occasional coverage miss and some porosity
0 Very high thickness variation, high surface roughness variance between samples. Poor coating coverage
9 No change to current surface finish specifications. Rough machined and cast surfaces are aceptable
. Experiences earned with suppliers 3 Surface finish specification > 1.6 pm < 4.0 pm
FBiﬁiSseh ’gzteﬂzﬁéig:?f% through meetings or after coating
d samples or parts 1 Surface finish specification < 1.6 um
0 Polished surface specification
9 Change in component dimensions <5 um
Changes to Final Experience earned dF‘““g literature 3 Change in component dimensions < 25 pm
N X search as some coating/treatments
Component Dimensions
4 grow and other subsurface 1 Change in component dimensions < 100 um
properties are changed 8 P =190u
0 Change in component dimensions 2 101 um
9 Better wear and friction behaviour tan nitrocarburizing 1 at all temperaturas
. . . 3 Coefficient of friction and wear resistance at all temperatures equivalent to nitrocarburizing 1
Tribological Characteristics . P
(10) Environmental testing: Tribology test
1 Coefficient of friction and wear resistance at all temperatures 30% worse than nitrocarburizing 1
0 Coefficient of friction and wear resistance at all temperatures 50% worse than nitrocarburizing 1
9 Non-proprietan
To ensure that no patents are prop Y
infringed that may hinder our ab_lllty 3 Non-proprietary technology, but using proprietary variations
Proprietary Technology (7) to apply surface treatment/coating
concepts to the shroud and nozzle ring. .
N " . 1 Proprietary technology
Consider opportunities for securing
atents on a selected treatment option.
p P 0 Proprietary technology to a CTT competitor
9 Uniform surface treatment deposited irrespective of component geometry
Sensitivity of Process Ability of the process to be used with 3 Surface treatment process limited by angles and certain geometries
to Component Geometry different component geometries
9) P 9 1 Limited areas of components can be surface treated
0 Surface treatment cannot be applied to components
9 Lower Price than nitrocarburizing 1
3 Nitrocarburing 1 price
Cost (8) Per unit price from supplier
1 Higher price than nitrocarburizing 1
0
9 Complies with current and future environmental legislation
Environmental Compliance . 3 Risk of being non-compliant in the long term (< 5 years)
Evaluate concept to ensure it meets
of Process and lobal environmental legislation
Components (10) 9 9 1 Risk of being non-compliant in the short term (< 2 years)
0 No compliance with current environmental legislation
. . . 9 Global and multi-company sources
This includes a number of considerations pany
such as whether the surface treatment is
Dual Source and proprietary, 3 Multiple local suppliers around the world or one global supplier
Global Availability (9) who are suppliers, their geographical
location, are they TS16949 certified, 1 Single, local source
company size and global reach
0 No source
9 Process outcomes and details shared with CTT to create work instruction for surface treatment process
. . Financial stapmty, willing to 3 Process outcomes shared with CTT and designs remain CTT owned
Risk of Supplier collaborate for their own development
Design Control (7) (ex: coa_tlng 'mpf""eme.”t) and 1 Minimal data shared with CTT. Supplier design ownership
leap times/deliver in time.
0 Total supplier control
9 Process conducted in a small, well contained unit
rw;g;:ggﬂig; 3 Process conducted in a large, self-contained unit with safety implications for surroundings areas
Technology into Cummins Add technology into production line ) —
. 1 Process requires separate manufacturing line
Facility (2)
0 Not possible to integrate process

Table 3.2. Criteria used to rank the different concepts in the C&E matrix.
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3.2 Starting Materials

Several coatings and surface treatments were evaluated and compared against some uncoated

materials; these are listed in Table 3.3. Note that all coating/surface treatment materials were

applied to 304L and 321 stainless steel.

Uncoated Materials | Diffusion Treatments | PVD CVvD
304L Stainless Steel Boronizing CrN Al,O3
321 Stainless Steel Chromizing AITiN -
Nitronic 60 Aluminising AICrN -
Tribaloy 400 Nitriding - -
Stellite 6 Nitrocarburizing 1 - -
- Nitrocarburizing 2 - -
Table 3.3. Materials studied during the EngD.
The chemistry of the different uncoated materials is shown in Table 3.4.
Material Fe |Co |Cr Ni Mo | Si Mn |W |Ti Nb |V C Ph |S N
304L SS 18.0- | 8.0- 0.04
[196] Bal. 200 | 105 075 | 2.0 003 | . 0.03 | 0.1
5%(C
321 SS 17.0- | 9.0- 0.04
[197] Bal. 190 | 120 075 | 2.0 ;N7)- 0.08 | . 0.03 | 0.1
Nitronic 60 20.5- | 11.5- 0 0.1 0.2-
[198] Bal. 3e | 135 | 1531 4-6 03 | o3 | 006 0.03 | %
Tribaloy Neg. Bal. 8.5 Neg. 28.5 2.6 <0.1
T400 [199]
St[ez||(;’E)e] 6 Neg. Bal. 28 Neg. Neg. Neg. 4.5 - - - 1.2

Table 3.4. Chemical composition of the uncoated materials in wt%

3.3 Analytical techniques
In this section a summary of the different techniques used along the Project in order to
characterized the coating/layer chemistry, structure, mechanical properties and their

performance under different conditions.

3.3.1 Light Optical Microscopy

Optical Microscopes are used for metallurgical analysis work. The working principle is light
reflection of the light incident on the surface of the sample, unlike microscopes used for
biological purposes, which rely on the transmitted light through the sample [201]. The light is
generated using a type of bulb/lamp; tungsten-halogen lamps are the most popular [201]. The
light then passes through a condenser that focuses it onto the desired point [202]. A series of

diaphragms (both aperture and luminous field types) are used to minimize internal glare and
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reflection and to alter the amount and the angle of the light going into the objective lenses [202].
The light is then shone on the surface of the sample and the reflected light is collected by the
objective lenses, passes through the tube lens into the observation tubes and/or towards a

mounting digital/video camera [202].

Co

1. Aperture diaphragm

2. Luminous-field diaphragm
3. Reflector

4. Objective pupil

5. Sample surface

6. Tube lens

Figure 3.2. Schematic representation of a metallurgical optical microscope [202].

In combination with OmniMet™

Modular Digital Imaging System software, optical microscopy
was used to look at the different coating/surface treatments, measure their different

thicknesses and to measure the micro hardness indents to obtain hardness measurements.

3.3.2 White Light Interferometry

The working principle of white light interferometry is to split a beam of white light into two equal
beams, one ‘reference’ beam that goes to a mirror, and another that goes to the sample surface
[203]. When the beams are reflected, they recombine at the beam splitter and are superposed,
constructively or destructively, producing interference fringes [203]. For each point measured

in the 2D plane at every height, the interference fringe pattern is recorded and the coherence
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between wave fields is measured [203]. This is finally represented by the statistical parameters

that represent the area measured.

Reference arm

[rm——
——
e ——

A
4‘.(._ __________________________________________ . — Reference
rY A "N Mirror

Test arm

il Beamsplitter
Sample

Figure 3.3.Ray Diagram of Michelson Interferometer. Beam originates at Sun symbol [204].

A Bruker Contour GT White Light Interferometry was used to obtain 2D and 3D surface
parameters before and after coating/surface treatment was applied on the stainless steels in
order to investigate whether any changes are produced after the application of different
treatments/coatings. Topography measurements were carried out using a white light source in
Vertical Scanning Interferometry mode (VSI), and using a magnification lens of x5. Data was

analysed using Bruker Vision64® Operations and Analysis Software.

3.3.3 Focus-Variation Microscopy

A white beam is generated from a source and is projected on the desired area of the sample.
The light is reflected to the optics and conducted to a photoelectric detector by a beam splitter
[205]. The small focal depth allows the system to search for the focussed areas and reconstruct

a 3D image from which topographical parameters that represent the surface can be attained

[205].
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Figure 3.4.Schematic representation of a white light path in a focus variation microscope [206].

Surface Topography was obtained using an AliconaTM InfiniteFocus® microscope. The confocal
microscope was used to measure topography before and after coating/surface treatment

application, as well as wear scars.

Topography measurements were carried out on three plates and pins at a magnification, lateral
and vertical resolution of x20, 1.25um, and 1.00um, respectively. 3D surface topography
measurements were performed using a 4mm x 4mm square and a cut-off wavelength of 800um.
Measurements comply with 1S025178/12781-1. Surface topography characteristics were
defined using S, (Area arithmetical mean height), S; (Area maximum height) and S, (Area root

mean square height) parameters using the IF-MeasureSuite Software.

Wear scar measurements were carried out on all the tested plates and pins using magnification

lens of x5. Wear measurements were carried in two different ways:

e Subtracting the wear scar from an interpolation of the original surface, using MATLAB
software.

e Obtaining perpendicular and transversal surface profiles of the wear scars. In addition,
these profiles were used to obtain a 2D recreation of the pin cross-section to obtain the
wear depth by recreating the original pin surface and comparing it agaisnt the obtained

profile.
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3.3.4 Scanning Electron Microscopy (SEM)

The electron beam is generated at a cathode subjected to a voltage from 0-30kV, which can vary
the intensity of the beam as desired [207]. Other important parameters that can be controlled
are the beam current and aperture, which will dictate the amount of electrons reaching the
sample surface of interest [207]. When electrons reach the surface, they physically interact with
it by a series of inelastic scattering events, used for imaging, and elastic scattering events, that
produce X-rays, Auger electrons and photons used for chemical analysis [207]. An elastic event
occurs when the electrical field of an atom deviates the path of electrons in the beam,
subsequently producing back scattered (BSE) and secondary electrons (SE) [207]. SEs are
produced by the inelastic scattering of weakly bound valence electrons (for ionic and covalent
bonded materials) or electrons in the conduction band (for metallic bonded materials); while
BSEs are the electrons that, during the scattering events, completely reverse their path and exit
in the same direction in which they entered the surface [207]. These two types of scattered
electrons are used for different purposes; the SE are used to provide topographical information
due to contrast between surface features, while BSE can offer a visual representation of
chemical differences within the same samples, such as different phases, due to the different

contrast generated by compounds with different atomic numbers [207].
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Figure 3.5.Left: Schematic representation of an SEM [208]. Right: Schematic representation of the different

radiation and the possible volume of interaction of the electron beam with the sample [209].

An SEM was used to characterize the wear scar, using a ZEISS Yigma, FEI Scios, FEI Versa and Jeol

7800, to obtain high magnification images of the materials before and after testing. Additional
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techniques including EDX and EBSD were used to further characterize the materials before and

after testing and will be described later in this section.

3.3.5 Dual Beam SEM

FEI Scios and FElI Versa were used to analyse cross sections and Transmission Electron
Microscope (TEM) samples of the areas of interest within the wear scars. Dual Beam platforms
combine SEM and Focus lon Beam (FIB) functionalities. lons are extracted from a liquid metal,
normally Ga [211], using a strong electric field and, similarly to an SEM, by controlling the voltage
and the apertures of the system the ion density reaching the surface can be controlled in order
to use the ion beam for imaging purposes, sample cleaning or etching, sputtering, chemical

analysis or micromachining [210].
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Figure 3.6.Left: Schematic representation of the SEM, FIB and sample [212]. Right: Schematic representation of an

ion beam [211].

FIB was used to do cross-sections of the co-superalloys wear scars and to prepare Transmission

Electron Microscope samples.

3.3.6 Transmission Electron Microscopy (TEM)

Electrons are generated from a cathode, and are then accelerated and focused into a uniform
beam using a magnetic lens known as a condenser lens [213]. Next, a condenser aperture is used
to remove electrons that deviate from the optical axis. The beam then goes through the sample
and is diffracted; this diffracted beam is subsequently focused to form an image [213]. Finally, it

is magnified by the projector lenses [213].
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Figure 3.7.TEM schematic representation of the beam path before reaching the detector [213].

TEM was used to look at the layers of the material close to the surface, in order to understand

the performance of some of the materials. The TEM used during this work it is a FEI.

3.3.7 Scanning Transmission Electron Microscopy (STEM)

STEM is a mode in which the beam is used to scan an area of the sample and can be used both
for imaging and to map the chemical composition of the area of interest [213]. The TEM probe
is used to scan the desired area and it is control by the ‘double deflection scan coils’ that can be

found between the Diaphragm and the 3™ condenser lens [213].
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Figure 3.8.Schematic representation of the electron beam in STEM mode [213].

STEM mode was used to study how the material changes near the surface of the wear scar and
obtain chemical information of the area. Information was obtained in the formed of elemental
distribution maps and lines to understand the composition of the layers and the material below

and to characterise the chemistry of the PVD concepts.

3.3.8 Energy-Dispersive X-Ray (EDX)

The operating principle the EDX technique is the formation of X-rays from the interaction of the
electron beam with the sample [207]. Atoms have unique number of electrons in specific
position/shells that jump to a higher energy shell, when it absorbs the energy from the SEM
electron beam, creating an X-ray. The X-ray energy is measured by a detector [207]. The energy
lost during the process is taken into account, then the measured energies are correlated with
the known energies of the X-rays formed in specific electron shells of an element [207]. Finally,
the number of specific energies is counted and shown in the EDX spectrum related to the

abundance of the element using propietry software.

EDX was used extensively during this research in order to understand the possible chemistry and

chemical changes of the different materials before and after most of the environmental tests.
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When using the EDX detector on the SEM, measurements were carried at two different electron

beam voltages:

- 5kV was used to map where lighter elements like carbon, boron or nitrogen were
distributed, but it was not used to quantify

- 20kV was used to map and quantify the heavier elements. The quantification process
required to set the sample to the “calibrated” working distance and voltage. In addition,

current was set to get a high number of photon counts for statistical significant.

3.3.9 Electron Backscatter Diffraction (EBSD)

EBSD was used to obtain the phases and their distribution of some of the diffusion treatments.
These are determined by the collection of EBSD patterns, also known as Kikuchi patterns. If the
backscattered electrons satisfy Bragg conditions, please refer to section 3.3.10, for diffraction,
then the electrons are diffracted into two cones that represent each plane normal to the
diffraction plane. Two features that are important for crystallographers are the points of
intersection, or zone axes, and the angles between the zone axes and the Kikuchi bands, which
are inherent to a specific crystal structure. The diffracted inelastic electrons are collected on a
thin fluorescent screen, from which the Kikuchi patterns are imaged using an optical fibre or a
lens situated behind the screen. The image is then transmitted to a charged couple device or a
complementary metal-oxide semiconductor solid state imager [207]. Propietry software is used

to index the patterns and identify phases

EBSD was used to characterise the phases present in some of the diffusion treatments, mainly
Boronizing, Aluminising and Chromizing, due to limitations found on other surface treatments,
Nitriding and Nitrocarburizing. such as grain size and internal stresses. Phase distribution maps
and coating/layer growth direction were used to understand whether the layer was grown on

the surface or a case hardened layer was created below the original surface of the steel.

3.3.10 X-Ray Diffraction (XRD)

XRD relies on the generation of high energy electromagnetic waves using a target material (Cu
is the most commonly used) that is bombarded by X-rays, which then are diffracted from the
irradiated volume of the sample [214]. The diffraction of the X-ray beam results in a constructive
interference event at each lattice plane and direction that satisfies Bragg’s law, given by
Equation 1. Bragg’s law states that if an X-ray with a specific wavelength (4) hits a crystal with
interatomic spacing (d), the X-ray will have enough intensity to be detected at a specific angle
(B) [215]. Bragg’s law is met for different crystal symmetries at different 6 (incident angle of the

X-rays), forming the diffraction information specific to the material [214].
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nil = Zdhlein (9)

Equation 3.1. Bragg’s Law [209].

Figure 3.9.Schematic representation of an X-ray diffracting from a crystal under Bragg’s Law conditions [214].

The data is represented by a spectrum with different peaks, each representing a different d-
spacing and therefore all the different reflections can be observed and represented by the

intensity of the peaks at 6.

XRD experiments were carried with a PaNalytical X'Pert Pro with a cobalt target due to reduce
the fluorescence caused by Fe when using a copper target. The technique was used to identify

the different phases in each material before any test was performed.

3.3.11 Raman Spectroscopy

When the laser interacts with the surface, photons are scattered due to the induction of a dipole
moment caused by the polarization of the molecule. >99% of these photons are elastically
scattered (Rayleigh scattered) and <1% are inelastically scattered (Raman scattered) [216]. The
frequency shifts of the inelastically scattered photons are recorded into the spectrum. And the
intensity and shape of each spectral band can be used to determine the quantity and the

distribution of each phase present [217].
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Figure 3.10.Schematic representation of the operation of a Raman spectrometer [218].

Raman Spectroscopy was used to identify the oxides present on the surface of the wear scars by
radiating using monochromatic laser with a wavelength of 633nm. Measurements were carried

through the length of the wear scar.

3.4 Indentation techniques

3.4.1 Rockwell C

VDI 3198 standard testing [219] was used to understand the adhesion performance of the
coating/layer system to the substrate and the brittleness of the coating/layer system. Note that
standard does not specify minimum or maximum coating/layer system thickness requirements
for application, in addition other researchers have used this standards to characterize bonding
characteristics of diffusion treaatments [220] The test uses a Rockwell C tester and a diamond
conical indenter to make an indent using 150kg force. After the test was performed, samples
were observed under an optical microscope and the failure mechanism of the coatings/layer
system was ranked according to the standard. Depending on how the failure occurred, a score
between H1 to H6 was given to each coated concept. H1 to H4 was a regarded as a pass, while

H5 to H6 was a failure. A Wilson® Rockwell 574R was used to carry out this standard.

3.4.2 Microindentation hardness testing
Hardness is a measure of the resistance of a material to permanent deformation under a locally
applied load [202]. There are a variety of methods at different scales with which hardness

measurements can be obtained, from Mohr hardness testing based on scratching the material
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to Vickers, Knoop or Berkovich where indenters are used to create micrometre size indents
[202]. During Vickers microhardness testing, a diamond pyramidal indenter is forced into the
sample of interest with loads lower than 1kg giving the opportunity to evaluated localized areas

of interest [197]. When the indentation is made the hardness is calculated by [202]:

1854.4 + L
L= T

Equation 3.2. Microhardness for a Vickers indenter.

Where “L” refers to the load used during testing and “d” is the length of the diagonals of the

indent.

Microhardness testing was carried out using a Wilson VH1102 Vickers Hardness Tester in order
to obtain hardness values of the coatings/surface treatments and uncoated materials from a
metallurgical cross-section using a 0.025kgf-microhardness tester, except for any PVD concepts
due to indents being to large and indenting both coating and substrate simultaneously. The data
was then analysed using a Nikon Eclipse LV150N upright microscope in conjunction with

OmniMet™ Modular Digital Imaging System software by measuring the diagonals of the indents.

3.4.3. Nanoindentation

Nanoindentation relies on the application of a load increasing from zero to a desired value and
from that desired maximum back to zero [221]. Simiarly, the test can be done by chosing a depth
instead of the load. Different material behaviours can be observed in different portions of the

load displacement curve [221]:

1. Elastic-plastic loading

2. Elastic unloading
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Figure 3.11. Loading-unloading curve obtainable information [221].

Berkovich indenters are commonly used because they provide a more controlled indentation
test than other indenters [221]. For this type of indenter, the hardness and elastic modulus,

determined from the unloading curve, are obtained by the following formulae [221]:

P
H=———
24.5h2

Equation 3.3. Nanohardness for a Berkovich indenter.

Where “H” is the hardness, “P” is the load applied during testing and “h.” is the penetration

depth.

. v« dP
~ 2VAxdh

Equation 3.4. Elastic Moduli for a Berkovich indenter.
“E*” is the elastic modulus and A=24.5h2.

Mechanical properties of all samples were acquired from metallographically prepared cross-
sections of the samples using a NanoTest Xtreme nanoindenter with a Berkovich style diamond
indenter. A depth control experiment was used in which the indenter reached a maximum depth
of 250nm. The loading and unloading rates were 0.5mN/s and 0.5mN/s respectively, with a dwell
time at maximum load of 5s and an indent separation of 7um. For the coated/surface treated
samples, indents along the coating/surface treated layer thickness were made. For bulk
materials, 100 indents were made. The data was analysed using the NanoTest Vantage software.

Finally, AITiN mechanical properties were obtained from literature [222] as surface indentation
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was not relaible due to topography causing a high variation on the measurements and not
reliable on the cross-section as the coating height level was below the substrate and mount level

causing the indentation area to reach the substrate or the mount material.

3.5 Environmental testing

3.5.1 Thermal Shock testing

Thermal Shock testing was performed in order to understand the stability of the coatings/layer
system during cooling cycles. A K-type thermocouple was welded onto a sample of size 2mm x
2mm x 2mm which was placed in a 760°C pre-heated muffle furnace. When the sample reached
760°C, it was removed from the muffle furnace and left to air cool. This procedure was repeated
8 times per sample. Samples were inspected by optical microscopy for signs of cracking on the

coating material or the layer system after surface treatment.

3.5.2 Oxidation test

Oxidation tests were carried out in order to understand the long-term stability of the materials
at high temperature. Oxidation/thermal stability testing was performed in a muffle furnace at
760°C for 250h with test samples of dimensions 35.6mm x 25.4mm x 10mm. Oxidation
behaviour was measured by reviewing the thickness of the oxide layer, the depth of the internal

oxidation and oxide layer spallation, together with microstructural and chemical changes.

3.5.3 Corrosion test

Corrosion tests were used to replicate the conditions to which the components are subjected
when the turbocharger is not running during service. NaCl was used to replicate the humidity
encountered i close to sea environments, and H,SO, replicates H,SO,4 droplets that can form
on the components when the turbocharger is stopped. Note that H2504 is formed from the
reaction of SO3 and water vapour as temperature drop during cooling. For the corrosion test, a
solution composed of 2L of water, 100g of NaCl and sufficient H,SO, to achieve a pH value of 5
was used. A volume of 45ml was applied to the samples presented in Table 2. The samples, with
dimensions 35.6mm x 25.4mm x 10mm, were subsequently placed in a sealed container for 24h.
All samples were cleaned and a new solution was applied in 24h cycles up to 250h. The corrosion
performance was determined by reviewing the surface/coating damage, surface compounds
formed and the ability of the coating/layer system to prevent damage to the underlying

substrate.
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3.5.4 Tribology testing

The evaluation of the tribological performance of the sample was conducted using a Rtec
multifunction pin-on-reciprocating-plate tribometer. For this work, a variable geometry
mechanism was modelled, with the pin representing the shroud as it is always in contact and
the plate representing the nozzle. The material pairs that underwent the test, and the contact
conditions which were designed to replicate the conditions experienced by the components in
operation, are both shown in Table 3.5. Three repeats of each material pair at each temperature

was done.

Linear reciprocating motion

Figure 12. Schematic representation of a linear reciprocating motion pin-on-plate test.
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Plate/Pin

304L stainless steel/321 Stainless Steel

Nitronic 60/ 321 Stainless Steel

Chromizing/Chromizing

Aluminising/Aluminising

Nitrocarburizing 1/ Nitrocarburizing 1

Nitrocarburizing 2/ Nitrocarburizing 2

AITiN/AITIN

CrN/CrN

Tribaloy 400/Stellite 6

Stellite 6/Tribaloy 400

Table 3.2. Material combinations that underwent tribology testing

As observed from Table 3.3, there are a lot of “like-on-like” material pairs often not considered
a good approach to tackle tribological issues due to the chemical affinity for each other,

particularly stronger for metallic materials [17]. The different reasons of putting “like-on-like”

materials were:

e Amount of commercially available coatings/surface treatments with the capacity to
cope with product demand requirements from the sponsor company.

e As previously mentioned, chemical affinity can have a detrimental effect on the pair
performance, but it is not known how much more or less that effect it is in comparison
to other behaviours that could be present on the contact, such as abrasion due to
mechanical properties difference between the dissimilar materials in contact. In

addition, this effect is reduced at higher temperatures due to the formation of oxide

films.

The geometry of the pin and the maximum contact stress during the test were calculated by

conducting a Hertzian analysis using Equations 3.5-3.7 [223], when a load of 4N is applied in the

test:

1 1-v] 1-03
E*  E E,

Equation 3.5. Rule of mixtures.

Where E is refered to the elastic modulus and v is refered to the poisson’s ratio of the materials

in contact.
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Equation 3.6. Radius on contact calculation.

Where acis the radius on contact, P is the load and R is the radius of curvature.

_3 P
 2ma?

Po

Equation 3.7. Maximum pressure at the contact.

Where p, is the maximum pressure at the contact.

Maximum Contact Pressure 90MPa

Stroke Length 5mm
Frequency 6Hz
Operating Temperatures 250°C, 650°C and 760°C
Atmosphere Air

Test Duration 2h

Repeats 3

Table 3.3. Tribological test parameters

Pin and plate samples were cleaned before testing by submerging them in a beaker with acetone
in an ultrasonic bath for 10 minutes. Data was collected using a National Instruments R data
acquisition (DAQ) card and analysed using Rtec labview, Focus-Variation Microscopy and

MATLAB.

Due to software issues when recording the Fx data, end result was filtered using a band with
filter to remove the low frequency “noise” caused. Nitrocarburizing 1 data obtained from
sponsor’s company tribometer was used to compare against data obtained in university to make

sure data did not misguided the analysis.
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4. Tribology test at 250°C

4.1 Summary of pre-testing before tribology test

Following the selection process described at the methodology chapter, before the tribology test,
the different coating materials and surface treated stainless steels were investigated in order to
provide compare and contrast them in the different engineering and purchasing requirements

as shown in the C&E matrix (table 4.1). For further information refer to Submission 2.

Rating of Importance to > 5 5 5 - - - 5 5 5 -
Customer (low 1- high 10)

Base Sensitivity |Environmental " Intregation of
) Changes to . Risk of .
. . Thermal Surface Material ) " . . of Process | Compliance Dual Source - |Manufacturing
Life of | Corrosion Thermal Final Tribological [Proprietary " Supplier
Inputs " . Shock .. | treatment Surface - to Risk of Process| Cost [ and Global . Technology Total
Coating [Resistance . Capability| =~ f L Component|Characteristics|Technology P Design |. "
Resistance uniformity Finish Dimensions Component and Availability Control into Cummins
Requirement Geometry | Components Facility
Boronizing 3 3 579
Chromizing 3 3 - 3
Aluminizing 3 3 3 - 3 675
Nitriding - 3 661
Nitrocarburizing 1 3 3 3
Nitrocarburizing 2 3 3 3 3
AITIN 3 8 3 3 3 3 3 597
AICrN 3 3 3 538
CrN 3 3 3 3 3 3 3 597
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Figure 4.1. C&E matrix used along the EngD showing the scores given to each material for each engineering and
purchasing perspective and their scores at the end of this temperature test.

From the total score obtained, the best to worst materials were:

Position Material

1 Chromizing

Aluminising

Nitriding

AITiN

CrN

Boronizing

AICrN

0| Nl o Ll | Wl N

Nitrocarburizing 2

9 Nitrocarburizing 1

Table 4.1.List of best to worst performing materials after the end of Stage 2 of the selection process.

From all the treatments/coating material, AICrN, boronizing and nitriding did not go foward to
tribology test. AICrN did not go forward as the first supplier did not achieved full surface
covarage, while the second supplier was not able to apply a coating with enough adhesion to
the surface as it was peeling off without just by touching it with the fingers. Boronizing was
removed from the selection process, as even though it was relatively good from a purchasing

perspective, its engineering performance was poor and therefore obtaining a low score on the
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C&E matrix. Finally, nitriding was eliminated due to its poor performance from an engineering
perspective, even though was one of the best from a purchasing perspective and was selected

as the 3rd best material.

4.2 Tribology test

Before starting with this section, please note that surface and cross-sections morphology and
chemistry can be observed at Submission 2.

4.2.1 Results

4.2.1.1 Friction
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Figure 4.2. Average steady-state CoF of the different material pairs when tested at 250°C.

Figure 4.2 shows the steady-state CoF of all the material pairs at 250°C. The general trend was
that CoF of the material pairs decreased as the temperature increased, with some exceptions to

the trend.

At 250°C, the CoF all materials pairs fall in the range of 0.47 - 0.67. The base stainless steel pair
(304L plate against 321 pin) had a CoF of 0.57. The Nitronic 60 vs 321 stainless steel material
pair had a lower CoF than the base material pair, sitting at 0.49. In terms of the coatings and
surface treated stainless steels, chromizing, gave a CoF of 0.62, which is slightly higher than the
base material pair. In between the base material and chromizing, aluminisng showed a CoF 0.59.
Nitrocarburizing 1, Nitrocarburzing 2 and AITiN coated pairs showed the highest CoF at this
temperature with 0.67, 0.67 and 0.65, respectively. The CrN pair showed lower CoF than the
base material with a magnitude of 0.5. Finally, the Co-superalloys CoFs showed a difference in

behaviour dependent on the position at which T400 and Stellite 6 were. When T400 was the
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plate, the CoF reached an average value of 0.6, while T400 as the pin showed the lowest CoF

value of all the tested pairs, sitting on 0.47.

4.2.1.2 Wear behaviour
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Figure 4.3. Plate worn volume (a) and plate affected area (b) for the different material pairs after testing at 250°C.

Figure 4.3 shows the wear volume and the area affected during the wear process of the plate
samples at 250°C. From a wear volume perspective, aluminized stainless steel plate showed the
highest wear. The 304L plate showed four times less wear than the aluminized plate. Following
the 304L plate, the Nitronic 60 plate displayed half thewear of the base 304L. This is followed
closely by the chromized steel plate and subsequently both nitrocarburized steel plates and
AITiN coated steel. The CrN coated and the T400 plate show half of the wear of the previous

material plate. The least wear volume measured was the Stellite 6 plate.

From a wear scar perspective, the chromized plate showed the highest area affected by the
degradation process. The chromized plate is closely followed by the 304L and the aluminized
plate. A 25% reduction in the area affected by the wear process was observed for the
nitrocarburizing 1, nitrocarburizing 2 and AITiN plate. The Nitronic 60 and Stellite 6 plates
displayed nearly 50% reduction in the area affected during the test. Finally, the CrN and T400

plate showed a 75% and 80% reduction of the worn area in comparison to the chromized plate.
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Figure 4.4. Pin affected area (a) and pin wear depth (b) for the different material pairs after testing at 250°C.

Figure 4.4 displays the pin area affected by the wear process and the highest depth achieved on
the pin after the test duration. From a pin area perspective, the values for most pairs were in
similar proportions as the ones displayed by the plate materials, with one exception. The Stellite
6 plate showed an increase in area in comparison to its counterplate with a high variation

between the different test samples.

4.2.2 Discussion

Considering all the data showed during the previous sections and Submission 2, the materials
will be rank on how they perform during the tribology test. In order to understand the reasons
of how the wear and friction performance differs in between material pairs, the 304L vs 321
stainless steel pair was used as a base line. As from a friction perspective, pairs behaviour was

discussed previously, only wear data will be discussed in depth below.

4.2.2.1 Tribological behaviour

As previously described, the 304L vs 321 stainless steel pair tribological behaviour was
dependent on the creation of large particle due to the work-hardening [69] for the plate causing
heavy abrasion of pin and plate surfaces. While for the pin, the key behaviours were the
formation of the oxides within the material, creating a hard phase [87]. The lower work-

hardening capability due to lower SFE keeping the surface 321 surface from delaminating [69].

The reduction of friction and wear of the Nitronic 60 vs 321 stainless steel is due to the higher
hardness and the slightly higher SFE of the Nitronic 60 [69]. The delamination of smaller

particles, with less severe delamination wear aided in not increasing the damage and reducing,
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in the long term, the number of particles of the system reducing both abrasive wear and the

energy contribution of the ploughing component.

For the chromized pair, an increase in friction, a decrease in plate wear and an increase in wear
of the pin were observed. First, the reason why the worn area of the plate was larger than with
the previous pairs was due to the pin’s poorer performance, as shown by both higher worn area
and highest depth. In comparison to the previous 321 stainless steel pin, the chromized pin did
not offer as much protection due to not forming internal oxide regions. As there is a higher
number of particles, the CoF slightly increased. The slower wear rate of the plate in comparison
to the damaged suffered by the pin (up to the point that the chemical treated layer was removed
in the centre area) was because of the pin being all the time in contact, accelerating both the

delamination and abrasion effects.

The aluminized pair showed a similar CoF than the base material. The pin area and depth, and
plate area were similar while the plate showed a much higher worn volume. The friction
behaviour was dependent on the ploughing of the surfaces and the particles in the contact. As
it was observed that the wear was heavily localized in the middle of the wear scar, this suggests
that a catastrophic event happened during the running-in. This event was related to the
protuberances on the pin, which increased the localised stress on the surface, and the
brittleness [111] of the top layer of the layered system. After the running-in, the hard particles
in the contact were kept in the same area, localising the wear process and causing the higher

worn volume of the plate.

Both nitrocarburizing treatments, had a very similar values of CoF and wear. In comparison to
the steel, these two treatments showed a wear improvement and a slightly higher CoF. The wear
improvement was attributed to the existence of both the oxide layer followed by a hardened
case. The slightly increase in the CoF was attributed to the ploughing of the oxide entrapped

particles on the case-hardened layer.

AITiN showed similar average CoF and similar wear data values as the nitrocarburizing
treatments. From a friction perspective, the AITiN middle surfaces were behaving like the
standard base material, but particle ploughing is higher as the AITiN particles are harder than
the work-hardened steel particles. This adds an extra contribution to the overall friction. From
a wear perspective, even though the steel surface were not protected, it is believed that the
coating failed at the beginning of the test as CoF barely changes over time [224]. The coating
around the steel uncovered areas function as a load carried, reducing the work-hardening of the

steel and preventing big particle delamination. Also, the AITiN layer will aid the abrasive action
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of the uncovered regions due to the difference in mechanical properties between the stainless

steel and coating material.

CrN showed a slightly lower CoF than the base stainless steel material pair. Additionally, to one
of the lowest plate wear volume and area, and pin wear scar area and depth. The reason of the
lower average CoF of the CrN in comparison to AITiN was a lower contribution of particle
ploughing, as the CrN coating is not removed during the test duration. From a wear perspective,
the better performance over the stainless steel pair was the hardness of the coating, while the
better performance over AITiN was attributed to less/smaller defects and the higher toughness

of the material.

The T400 plate and the Stellite 6 pin, showed similar friction, plate wear volume and area, and
pin highest depth as the CrN pair, but the pin area showed a higher magnitude and spread. The
reason for the observed difference in pin area was due to the particle accumulation area in the
three tests, and this behaviour prevented a clear observation of the real wear depth, which is a
few microns lower as the transfer layers were observed to be a few microns thick. The better
wear performance over the stainless steel pairs is attributed to the hard particles within the
alloys, reducing the abrasive wear; while the better performance over the hard materials, such

as the PVD coatings, was attributed to the toughness offered by the Co matrix.

The final pair, Stellite 6 plate vs T400 pin, showed different behaviours than the previous Co-
superalloy pair. This pair showed a better performance than the stainless steels pairs from all
categories. In comparison to the previous pair, this pair showed a lower CoF, and slightly lower
wear plate volume and wear area, and pin affected area, but the pin showed a higher worn
depth. The reduction in the CoF in comparison to the previous pair was caused by the lower
number of particles kept in the contact. From a wear perspective, the worst performance of the
T400 [95] pin material in comparison to the Stellite 6 pin was due to the harder particles of the

Stellite 6 [94], which probably suffered most of the wear in this material pair.
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4.3 Conclusion

Overall, the different material pairs were classified in Table 4.2 as best being on top of the list

as:
Position Friction Wear
1 Stellite 6 vs T400 T400 vs Stellite 6
2 Nitronic 60 vs 321 stainless steel CrN
3 CrN Stellite 6 vs T400
4 T400 vs Stellite 6 Nitrocarburizing 1
5 Aluminising Nitrocarburizing 2
6 304L vs 321 stainless steel AITiN
7 Chromizing Nitronic 60 vs 321 stainless steel
8 Nitrocarburizing 1 Chromizing
9 Nitrocarburizing 2 304L vs 321 stainless steel
10 AITiN Aluminising

Table 4.2. List of best to worst performing materials from a friction and wear perspective.

The list was taking into consideration the numerical measurements, but also the stability of the

material pair and the mechanisms acting in the contact.

In summary, hardness was one of they key parameters to improve wear and friction as it reduces
the abrasive element contribution for both friction and wear. Hardness also helped to reduce
the effect of other detrimental mechanisms, such as delamination. Toughness was also
important as it reduced brittle fracture of the material; as an example, Aluminising and AITiN
were not tough enough. It is also worth considering that brittleness may be also be introduced
by defects within the material that act as crack nucleation sites. While transfer layers helped
from a wear perspective, their failure and the particle retention was detrimental for the CoF
magnitude and stability. Finally, surfaces showed slight oxidation, but it did not play an
important role towards the performance of the alloys at this temperature, except for the 321

stainless steel pin which formed hard surfaces due to material internal oxidation.
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5. Tribology test at 650°C

Before starting with this section, please note that surface and cross-sections morphology and
chemistry can be observed at Submission 3.

5.1 Results

5.1.1 Friction behaviour
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Figure 5.1. Average steady-state CoF of the different material pairs when tested at 250°C and 650°C.

After increasing the testing temperature to 650°C, the base stainless steel material showed an
increase in average CoF to a value of 0.73 over the value at 250°C. Although it underwent a lesser
increase, the Nitronic 60 showed a CoF value of 0.59. Unlike the other material pairs, the
chromizing treated pair showed a decrease in CoF to 0.43. Aluminising showed similar CoF values
of 0.59 at 250°C and 650°C, as did AITiN. The nitrocarburizing treatments also showed a decrease
in CoF with average values of 0.49 for Nitrocarburizing 1 and 0.44 for Nitrocarburizing 2. The
final coating pair, CrN, showed the lowest CoF values of all the concepts at this temperature,
reaching a value of 0.27. Finally, as previously, the position at which each Co-superalloy in the
contact had an influence on its friction behaviour. When T400 was the plate, the average CoF
value reached was 0.37, while the pair with T400 as the pin showed an increase in CoF relative

to 250°C, up to 0.53.
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5.1.2 Wear behaviour
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Figure 5.2. Plate worn volume (a) and plate affected area (b) for the different material pairs after testing at 250°C

and 650°C.

As the testing temperature increased to 650°C, the general trend is a decrease in the measured
loss of plate material. Exceptions were the 304L plate, where the loss volume increased by a
factor of 1.5, and the T400 and the Stellite 6 plates, which showed similar values at both
temperatures. The largest reduction in wear volume was experienced by the aluminized plate,
which lost four times less volume than at 250°C, reaching a similar value as the 304L plate.
Nitronic 60 exhibited a slight decrease in the material lost. Finally, the chromized,
Nitrocarburizing 1, Nitrocarburizing 2, AITiN and CrN plates lost half as much material at 650°C

as was lost at 250°C.

Comparing the different plate materials with each other, the 304L stainless steel plate showed
similar worn volumes to the aluminized plate. These were followed by the Nitronic 60 plate
where a third of material was lost, closely followed by the chromized and the Nitrocarburing 2
plate that were reduced by half. The least volume of material lost was observed at the CrN plate,

followed closely by Nitrocarburizing 1, AITiN and the Co-based superalloys plates.

A similar trend was observed when comparing the worn areas. Aluminising had the biggest wear
scar out of the different materials. The three stainless steel material pairs followed showing
similar scar area values, unlike at 250°C where there was a wide variation. The next smallest scar
area was for AITiN, along with the Stellite 6 plate against the T400 pin. Nitrocarburizing 1,
Nitrocarburizing 2 and CrN showed half of the worn area in comparison to the stainless steel
pairs. Finally, the T400 plate vs Stellite 6 pin showed the smallest worn area out of all the

material pairs; that area is a factor of 3 lower than the previous three pairs.
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Comparing the worn areas from different plates at 650°C, the aluminized plate showed the
biggest wear scar area, closely followed by the 304L, Nitronic 60 and the chromized plate, which
showed a half mean area worn with a high variance. The AITiN coated stainless steel showed a
third of the previous, closely followed by Nitrocarburizing 1, Nitrocarburizing 2, CrN and the

Stellite 6 plate showing half of the area. The smallest wear scar area was attributed to the T400

plate.
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Figure 5.3. Pin wear depth (a) and pin affected area (b) for the different material pairs after testing at 250°C and
650°C.

As with the plates, most of the pins showed a reduction in the wear-affected area at the higher
temperature, except the aluminized stainless steel, which showed a higher worn area. For the
three stainless steel pairs, the 304L vs 321 pair showed a slight reduction in the worn area
compared to the aluminized pair, while the Nitronic 60 vs 321 stainless steel and the chromized
pair showed values lowered by nearly a factor of 2. As previously, the stainless steels are
followed by the AITiN coated pin, where the worn area was nearly half of that of the chromized
pair. Nitrocarburizing 1, Nitrocarburizing 2, CrN and the T400 pin, from the Stellite 6 plate vs
T400 pin test, showed a worn area that was half of the AITiN pin. The pin with the lowest area
affected by the wear process, with a worn area nearly seven times smaller than the second

smallest, was the Stellite 6, from the T400 plate vs Stellite 6 pin pair.

Comparing the different pin worn area at 650°C to the 250°C tests, all material pairs showed the

same trend as for the plate affected areas.

From a pin wear scar depth perspective, the results shown by Figure 5.3 confirm what was
observed from the height distribution maps and the 2D surface representations. In comparison

to 250°C, the 321 stainless steel pin for both pairs showed an increase in the depth of the wear
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scar, a factor of three increase when it was against the 304L plate and factor of two increase
against Nitronic 60. The aluminized pin, the Stellite 6 and the T400 all also showed a slight
increase in the wear scar depth at 650°C. Finally, the chromized pin, Nitrocarburizing 1,

Nitrocarburizing 2, AITiN and the CrN coated showed a slight decrease.

Comparing the pin depths from the different materials at 650°C, the 321 stainless steel pin that
was in contact with the 304L plate showed the deepest scar, followed by the aluminized and
chromized pins and the 321 stainless steel pin that was in contact with Nitronic 60; the depth of
the wear scar in these three cases was reduced by a factor of 3 compared to the 321 stainless
steel. The AITiN showed a half of the depth observed for the previous pin materials, closely
followed by Nitorcarburizing 1, Nitrocarburizing 2 and the T400 pin. Finally, the lowest depth
observed was observed for the CrN pin, which showed a value only slightly lower than the Stellite

6 pin.

5.2 Discussion

As in the previous chapter, all the data presented in the previous sections will be used to explain
the differences between material pairs from a friction and wear perspective. The materials will
be compared using the 304L vs 321 stainless steel pair as the base line. Some pairs, including the
nitrocarburizing treatments, the PVD coatings and the Co-base superalloys, will also be
compared with respect to each other. In addition, possible explanations for the changes in the

friction and wear behaviour between 250°C and 650°C will be given.

5.2.1 Tribological behaviour

For the 304L and 321 stainless steel pair, the changes observed in friction and wear due to the
test temperature may be explained by two hypotheses, both of which relate to the loss of
mechanical properties, mainly of the 304L stainless steel. The friction and wear on the plate, as
well as the groove depth in both materials, were observed to increase at the higher
temperature. This was due to an increase in the deformation component, which produced a
thermomechanical fatigue failure [86] in the subsurface. The increase in deformation is in turn
attributed to the larger volume of material affected by the load, due to the loss of mechanical
properties at increased temperatures. This is in addition to the ploughing of harder particles,
composed of various Fe- and Cr based oxides and the formation of compacted layers on the 304L
mechanical mixed layer on the pin. Hypothesis one assumes the compacted layer lasted the
throughout the test and contributed significantly to further reduce the total wear; if it did not

(hypothesis two) then friction and wear increased due to the continuous abrasion of the deep
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grooves formed. Even though the wear increased the scar depth on both the plate and the pin,

the area affected was reduced as the wear process was heavily concentrated.

Although the friction and wear behaviours of the Nitronic 60 pin vs 321 stainless steel plate were
similar to those of the previous pair, this material pair showed a decrease in the damage done,
but also a slight increase in friction as temperature increased. While the ploughing component
of friction was reduced due to the formation of compacted layers on both components, it was
simultaneously increased due to the formation of Fe- and Cr-based oxides that ploughed on
softer areas, in addition to delamination of the compacted layers. The deformation component
of friction increased due to the loss of mechanical properties. While the materials themselves
lost mechanical properties, the overall wear performance was improved due to the formation

of compacted layers and heavily internally oxidized regions

The chromized pin and plate showed a decrease of both CoF and the volume of worn material
as the test temperature increased to 650°C. The improvement was attributed to the formation
of compacted layers made from Fe- and Cr- based oxides. The improvement in performance in
comparison to the stainless steel base material was attributed to the oxide-based compacted
layer, which protected the surface during the steady-state. Another hypothesis is that the layer
acted as a load carrier, reducing the damage caused during the running-in, evidenced by the

reduced depth of the damage.

The aluminized pin and plate showed the same value of the CoF as at the previous temperature,
while exhibiting a lower plate wear volume and smaller affected areas for both the plate and
the pin. However, the depth of the wear scar was increased. The value of CoF at the higher
temperature was similar to that at 250°C due to a balance between the ploughing of hard oxides,
which acted to increase the CoF, and a reduction of ploughing in other areas due to the
formation of compacted layers composed primarily of Fe,03; oxides. Top layer of the layered
system deformation was also observed; as it appeared to be pushed into the substrate material
as the stiffness properties of the intermetallic compounds were reduced [119]. The increased
abundance of Fe-based oxides, despite the increased stability of Al,Os;, was attributed to the
growth kinetics [225]. The wear of the plate was reduced due to the protective action of the
mechanical mixed layers, while the pin material probably underwent similar or higher wear than
at the previous temperature. The pin affected area and the scar depth are higher. This was
attributed to the amount of material that is compacted, showed to be higher for the base
stainless steel pair (from a depth perspective), while from an area perspective was attributed to

a less catastrophic failure during the running in.
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In comparison to the 304L vs 321 stainless steel, the poor performance of the aluminized pair
was not attributed to the loss of mechanical properties; in fact, the CoF slowly increased to a
similar value as the stainless steels, and the layers provided a higher load carrying capacity.
Instead, it suggested that abrasion had a bigger effect on this material pair, in conjunction with
not providing enough load carrying capacity at areas were the mechanical-mixed layers were

formed as the top layer seemed to be pushed into the component.

Nitrocarburizing 1 and Nitrocarburizing 2 showed similar changes in the CoF and the wear as the
temperature of the test was increased. Both materials showed a better performance in both
friction and wear at the higher temperature, attributed to the continuous oxide layer formed of
different Fe-based oxides. The grown oxide layer reduced the effect of abrasion, and the number
of oxide particles in the contact caused the improved wear performance, while also reducing
the ploughing component of friction. Not only did this oxide layer improve performance in
comparison to the steel, but the higher hardness of the case-hardened area enabled the
increased load carrying capacity of the system and prevented the subsurface material from

delaminating.

For AITiN, the loss of mechanical properties [226] as a consequence of the higher temperature
also contributed to the improved performance of the material pair, whether some areas
delaminated during running-in or coating was removed by abrasion as the formation of a smooth
layer of stainless steel material and different Fe-based oxides on areas covered by the AITiN
coating; in comparison to the previous temperature, this smooth layer aided to reduce abrasion
and, if occurred, coating delamination. In comparison to the base stainless steel base pair, the
better performance was attributed to the increased hardness and toughness of AITiN at higher
temperatures [149]. This not only helped during the running-in behaviour, but also prevented

deep delamination and supported the formation of a mechanical mixed layer.

The CrN coated stainless steel pair at 650°C showed a slight improvement in wear behaviour in
comparison to 250°C, as well as a significant reduction in the CoF. This is in spite of potential loss
of mechanical properties in the layer as evidenced by the grain increase in the coating layer. The
improvement in performance was largely related to formation of the compacted layer
composed mainly of Cr,0s5 oxides. The CrN and Cr;N phases were found in the uppermost (most
recently formed) particles in the compacted layer, or, as observed in the TEM, in areas where
compacted layers did not form. It is important to note that the Cr,N phase existence [159] was
possible, but its confirmation is complicated by the proximity of its peak position relative to the

Cr,05 peak in the Raman spectra. The compacted layer clearly helped to reduce wear as the
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surface was protected from abrasive particles in the contact. It also reduced the number of
particles in the system, as they were used to form the layer. From a friction perspective, the
number of abrasive particles in the system was reduced to a negligible amount as most of them
were compacted. Most of the wear occurred either during the running-in period (hypothesis 1)
or through the removal and build-up of the compacted layers, which is a common process in the

contact (hypothesis 2).

In comparison to the stainless steel base pair, as for previous pairs, the combination of a hard
compacted layer with a layer below with a higher load carrying capacity improved the
performance of the CrN coated pair. There are two possible explanations for the different
behaviour in this case. The first hypothesis is that there were a higher number of particles on
the nitrocarburizing treatments, as the layers were not compacted. There were, therefore, a
higher number of loose particles in the system, raising the CoF through a higher ploughing
component. Hypothesis 2 suggests the compacted layers for the CrN coated pair showed low
shear strength, due to defects in the compacted layer seen in the TEM image as darker regions
(voids) in between compacted particles. The surface SEM image showed low compacted layer
adhesion and a granulated topography was observed below the delaminated compacted layers.
As highlighted by the horizontal red line in the TEM image, there was a change in grain structure
between the upper area, where the grain size and morphology were irregular, and the lower

region, where grains showed a semi-circular morphology.

As previously, the improvement in friction and wear performance shown by the T400 plate vs
the Stellite 6 pin was attributed to the formation of a compacted layer. Again, the compacted
layers aided with CoF by reducing the number particles in the contact and providing a similar

hardness material in contact (compacted layer).

In comparison to the base stainless steel material, as for the previous materials, the T400 plate
and Stellite 6 matrix and hard second phase offered a load carrying capacity that the stainless
steel pairs could not provide. It is not known to what extent the load relief was supplied by the
layer to the bulk material, as the continuous surface deformation of the bulk material will cause

similar failure behaviours as seen in the stainless steel pair, but probably not as severe.

In comparison to the CrN coated pair, the T400 plate and Stellite 6 pin showed a higher CoF; the
explanation for this hinge on the efficacy the two hypotheses proposed above for the low CoF
of CrN in comparison to the nitrocarburized treatments. If hypothesis 1 above is true, then the
higher CoF for this material pair may be attributed to the increased impact of the deformation

component on both the surface and subsurface bulk material and to the high-Mo content areas
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that were aligned with the direction of the motion. If hypothesis 2 was true, then, in addition to
deformation of substrate and subsurface material, the lack of shearing of the glazed layers will

provide the higher CoF observed for T400 vs Stellite 6 relative to the CrN coated pair.

For the Stellite 6 plate vs T400 pin material pair, the performance was not only dependent on
the formation of the scattered compacted layers, but also the retention of mechanical
properties due to the existence of intermetallic (T400) and carbide (Stellite 6) particles. The
material pair exhibited an increase in the CoF at the higher temperature, attributed to an
increase in ploughing at the areas not covered by the compacted layers, as well as delamination
of material from the T400 pin. However, it should also be noted that the measured value of the
volume of lost material was incorrect, as the plate did not appear to suffer significantof wear as
observed in at the 2D surface profile; thus part of the observed worn volume is thought to arise

from an error in the measurement.

In comparison to the base stainless steel material pair, the better performance of the Stellite 6
plate vs the T400 pin was caused by a combination of the scattered compacted layers, the higher
hardness of both the matrices, and the presence of particles. These prevented material failure
due to heavy delamination and ensured that abrasion remained the main wear mechanism. The
CoF was slightly lower for the same reasons, in addition to the reduction of the deformation

component.

The Stellite 6 plate vs the T400 pin performed worst from a friction and wear perspective in
comparison to the previously discussed pair (T400 plate vs Stellite 6 pin). This was attributed to
the discontinuity of the compacted layer. The discontinuity was obscured, as the near surface
chemistry was composed of the same/similar components, and while the Stellite 6 component
suffered less from the mechanisms acting on the system in both cases, the layers formed had

very similar structures. The differences observed were:

e The T400 layers were more prone to show porosity at the compacted layer. Note that
porosity observed at the compacted layer was attributed to the TEM sample
preparation. In addition, areas within the compacted layer showed a preference
direction at the axis motion.

e This pair showed a 5% increase in the content of Mo and a 10% in the O content at the
compacted layer of the T400 pin, while the Stellite 6 layer showed a very similar
structure and element concentration at the compacted layer. These differences may be

an artefact of the specific areas from which samples were obtained.
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e The oxide layer for the T400 pin was below the surface of the matrix material, while it
was above the matrix for the T400 plate. This behaviour was observed at the surface,
where the T400 particles formed oxides were highly polished at the surface. There was
a possibility that the oxide formed at the intermetallic particles had helped the
formation of the compacted layer at the beginning of the test, as the T400 was in the
pin position, which means more time in contact, those oxides were quickly removed.
The particles in these alloys may then have had to sustain most of the load, causing
them to fracture and increase the instability of the system (hypothesis 1).

e The affected area became higher as the pin was increasingly worn. Within the contact
area, the contact stresses during the test were controlled by the pin geometry [223]. As
the pin material is worn, the contact stresses will be reduced, which caused the
compacted layers to be more porous and more easily removed (hypothesis 2). This also
relates to the position of the material in the contact.

e When the layers were scattered, as opposed to a uniform compacted layer, they
suffered from cracking at their edges. The formation of scattered compacted layers
could be caused by a non-uniform area wear or by the agglomeration of the particles

at certain regions (hypothesis 3).

Finally, there is also the possibility that an unconsidered process or a combination of those listed

above was the driver of the behaviour observed.
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5.3 Conclusion

Overall, the different material pairs were ranked, in Table 5.1, in order of decreasing friction and

wear performance as:

Position Friction Wear
1 CrN T400 plate vs Stellite 6 pin
2 T400 plate vs Stellite 6 pin CrN
3 Nitrocarburizing 2 Nitrocarburizing 1
4 Chromizing Nitrocarburizing 2
5 Nitrocarburizing 1 Stellite 6 plate vs T400 pin
6 AITiN AITIN
7 Stellite 6 plate vs T400 pin Nitronic 60 plate vs 321 SS pin
8 Nitronic 60 plate vs 321 SS pin Chromizing
9 Aluminising Aluminising
10 304L SS plate vs 321 SS pin 304L SS plate vs 321 SS pin

Table 5.1. List of best to worst performing materials from a friction and wear perspective.

As in the previous chapter, the list takes into consideration the numerical measurements, but

also the stability of the material pair and the mechanisms acting in the contact.

As a summary, materials tend to lose mechanical properties at increased temperatures. As a
result, the performance of the material pairs may deteriorate as the system becomes more
unstable and more detrimental behaviours dominate the system, as observed for the base
stainless steel pair. However, higher hardness materials, in the formed of oxide layers
(compacted or grown) or base material showed an improvement in the behaviour, as the
mechanisms observed at the base stainless steel pair had a lower to no impact. This was further
improved by increasing the toughness of the system, providing a hard, compacted layer followed
by a layer or region of material strong enough to withstand contact stresses and to not deflect
under the load, thus improving wear and friction performance. The nitrocarburizing 1 treatment
did not have the best friction performance, although it was one of the best from a wear
perspective. In the case of the CrN pair, the lightly adhered compacted layer may have aided

towards the improvement of the friction performance.

Finally, the table below (Table 5.2) shows the results of the selection process described
previously. The best performing treatments, Chromizing and CrN, are immediately taken
through to the tribological test at the final temperature, 750°C. The base stainless steel pair and

the Co-based superalloys also go forward as they are being used as baselines, to which the
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performance of the coated/treated materials will be compared to understand their potential at

the different temperature ranges. The last two materials put through to the next test were

Nitrocarburizing 1, as it is used as a baseline material for coated and surface treated stainless

steel, and Nitrocarburizing 2, as it is more environmentally friendly and, at the potential point

of introducing the treatment to current technologies using Nitrocarburizing 1, will have lower

probable development costs. Aluminising was removed from the selection process due to its

lower overall performance and worst performance from a tribological perspective, and AITiN

was removed due to its lower engineering performance.

Rating of Importance to 5 5 g g 7 7 7 g g g 7
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Resistance uniformity|  Finish Dimension Component and Availability Control into Cummins
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Boronizing 3 8] 579
Chromizing 3 3 3
Aluminizing 3 3 3 3 685
Nitriding - 8 661
Nitrocarburizing 1 3 3 3 3
Nitrocarburizing 2 3 3 3 3 3
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Table 5.2. C&E matrix used along the EngD showing the scores given to each material for each engineering and

purchasing perspective and their scores at the end of this temperature test.
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6. Tribology test at 760°C

Before starting with this section, please note that surface and cross-sections morphology and
chemistry can be observed at Submission 4.

6.1 Results

6.1.1 Friction behaviour
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Figure 6.1. Average steady-state CoF of the different material pairs when tested at 250°C, 650°C and 760°C.

At 760°C, Figure 6.1 sjowed the 304L stainless steel vs the 321 stainless steel decreased its CoF
from the previous temperature. The Nitronic 60 vs 321 stainless steel showed a similar CoF of
0.59; however, its variation was higher. Similarly, the chromized steel pair had a similar CoF with
a value of 0.43. Nitrocarburizing 1 and Nitrocarburizing 2 also showed relatively similar CoFs in
comparison with the previous temperature, with values of 0.49 and 0.39 respectively, with a
higher variation attributed to the variation between tests. The CrN coated steel experienced an
increase in the CoF up to 0.37, again with a higher variation due to differences between the
tests. The T400 plate vs the Stellite 6 pin showed the same value of 0.37 with a higher variation
at 760°C attributed to test differences. Finally, the Stellite 6 plate vs the T400 showed a lower

average CoF of 0.3 with a high variation due to test variations.
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6.1.2 Wear behaviour
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Figure 6.2. Plate worn volume (a) and plate affected area (b) for the different material pairs after testing at 250°C,

650°C and 760°C.

As the test temperature was increased, most materials showed a decrease in the plate volume
lost when compared to the 650°C tests. The biggest reductions were observed for the 304L vs
321 stainless steels, which showed a factor of three reduction in lost material, and both Co-
superalloy plates and Nitrocarburizing 1, which showed four times less material volume was lost.
The Nitrocarburizing 2 plate also experienced a reduction of a third in the volume of material
lost by the plate. Both the CrN coated plate and the Nitronic 60 plate were found to have lost
the same volume in comparison to the volume lost at 650°C. Finally, the chromized plate showed

a slight increase in the material lost from the plate.

When comparing the plate volume lost from the different material plates tested at 760°C, the
304L plate lost the largest volume, followed by the Nitronic 60 and the chromized plate, which
lost similar volumes. Nitrocarburizing 2 and the CrN coated plate followed, showing a two times
reduction relative to the chromized plate. These are followed by the Nitrocarburizing 1 and the
T400 plate showing, where the volume of material lost is again reduced by half, in comparison
to Nitrocarburizing 2 and CrN. Finally, the Stellite 6 plate lost the smallest volume of material,

which was half that of the previous two plates.

When comparing the worn affected area of the tested plates at 760°C with the 650°C plates, all
plates showed either a relatively similar or reduced affected area. The Nitronic 60, chromized,
Nitrocarburizing 1, Nitrocarburizing 2, CrN coated and T400 plate showed a similar affected area
to the previous temperature, while the 304L and Stellite 6 plate showed around 2 times and 5

times less worn area, respectively.
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The worn area of the plate did differ, however, when comparing the different materials at 760°C.
The materials that showed the highest area were the Nitronic 60 and chromized plate, closely
followed by the 304L plate. The Nitrocarburizing 1, Nitrocarburizing 2 and CrN plates showed a
third of the area affected from the wear process in comparison to the 304L plate. Finally, the
T400 and Stellite 6 plates had the least area affected by the wear process, which was around

three times less than the previous plates.
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Figure 6.3. Pin wear depth (a) and pin affected area (b) for the different material pairs after testing at 250°C,
650°C and 760°C.

In comparison to the previous temperature (650°C), the pin worn area observed at the 760°C
showed similar trends as the ones observed when comparing the plate worn area at 650°C and

760°C.

For the pin worn area at this temperature (760°C), most of the pin materials followed the same
trend as at 650°C, except the stainless steels and the chromized pair. For the pins, the 321
stainless pin that ran against the 304L plate showed a slightly less worn area than that run
against the Nitronic 60 plate; however, due to the variation in the measurement, the observed
reduction was less significant. On the other hand, the chromized pin showed a higher affected
area than the 321 stainless steel pin that ran against the Nitronic 60 plate, even though the
uncertainty range overlaps for both the pin and the plate. In comparison to the previous
temperature, the trend observed for the plate materials was also observed for the pins, except

for the metallic pairs where the error ranges overlap, creating uncertainty.

When looking at the maximum depth of the wear scar on the pin, shown in figure 6.3, there was
no correlation observed between the depths at 760°C and those of the previous temperatures.
Both the 321 stainless steel and Nitrocarburizing 1 pin showed a decrease in the depth of the
wear scar; the difference was small for the 321 stainless steel that ran against the 304L stainless

steel plate, but the depth was lower by a factor of for the 321 pin run against the Nitronic 60
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plate and the Nitrocarburizing 1 pin. The chromized and the Nitrocarburizing 2 pins showed a
slight increase in the depth at this temperature, while the CrN coated, Stellite 6 and T400 pins

showed very similar depths.

When comparing the different materials at 760°C, the 321 stainless steel pin running against the
304L stainless steel plate showed the highest depth. The depth shown by the chromized pin was
roughly half as high, followed by the 321 stainless steel pin ran against the Nitronic 60 plate and
the Nitrocarburizing 2, the T400 and Stellite 6 pins, each showing around three times less depth
than the 321 stainless steel pin. Finally, CrN showed a third of the depth than the previous pairs,

while the depth for the Nitrocarburizing 1 was lowest, at half that of the CrN pin.

6.2 Discussion
As in the previous chapter, all the data presented in the previous sections will be used to explain

the differences between material pairs from a friction and wear perspective. The materials will
be compared using the 304L vs 321 stainless steel pair as the base line. Some pairs, including the
nitrocarburizing treatments, the PVD coatings and the Co-base superalloys, will also be
compared with respect to each other. In addition, possible explanations for the changes in the

friction and wear behaviour between 650°C and 760°C will be given.

6.2.1 Tribological behaviour
As with the previous temperature, the high CoF found during running-in for the 304L v 321

stainless steel pair was caused by the loss of mechanical properties, which promoted thermo-
mechanical fatigue failure [86]. Following the failure, deep grooves were formed where particles
produced from the failure were compacted; this compaction probably occurred more quickly at
this temperature due to the further reduction in mechanical properties, therefore, the running-
in time was reduced. As for the previous temperature, it is unknown whether most of the
damage of the plate and pin was caused during the running-in, producing a wear-resistant
compacted layer (hypothesis 1) or if additional damage was caused at the grooves due to the
failure of the compacted layers (hypothesis 2). From an inspection of all the data, the deep
grooves appeared to be mostly covered by a compacted layer that suffered from abrasion and
not large-scale delamination. The surrounding areas may have suffered from mild abrasion and
material delamination, indicated by the small cracks that were growing in mildly internally
oxidized regions (hypothesis 3). From a wear perspective, this explains the lower wear-affected
area and the lower volume lost on the plate, while the similar depth on the wear scar can be
explained by the formation of compacted layers. From a friction perspective, two of the tests
displayed slow increases and decreases of the CoF which may be attributed to a build-up of

particles or an increase in the deformation component in certain regions of the wear scar.
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Alternatively, an artefact caused by the higher temperature may have affected the measured
traction force. Meanwhile, one of the tests showed a more stable CoF with smaller increases
and decreases in magnitude. It was thus believed that though the external oxide provides

benefits to the friction behaviour as a compacted layer, it does not provide further advantages.

The Nitronic 60 vs the 321 stainless steel showed the same average CoF as the previous
temperature, while showing differences in its variation. At 650°C, the decreases in CoF were
attributed to delaminated material breaking down into smaller particles. At 760°C, there was a
continuous instability, believed to be caused by cracking of material from the compacted layer
in combination with hard oxide particles ploughing areas where the compacted material was
removed, mostly at the edges of the wear scar. While the ploughing component was probably
reduced as no large particles seemed to be formed during the steady-state, it was believed that
the material pair suffered from heavy deformation. This can be seen on the 2D topography plots,
as the pin material completely lost its original shape and the plate showed a significant increase

in height at the edges of the wear scar.

In comparison to the 304L stainless steel plate and 321 stainless steel pin, for the Nitronic 60
plate vs the 321 stainless steel pin, the difference in friction and wear behaviour is caused by
the difference was attributed to plate material and the running-in behaviour. The increase of
the average CoF and instability of the Nitronic 60 plate pair was attributed to the thinner
compacted layer (relative to the 304L plate compacted layer) that formed in the middle of the
wear scar, which served as the load carrying element of the pair. Despite this, small chucks of
material were expelled by delamination from the compacted layer, causing the system to heavily
deform under the load as particles were ploughing on areas uncovered by these compacted
layers. On the contrary, less wear was experienced by the pin and plate in the Nitronic 60 pair,
as shown by the reduced amount of material delaminated via to thermo-mechanical fatigue
failure [86] or simply heavy abrasion. The maximum depth of the wear scar was also less, as
Nitronic 60 retains its mechanical properties at the higher temperature; for this reason, the
material wear mechanism was mainly abrasive, while the 304L plate pair experienced additional

material delamination.

For the chromized pair, the average CoF was similar to that at 650°C, but it showed a slightly
higher variability. Observing that the pin surface looked very similar at both temperatures while
differences were observed on the plate, this increased variability is attributed to the plate
behaviour. Two main differences were observed on the plate; firstly, the compacted layer

seemed to be better compacted and was continuous across the contact area when compared to
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the pin, and secondly, the material from the chromized plate did not delaminate, as it was
observed to do at 650°C. Based on the magnitude of the CoF, it is believed that particle ploughing
was more important at 650°C. At 760°C the ploughing component was reduced as material did
not delaminate and the areas in contact were covered by the compacted layer. It may be noted,
however, that the cross-sections showed the formed layer being pushed inwards, which may

mean that the regions in contact undergo deformation.

Relative to the base stainless steel pair, the lower CoF observed for the chromized pair was
believed to be due to a lower ploughing component, which was reduced due to less material
being present at the contact (lower wear) and fewer delaminated particles. From a wear
perspective, the chromized plate showed overall better wear performance as the wear volume
and depth of the pin worn area are much lower than those of the base material pair. While the
worn area was larger, less material was lost due to the lower amount of material delaminated

during running-in.

For Nitrocarburizing 1, the friction behaviour at the increased temperature was similar to 650°C.
The failure mechanisms observed on the surface of the pin and the plate were similar,
supporting the observation of a similar CoF. However, the Raman spectra showed a greater
number of regions containing a higher abundance of Fe;04. The reduction in wear was attributed

to the faster growth of the oxides at higher temperatures.

The average CoF of the three tests on the Nitrocarburizing 1 pair was similar to the CoF of the
base stainless steel pair. However, if the Nitrocarburizing 1 test that showed a CoF of 0.6 is
excluded due to machine/software issues or test variation (hypothesis 1), the average CoF for
Nitrocarburizing 1 is now lower than for the stainless steel pair. This could be explained by the
thick oxide layer, as it possesses similar mechanical properties to the oxidized particles and is
thus less susceptible to ploughing. If the higher CoF value of 0.6 is a true effect attributable to
material pair behaviour (hypothesis 2), a possible explanation could be that the ploughing
component of this pair is increased due to the compaction of particles in the Nitrocarburizing 1
pair, which does not occur in the stainless steel. From a wear perspective, the higher load
carrying capacity and the higher mechanical properties of the thick, continuous oxide layer
reduced the wear of the system; as the stainless steel pair had areas where oxides were not

present and it is believed that the major damage was inflicted at the beginning of the test.

Similar to Nitrocarburizing 1, the Nitrocarburizing 2 pair had a similar average CoF to the
previous temperature due to the high variation between tests; however, two of the three tests

achieved a lower CoF than the base stainless steel pair. Unlike at the previous temperature, two
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of the tests showed a gradual reduction in the CoF as the test time increased, before reaching a
plateau. A potential explanation for this behaviour is that most of the damaged to the surface
in contact was caused during the running-in, as indicated by the fact that most of the areas from
where the material pulled out had been filled; therefore, as less particles were in the contact

friction was reduced.

As previously discussed for Nitrocarburizing 1, the reduction in the CoF and wear for
Nitrocarburizing 2 in comparison to the base stainless steel material was due to the higher load
carrying capacity and the hardness of the layer and sublayer. In comparison to Nitrocarburizing
1, Nitrocarburizing 2 performed slightly better from a friction perspective. One of the tests
showed a higher CoF, for the other two tests the CoF was lower and decreased as test time
increased until a plateau was reached. This was not observed for the Nitrocarburizing 1. This
behaviour was previously explained as a loss of particles in the contact as few particles were
generated due to less oxide breaking and delaminating in the contact (hypothesis 1). Further
studies are required in order to understand whether: the oxide layer is structured differently
and have a significant impact on the performance, or the ratio between the different Fe-base
oxides impacted on the behaviour of the oxide layer. In terms of the wear behaviour,
Nitrocarburizing 2 showed a similar area affected by the wear process, but it showed a higher
plate worn volume and increased pin depth wear. This was attributed to the oxide spalling off
during sample cleaning after the test. This induced additional uncertainty in the interpolation of

the surface performed in MATLAB.

The CrN coated stainless steel pair showed an increase in the CoF at this temperature but
exhibited a similar wear performance in all the categories. As at the previous temperature, the
friction and wear behaviours were controlled by the oxide layer that formed pre-test.
Compacted layers were not believed to be formed (proving it will require some more
characterization) and most of the coating was still protected by the oxide layer that formed pre-
test. The increase in CoF could then have been caused by particles with higher O content
increasing ploughing at oxide-free areas (hypothesis 1) or the action of high shear strength oxide
regions in the contact (hypothesis 2). Note that it is also unknown how phase transformations
[159] occurring at the CrN layer and the layer itself in combination with the loss of mechanical
properties attributed the the increase in grain size [169] and the diffusion of N into the substrate
material contribute towards the CoF. From a wear perspective, the similar performance was
attributed to the pre-formed oxide layer for 760°C and compacted oxide layer at 650°C formed
during the test. The cross-sections of both the pin and plate at 650°C showed a large areas of

oxidised surface, while those at 760°C showed a thicker layer of Cr,0; that formed pre-testing.
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In comparison to the base stainless steel pair, as with the nitrocarburizing treatments, the
improvement in friction and wear performance of the CrN pair was attributed to the higher load
carrying capacity and the higher hardness of both the oxide layer and the coating. When
comparing CrN against the nitrocarburizing treatments, the CoF of CrN was lower than that of
Nitrocarburizing 1. In the case of CrN, a large number of oxide particles fell into and became
trapped within the machining mark valleys with most of the oxide removed by abrasion. From a
wear perspective, the wear-affected area for both material pairs was similar, while the wear
volume was less. This may have been due to the faster formation of oxides refilling any regions
where material was lost but could also be an artefact caused by the difficulty in measuring the
wear on the Nitrocarburizing 1 due to the fracture and loss of the oxide layer, as explained

above.

The T400 plate vs the Stellite 6 pin showed very similar average CoF, pin and plate worn areas,
and pin wear scar depth relative to the previous temperature (650°C) however, a lower volume
of material was lost from the plate. From a friction perspective, though the average CoF value
was similar to that at 650°C, one test at this temperature gave a CoF value of 0.6, while the other
two were below 0.4. In addition, the instability during the steady-state was smaller than at
650°C. The reduction of the instability was attributed to the smeared areas not delaminating
from the compacted layers. From a wear perspective, the area affected by the wear scar and the
pin depth were similar to the values at the previous temperature. This was due to the rapid
formation of the compacted layers, which occurred when the Stellite 6 underwent a failure at
the beginning of the test. A similar argument can be used to explain the reduction in material

lost from the T400 plate.

In comparison to the base stainless steel pair, the better wear and friction performance was
attributed to the formation of the compacted layers and the higher load carrying capacity of
these alloys. However, it may be noted that the Stellite 6 pin underwent a significant
delamination event early in the test due to the increase of brittleness of the alloy caused by
carbide precipitation [227]. In comparison to the other materials such as Nitrocarburizing 1 or
CrN, the better wear performance was attributed to the compaction of the material into a layer.
The higher observed pin depth was attributed to difficulties in measuring the depth due to the
geometry of the pin. From a friction perspective, if the two tests below 0.4 CoF are considered,
the CoF value is similar to that of CrN. This is attributed to low particle accumulation, as most of
the material was compacted at the beginning, and particle formation was reduced, relative to

Nitrocarburizing 1, as the material did not delaminate.
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Finally, the Stellite 6 plate and the T400 pin showed slightly different behaviours in comparison
to the previous tested temperature. The decrease in CoF and in most of the measured wear
properties was attributed to the formation of a compacted layer during the 760°C test that
covered the whole wear scar. The maximum depth measure at this temperature was the same

as that at 650°C.

In comparison to the base stainless steel pair, the improvement in the tribological performance
of the Stellite 6 plate and the T400 pin was again attributed to the formation of the compacted
layer and the higher load carrying capacity of the alloys during running-in and steady-state. In
comparison to the previous material pair, T400 plate vs Stellite 6 pin, both showed a very similar
performance from a wear perspective, but the friction behaviour showed some slight
differences. These differences are related to mechanisms observed in these materials at higher

temperatures, which are:

e Hardening of the Stellite 6 due to carbide precipitation [227]. This is likely to be the
reason behind Stellite 6 showing a drastic microstructural change, as it caused the
material to break off before subsequently compacting again. When the Stellite 6 was
the pin, at the subsurface the higher Cr regions also showed a higher O content, while
the surface sometimes showed the formation of the Cos04 layer previously observed at
lower temperatures. However, the layer did not cover the whole surface, as shown by
the polished appearance of Cr-based oxide regions, and the growth of a Co, Mo and O-
based compound, probably a CoMoQ,, which was detected in the Raman spectrum and
had a high content across the wear scar. When the Stellite 6 was the plate, the
subsurface particles appeared more rounded and were widely spread through the
matrix with a large range of grain sizes. The surface was composed of a Cos04 layer,
with the Raman showing some degree of CoMoO, formation, followed by a Cr-base
oxide layer.

e The oxidation occurring at the intermetallic particles, followed by diffusion of Mo ions
from Mo-based oxides, which are unstable at higher temperatures [230], enabled the
formation of CoMo0Q, [229]. When the T400 was the plate, the spread of higher relative
Mo content areas observed for both the T400 plate and the Stellite 6 pin was
immediately noticeable. Meanwhile when T400 was the pin, both materials exhibited
more concentrated regions of high relative Mo contents at the intermetallic particles

for T400 pin and more randomly located for the Stellite 6 plate.
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Exchanging the positions of the alloys induced a change in the structure of the compacted layer
though it is currently unknown how this structural change may act to reduce the CoF of the

system, but it is believed to be related to the mechanisms discussed above.

An alternative explanation for the different behaviour of the Stellite 6 plate vs T400 pin may be
the reduction in the area of contact caused by the failure of the Stellite 6 plate and the

subsequent formation of scattered compacted layers above the damaged areas on the plate.

6.3 Conclusion
Overall, the different materials tested at this temperature can be ranked as shown in Table 6.4

Position Friction Wear
1 Stellite 6 plate vs T400 pin Stellite 6 plate vs T400 pin
2 CrN T400 plate vs Stellite 6 pin
3 T400 plate vs Stellite 6 pin Nitrocarburizing 1
4 Nitrocarburizing 2 CrN
5 Chromizing Nitrocarburizing 2
6 Nitrocarburizing 1 Chromizing
7 304L SS plate vs 321 SS pin Nitronic 60 plate vs 321 SS pin
8 Nitronic 60 plate vs 321 SS pin 304L SS plate vs 321 SS pin

Table 6.1. List of best to worst performing materials from a friction and wear perspective.

As in the previous chapter, the list takes into consideration both numerical values and the

mechanisms acting on the system to rank the material pairs.

In summary, as at the previous temperature, the loss of mechanical properties at higher
temperatures caused the material performance to decrease during running-in. As the load
carrying capacity of the system increases or kept good enough due to the increased in thickness
of oxide regions or due to being composed of a layer with the wear particles that could carry
this function, the wear and friction behaviour during running-in and steady-state improve or
stayed similar. Oxidation behaviour is highly important as oxide layers can aid during the wear,
but the reduction of wear does not mean an improvement in friction performance, as observed
with CrN. Also, the position of the material in the system (i.e. pin or plate) can change the
structure of the compacted layers that form. Although this did not seem to affect the wear
performance, it can have a significant impact on the friction behaviour, as observed with the Co-

based superalloy pairs.
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7. Conclusions, Personal Reflection and Recommendations for
Future Work

7.1 Tribology conclusions
During this Project, a range of bulk materials, surface treated stainless steels and coatings were

characterized from a range of purchasing and engineering requirements. During this thesis a
focus was taken into their tribological performance at 250°C, 650°C and 760°C characterizing the

behaviour changes from a structural, mechanical and chemical perspective.

The 304L plate vs 321 stainless steel pin behaviour at lower temperatures (250°C) was mainly
attributed to the work-hardening behaviour of the 304L attributed to a low SFE showing a typical
galling behaviour observed by particle delamination on the surface and spike CoF increases,
while the 321 the most significant behaviour was the formation of oxide regions with a semi-
circular pattern near surface. As temperature increased (650°C), the behavioured observed was
attributed to the lost of mechanical properties of the steels suffering from thermo-mechanical
fatigue causing a high CoF during running-in reaching a steady state due to the cell-like particle
compaction and surface hardening due to internal oxidation. At 760°C, the running in behaviour
experienced was similar to the previous temperature, but the improved performance observed
was attributed to the faster oxidation of the subsurface and the cell-like compacted particles

improving the system stability.

The Nitronic 60 vs 321 stainless steel showed the same behaviours as the previous pair at 250°C,
but the improvement in performance was attributed to the higher hardness and the higher SFE
of the Nitronic 60 reducing the both the work-hardening tendency and the size of the
delaminated particles as the defects formed during the work-hardening process occured closer
to the surface. At 650°C, this pair showed a lower runing-in CoF than the previous pair attributed
to the higher mechanical properties retentation of Nitronic 60, while the pin showed similar
behaviours in comparison to the previous pair, the Nitronic 60 plate still showed some internal
cracking and semi-circular patterned internal oxidation. While at 760°C it still showed a better
wear performance attributed to the less rough running-in and the higher mechanical properties
at higher temperatures, the slightly higher CoF was attributed to particle ploughing at uncovered

areas and thinner compacted/oxidized regions reducing the load carrying capacity of the system.

The chromized 304L stainless steel plate vs chromized 321 stainless steel pin also, showed an
improvement in wear performance in comparison to the base material pair at the whole

temperature range, but CoF showed fluctuatuations. At 250°C, this material pair showed a
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higher CoF than the base material pair, but as temperatura increased the CoF of the system was

reduced attributed to the formation of compacted layers.

The aluminized pair worst performance at lower temperature (250°C) was attributed to the
brittleness of the layer causing the layer to crack and delaminate followed by the heavy abrasion
of the harder intermetallic particles into the softer intermetallic. Even though the performance
improved at higher temperatures (650°C) as the intermetallic phases become more ductile due
to lost of hardness, the similar performance to the base stainless steel was attributed to the

formation of mechanical mixed layer which not provided enough load carrying capacity.

Both Nitrocarburizing 1 and Nitrocarburizing 2 showed very similar behaviours at all
temperatures. Higher temperature behaviour was attributed to the oxide growth instead to
particle compaction. The CoF at higher temperatures achieved lower values for the
Nitrocarburizing 2, which did not change significantly between 650°C and 760°C, due to
unknown reasons. At 760°C Nitrocarburing 1 showed lower wear values attributed to the
delamination of the oxide produced during testing when cleaning the samples before doing the

measurements.

For the AITiN coated stainless steel pair, at 250°C, showed the coating removed at the end of
the tribology test. Even though there is the possibility of the coating being removed by the
abrasive action in the contact, it is belived that the coating failed during running in as no drastic
changes in CoF were observed along the test. The failure of the oating during running in was
attributed to its brittleness in comparison to the other coatings and/or surface treatments
studied during this EngD. At 650°C the coating was completely remove at some areas of the pin
and the plate as the pin was fully covered by substrate material in the formed of a mechanical

mixed layer and some areas of the plate were also covered by substrate material.

The CrN pair showed one of the lowest CoF’s and material lost at 250°C due to being a hard, but
tough enough to not give up under the loads experienced during running in. At 650°C, this pair
still showed high wear resistance and low CoF attributed both to the constant removal of the
oxide/compacted layer that had low shear strength due to por adherance to the surface or high
porosity due to poor compaction. At 760°C the increase in CoF and the high wear resistance was

also attributed to the durable oxide layer.

The T400 plate vs Stellite 6 pin showed a good resistance as the alloy is composed of hard
particles that protect these alloys agaisnt abrasion. As the temperature increased, the particles
formed mostly from the Co matrix created a compacted layer of a Co-base oxide that protect

the surface of the material agaisnt abrasion and helped keeping a more stable CoF.
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Stellite 6 plate vs T400 pin also showed high wear resistance due to the intermetallic, but also
showed one of the lowest CoF’s from the material pairs under study attributed to a lower
particle accumulation in comparison to the previous pair. As the temperatura increased (650°C),
the wear volumen was similar to the previous temperature but the CoF increased attributed to
the loss of mechanical properties of the matrix and the ploughing of oxide particles on the
surface as non-continuous compacted layers were formed on the materials surface. At 760°C.
the formation of a continuous compacted layer improved both wear and friction performance

of the material pair.

Overall, for the bulk materials both Co-superalloy pairs showed the best performance, while
from the coating/surface treatments it was believed that CrN performed best as it provided a
high wear resistance similar or just slightly higher than the Co-superalloys (temperature
dependent) and just Nitrocarburizing 1 showed just a slighly better wear resistance. Therefore,
from the materials observed, hardness (with enough toughness to no fracturing under the loads
experience during running-in or steady-state) and high load bearing capacity of the
surface/subsurface system was key for the reduction of wear. At lower temperatures, these
properties need to be inherent to the material or to the system, while at higher temperatures,
the oxidation mechanisms and particle compaction can create the surface required to prevent
more damaging process and keeping the system to wear by a light oxidative or abrasive type of
wear. From a friction perspective, at lower temperatures, the lowest wear performances
obtained were linked to a better wear performance as less particles in the contact and lower
subsurface deformation aided to improve friction. At higher temperatures, two of the material
pairs, the CrN coated stainless steel pair at 650°C and the Stellite 6 plate vs T400 pin at 760°C,
showed relatively low friction for a dry contact. For the CrN material pair was speculated to be
due to a low shear strength compacted layer due to poor layer adherence or high defect
concentration, while it was unknown why the Stellite 6 plate vs T400 pin achieved those values.
Last thing to note was that most materials with a higher bearing capacity at high temperatures
and the formation relatively thicker oxides or compacted layer showed very similar CoF values

even thought the composition of those was very different.

7.2 Selection process conclusions

In conclusion, the selection processe developed during this project took into account a variety
of engineering and purchasing requirements, that included a series of filtering tests in order to
narrow down the number of materials along the testing period. The number of materials

removed were dependent on time and budget.
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As mentioned in Section 4, before starting with the tribology test, boronizing and nitriding
were removed from the process. While boronizing was ranked 3rd last from the rest of
materials, therefore removed, nitriding did much better than the PVD coatings, but it was still
removed due to its poor engineering performance on the filtering tests. After the 250°C and
650°C tribology test, Aluminising and AITiN were removed from the selection process as they
were the worst by the selection criteria established. Nitrocarburizing 1 went through the
whole process as it is the current used treatment. Nitrocarburizing 2 went also through, even
though it showed to be one of the worst treatments from the begining when judge under the
described criteria. Nevertheless, both treatments showed a high wear resistance at all the
temperatures and relatively good friction behaviour. The CrN pair showed to be second best as
it performs relatively good in all aspects and excelled on its wear and friction performance.
Finally, the chromized stainless steel pair, showed to be the best coating/surface treated
stainless steels under the discribed criteria as, even though it showed a lower wear resistance

and higher or similar CoF than the previous materials, it excelled at the other categories.

The reason behind the outcome was due to the high Importance rating in all the sections as
the process was aimed for a high performance material for all the engineering and purchasing
requirements. Therefore, in this case the results obtained were not taken as absolute, but
used as a guide and a way to compare and contrast the different materials, while applying

engineering judgement to try an obtain a better solution.

Because of the previous reasons, it will be recommended to change the way the importance
criteria is evaluated, as looking for the a treatment that excelled at all the categories could be
rare. A way to improve it can be to take a similar approach as with the scoring criteria, e.i. 9, 3,
1 and 0, in which the criteria are divided into four categories, the highest one giving a relatively
higher value, while reducing the change in importance as the category has a lower importance,

as an example 10, 5, 3 and 1.

7.3 Personal Reflection

An EngD is a degree granted due to innovative achievements and to provide a meaningful
piece of work to the sponsor company that could be used for both current product and future

research.

Innovation is oftern used as a buzzword and depending on who defines it, its meaning can
slightly differ. One thing that does not change is innovation is an idea, process, service,

product,... that keeps a company relevant in their market or new market by providing a
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solution that gives value to their costumer. Taking that idea, the following points provide the

innovative achievements obtained along this EngD:

Provided a selection process for high temperature tribology for turbocharger
applications that take into consideration both purchasing and engineering
requirements.

The tribological performance of a range of materials at a temperature range in the
environment that replicates as much as possible the conditions experienced by a CTT
VG mechanism. In addition, alike materials were tested at all temperature knowing
fully that chemical affinity can be detrimental form a tribological perspective. The
reason behind this decision was the unknown knowledge of how the different possible
mechanisms could contribute to the friction and wear performance. Also, other
limiting factors played a role, such as commercial availability coatings and the
environment at which will be subjected.

Finally, a alike material pair showed an improve performance from a friction and wear
performance and could be offered as a product. Before that point, more testing is

required.

Apart from the previous points, other points were believed to provide a meaningful result of

the EngD to the sponsor company. These points are:

Encourage other groups into investing in researching coating technology to improve
future performance of turbocharger.

Knowledge on why materials offer the performance observed.

Knowledge related on how the technology suppliers work, what they can offer and
how they keep control on their product. In addition, knowledge about coating
technology, including different ways and tricks to perform the analsys of the different
characteristics surface characteristics.

A base research that can be taken forward in order to produce a final product with

optimum performance from a tribological or cost efficiency perspective.

7.4. Future Work

7.4.1 Observation base

This future work section is related to problems encountered or could be encountered while

going through the EngD, in addition to observed behaviour changes of the different material

pairs. These projects are:
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- Surface Topography
*  Obijective: Friction reduction by surface texturing/machining methods

* Approach: Texture density within an area, depth and material (coating/surface

treated vs no coated).
- Load bearing capacity of layers

*  Objective: understanding whether the different layer system could be used for

higher load purposes
* Approach: Tribology test information and scratch test
- Coating/layer system adhesion studies

*  Objective: understanding the influence of coating/layer system, substrate,

topography and internal stresses in adhesion of mechanical bonded layers.

* Approach: internal stresses measurement, topography (key parameter

identification), and different indentation techniques.
- Duplex systems/multilayer systems

* Objective: Obtain thicker layers and compare performance for applications were

higher thicknesses are required.

*  Approach: Use of different ways of manufacturing the “same” product in order to

keep the same performance over the component life. Tribology testing
-High temperature performance of coatings/treatments for tribological applications

*  Objective: increase library and knowledge of materials for high temperature

tribological applications for future applications

* Approach: Tribology testing

7.4.2 Interest base

These concentrate on continuing the current EngD work in order to understand the behaviour

observed.

- Nanoindentation and nanoindentation scratch testing studies to understand how the

different surfaces structure and layers may behave under specific load conditions.
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Running-in studies in order to try to understand the behaviour the of the different
material pairs during this friction regime as it was believed that most of the behaviour
observed were caused by the mechanisms ocurring at this stage.

Long duration testing to understand the behaviour of the different materials in
situations not observed during this Project, such as compacted layer failure or
substrate material being exposed after coating removal.

From the materials observed, such as the PVD coatings, obtain different versions of a
similar product from different suppliers as the production method and parameters

may have an impact on their performance.
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