University of

Strathclyde
Glasgow

University of Strathclyde

Department of Mechanical and Aerospace Engineering
University of Strathclyde,
James Weir Building, 75 Montrose St.,

Glasgow, UK, G1 1XJ

Tribo-corrosion maps for steels, titanium and
titanium carbide materials
By
GHULAM RASOOL

A thesis presented in fulfilment of the requirements for the degree of
Doctor of Philosophy

2015


http://www.strath.ac.uk/

Tribo-corrosion maps for steels, titanium and

titanium carbide materials

GHULAM RASOOL

Submitted for the degree of Doctor of Philosophy

2015

Abstract

In this project, research work was carried out on the tribo-corrosion behaviour of titanium
carbide composite coatings produced by Tungsten Inert Gas (TIG) welding torch melting
process on steel and titanium substrates. The integrity of TiC composite coatings were
checked and analysed on the substrates. The effects of change in sliding speeds and normal
loads on wear behaviours were investigated for dry sliding conditions and tribo-corrosion
maps were constructed with a tribo-system approach. The work was carried out in the

following phases:

In phase |, a fundamental study of the wear behaviour of two steels of different Cr contents
and hardness were carried out. Pin-on-disk apparatus was used for testing 303stainless
steel (303SS) disks and 8620 low alloy steel pins. For 303SS adhesive wear and tribo-
oxidation were predominated at relatively low sliding speeds and adhesive wear was
predominated at high sliding speeds and normal loads. In contrast, oxidative wear was
more prevalent for the low alloy steel. Wear mapping approaches were undertaken to
represent the transitions in wear modes and wear mechanisms as a function of sliding
speeds and applied loads. The different wear maps generated for the pins and disks were

discussed in the context of the wear mechanisms observed in the tribological contact.

In phase Il, dry sliding wear tests were carried out on 303SS disks (uncoated and coated
with TiC composite coatings) against alumina balls as a counterface on pin-on-disk

configuration. The composite coatings increased the surface hardness hence the sliding



wear resistance of the 303SS substrate. Wear maps for both uncoated and coated materials
were developed on the basis of tests results. These maps show that the mild wear regime
for the composite coating was expanded to a higher range of sliding speeds and normal
loads. For the composite coating, an additional wear mode transition i.e. from the mild to

very mild regime occurred at low sliding speeds and normal loads.

In phase lll, experimental work was carried out on a pin-on-disk sliding wear testing rig on
hardened steel (A.1.S.I. 0-1-Ground Flat Stock) disks and titanium (Ti) uncoated and coated
pins with titanium carbide (TiC) composite coatings. For uncoated Ti and hardened steel
tribo-couple, pins’ material was transferred to disks and covered the wear tracks almost for
each combination of sliding speed and normal load. High wear of Ti was found against
hardened steel. Adhesive wear was prevalent for Ti pins along with abrasive, plastic

deformation and delamination against hardened steel disks.

While for the Ti base TiC composite coatings against hardened steel different wear
behaviour observed. The composite coating increased the surface hardness hence the
sliding wear resistance of the Ti substrate. Dry sliding wear behaviour of hardened steel
disks was characterized by abrasive-oxidative wear at lower normal load while adhesive-
oxidative wear was predominated at high normal load with iron oxide transfer to the
coated pins for the range of sliding speed. In contrast, micro-abrasion and oxidative wear
were predominated for the TiC composite coatings pins along with very mild adhesive-
abrasive wear. A tribo-system approach was adopted to investigate the wear behaviour of
TiC coatings and hardened steel against each other. Wear maps for both uncoated and
coated materials were constructed on the basis of tests results. The tribo-corrosion maps

show that due to TiC composite coating wear resistance of the substrate was increased.

Higher tribo-corrosion resistance of the TiC composite coatings was found on Ti substrate
than that of 303SS substrate. Moreover, the surfaces treated with TiC coatings by TIG
welding torch as heat source, expanded the mild wear regime to a higher range of sliding
speeds and normal loads with creation of a new wear regime i.e. very mild wear and

elimination of severe wear regime.

Keywords: pin-on-disk, dry sliding wear, sliding speed, normal load, Cr containing steels,

titanium, TIG process, TiC composite coatings, oxidative wear, tribo-corrosion maps



The objective of this study

There are different techniques included thermal spray, electron beam, laser processing,
physical vapour deposition (PVD), chemical vapour deposition (CVD) and ion implantation
for surface engineering to enhance the tribological properties of metals. PVD, CVD and ion
implantation are limited in producing thin coatings. While laser and electron beam
processing methods can produce thick coatings which are more suitable for tribological
applications. All these coatings methods and techniques are expensive and require specific
conditions, e.g. high vacuum. To overcome such problems, Tungsten Inert Gas (TIG) welding
torch melting process can be used to produce hard coatings on different substrates. This
metal coating technique has significant advantages over the methods mentioned above,

such as simple instrument, ease of operation and low net cost.
The aims of this work are:

1- To analyse the integrity of TiC incorporated composite coatings produced by the TIG

welding torch melting method on steel and titanium substrates.

2- To study wear behaviour of the substrate and coatings with respect to change in sliding

speed and normal load.

3- Construction of tribo-corrosion maps for these materials to analyse the transitions in

wear mode and wear mechanisms regimes in dry sliding contacts.



Structure of the thesis

The structure of this thesis is as follows:

(a) Introduction — Chapter 1

(b) Literature review — Chapter 2
(c) Experimental Methodology — Chapter 3
Results and discussion

(d) High and zero Cr contents steel in dry sliding contact — Chapter 4

(e) Wear maps for titanium carbide composite based coatings deposited on 303stainless

steel — Chapter 5
(f) Titanium against hardened steel (A.1.S.l. 0-1-Ground Flat Stock) in dry sliding — Chapter 6
(g) Titanium base titanium carbide composite coatings in tribological contact — Chapter 7

(h) Tribo-corrosion maps for titanium uncoated and coated with titanium carbide

composite coatings — Chapter 8

(i) Conclusions and future work — Chapter 9
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Tribo-corrosion maps for steels, titanium and titanium carbide materials

Chapter 1

Introduction

Tribo-corrosion describes the combined action of wear and corrosion [1]. It occurs in many
conditions ranging from energy conversion environments to bio-medical conditions. In the
latter case, tribo-corrosion has been identified as an issue affecting wear of artificial hip
joints in body fluids. Progress in the understanding of tribo-corrosion has led to the
description of the wear-corrosion process in terms of regimes. These regimes enable the
degradation to be classified in terms of wear or corrosion dominated behaviour. Such an
analysis provides a means of generating tribo-corrosion maps of the overall regimes
encountered. Tribo-corrosion resistance can be increased by development and using the

different methods and techniques of surface engineering.

The name tribo corrosion expresses the underlying disciplines of tribology and corrosion.
Tribology is concerned with the study of friction, lubrication and wear and corrosion is
concerned with the chemical and electrochemical interactions between a material,
normally a metal, and its environment. As a field of research tribo-corrosion is relatively
new, but tribo-corrosion phenomena have been around ever since machines and

installations are being used.

Wear is a mechanical material degradation process occurring on rubbing or impacting
surfaces, while corrosion involves chemical or electrochemical reactions of the material.
Corrosion may accelerate wear and wear may accelerate corrosion [2]. One then calls,
corrosion accelerated wear or wear accelerated corrosion. Both these phenomena, as well
as fretting-corrosion (which results from small amplitude oscillations between contacting
surfaces) fall into the broader category of tribo-corrosion. Erosion-corrosion is another
tribo-corrosion phenomenon involving mechanical and chemical effects: impacting particles
or fluids erode a solid surface by abrasion, chipping or fatigue while simultaneously the

surface corrodes [3].

Wastage as a result of the combined effects of wear and corrosion occurs in many
environments, ranging from offshore to the healthcare industries. In such cases, the

degradation is dependent on a wide range of parameters relating to the materials in
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contact and the nature of the corrosive environments. Defining conditions in which the
wastage is minimized is critically important for engineers charged with monitoring such
processes. The nature of the tribological contact plays a critical role in determining the
effect of corrosion on the wastage rate. In some cases, as in sliding wear, frictional heating
may arise at high velocities and applied loads, leading to oxide film formation, even at room
temperatures. In other cases, as in solid particles erosion, frictional heating may play a
significant role only at very high fluxes of particles impact. The action of a corrosive
medium, either in gaseous or in liquid form, thus may have very different effects on such

diverse tribological processes [4].

Dry corrosion occurs in the absence of moisture, water and solution to aid corrosion. The
metals, in such a situation, interactions with gaseous environment and oxidizes in this
atmosphere. This process is very sensitive to temperature. Wear is a complex phenomenon
it occurs whenever surfaces come into sliding contact. During dry sliding contact of metallic
pairs, a tangential force i.e. frictional traction will be experienced at the interface. This
force works on each of the rubbing surfaces. A portion of that work is used for plastically
deformation of the sub-contact layer of the both rubbing materials. A major amount of that
work (friction force) is converted to thermal energy [5]. Any accumulation of thermal
energy tends to maximize the potential energy at the interface. In order to re-establish the
stability (equilibrium) of the system, the mating materials response in shape of oxidation,
microstructural changes, plastic deformation, adhesion, cracks initiating, wear debris

generation, transition in wear mechanisms, etc. [6].

It has been observed in the literature that during sliding wear [7], the variation of friction
and wear rate depend on interfacial conditions such as normal load, geometry, relative
surface motion, sliding speed, surface roughness of the rubbing surfaces, type of material,
system rigidity, temperature, stick slip, relative humidity, lubrication and vibration. Among
these considerations, sliding speed and normal load are the two major factors that play a
significant role in the variation of friction and wear rate. The loss of material during sliding
wear occurs due to formation of wear debris particles and their removal from the interface.
Once generated, a wear debris particle is assumed to be removed from the rubbing surface,
causing wear. However, in a real tribo-system, the debris can be trapped in the wear tracks
and become involved in the sliding processes, significantly affecting the total wear loss [8-

10].
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Transitions in wear rates from initial severe wear to a mild wear has been widely found for
sliding wear of metals [11]. Such a transition is caused by different parameters, such as
reductions in sliding speed [12], normal load [13] and high rates of oxidation [14-15]. For
many metals and alloys, a transition temperature is observed [15-18]; above this
temperature, the wear rate in mild wear area decreases rapidly with the increase of
temperature and smooth oxide layer ‘glaze’ is formed on the wear tracks [19]. This oxide
layers also act as a solid lubricant and prevents metal-metal contact of the mating sliding
surfaces. This tribo-oxidation process reduce the coefficient of friction and wear rate of the

metals as compared to that of the same pair in vacuum (inert) environments [6,8-9,20].

Early considerations revolved around the notion of plasticity (hardness) at contact zones
and it was realized for metals that large plastic strains have to be incurred at the contact
before a particle can be fractured from the bulk. For adhesive and abrasive wear processes,
it was shown that the material removed in both events is directly proportional to the sliding
distance and the normal load and is inversely proportional to the hardness [21]. However,
extensive experimental work, for a variety of metals [22-24] demonstrated that the wear
rates, when measured over a wide range of normal loads and sliding speeds, show sharp
transitions and non-linear trend with respect to the changes in normal load and sliding
speed. The inverse linear relationship with respect to hardness was also found to break
down at lower loads and higher speeds [25], as well as when the metals were alloyed and
heat treated [26]. In the literature, not surprisingly given the above observations, although
many mathematical models of sliding wear have been proposed, there is little agreement
on the development of a universal wear equation which would be widely applicable [27-

30].

In the unlubricated sliding wear of steels, adhesive and oxidative wear are widely occurred.
These can lead to mild or severe wear depending on the lubricating mechanisms of the
oxide scale [10]. Early studies on these mechanisms were conducted by Hirst and co-
workers [11, 22, 31], who provided a complete characterization of wear mechanisms. In the
case of adhesive wear, there is a strong interaction of asperities and plastic deformation.
On the contrary, when oxidation rates are relatively high, the formation of oxide films
inhibits metallic contact and, therefore, adhesion between surfaces. Thus, a decrease in the
interfacial shear strength of sliding surfaces is obtained [32]. Mild wear results in dark and

smooth surfaces, commonly termed “glaze layers” [8], while severe wear results in bright
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and rougher surfaces. Small and fine oxide powdery wear debris particles are produced in
oxidative wear while adhesive wear is characterized by larger and metallic wear debris.
Differences in wear rates as much as three orders of magnitude are recorded [14, 22]. Wear
regimes are highly dependent on variables, such as normal load, sliding speed, material
properties and atmospheric conditions. Transitions in wear regimes can take place when

there is a very slight change in one of these variables [34].

Quinn introduced the mild-oxidative wear model based on flash temperature concept [35-
37]. According to his model, mild-oxidative wear occurs as long as an oxide layer could
protect the contacting surfaces and severe-oxidation wear occurs only when the rate of
oxide removal exceeds the rate of oxide formation. Later, Hong and Winer proposed the
numerical oxidational wear model based on the linear oxidation wear kinetics [38]. They
postulated that linear oxidation kinetics exist in sliding, where oxide growth on asperities is
continuously disturbed by spalling and removal of these oxide layers. Hong et al. studied
the frictional behaviour of titanium sliding against alumina [39]. They observed that
presence of TiO2 layer reduced the coefficient of friction for few order by avoiding the
direct contact of the sliding surfaces of titanium and alumina. Garbar found that oxidation
wear is the predominant mechanism when structural changes are minimal at the sliding
surfaces [40]. He also explained that, as the normal load increases, tribo-oxidation is

accompanied by the mechanism of plastic deformation.

During continued sliding, the initial transferred fragments are deformed, fractured and
blended, leading to formation of mechanically mixed material layer on the sliding surfaces.
Typical sliding wear debris particles come from this modified material [41]. M. Kerridge
performed experimental work with a radioactive, annealed steel pin rubbing against a
hardened steel ring to compare the amount of wear with the amount of metal transferred
from one surface to the other by welding [42]. He concluded that the wear process
consisted of three stages: transfer of metal due to adhesion, oxidation of the transferred
layer due to frictional heating, and the subsequent removal of the oxide to form a loose
wear-product (wear debris). M. Antler observed that unsymmetrical transfer often occurs
when mating surfaces are not geometrically identical, and, indeed, many basic investigation
of dry or boundary lubrication involve apparatus having such geometry, e.g., rider-flat or

rider-ring machines [43]. It has been shown that the metals used and the experimental
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conditions determine details of the rubbing process, whether it is in ‘mild’ or ‘severe’

regimes, and whether a transition occurs between them during a run [11].

More readily different metal transfer behaviour has been seen in air combination, and the
various causes are being explained. Kerridge and Lancaster and De Gee and Zaat
investigated the tribo-couple of dissimilar metals like soft copper alloy riders on hard steel
rings. They found transfer from soft rider to hard steel ring followed by wear by loss of
transferred material [45-46]. Brown and Armarego observed transfer from soft steel flats to
hard steel riders followed by back transfer to the soft flats, along with reduction in friction
and wear of the rider [47]. Cocks and Antler used riders and rings of the same metal, and
found transfer of material from the larger to the smaller surface, following the wear of

metal from the latter [48-49].

The applications of the titanium and its alloys are continuously increasing in the aircraft &
aerospace industries, chemical industry, power engineering, environmental protection
devices construction, osseous surgery and others due to their properties such as high
strength, low density, good high temperature properties, biocompatibility and high
corrosion resistance [50-158]. Titanium and its alloys, however, suffer from limitations such
as poor frictional properties, relatively low hardness, wear resistance, inability to work
hardening and to form oxide protective layer that have limited their use in a number of
industries [158]. Moreover, metals, like 303stainles steel, titanium etc. experience
significant material transfer when slide against harder counterface. The wear resistance of
these materials can be increased by development and using the different methods and
techniques of surface engineering [50]. The alloyed and heat treated (coated) metals

behave differently than that of the bulk materials in tribological applications.

Coatings deposited on the surfaces of different substrates susceptible to wear, increase the
operating life and range of the operating conditions for which they may be used. In tribo-
engineering applications, especially where components undergo sliding wear, metals with
lower hardness, inability to form protective layer of oxide and with inability of strain
hardening exhibit poor tribological properties such as low sliding wear resistance, unstable
friction qualities, surface damage, adhesive wear, delaminated wear, ploughing wear, and
plastic deformation. Studies on the wear behaviour of untreated and treated surfaces of
different materials show that the tribological properties of the treated surfaces are

increased and exhibit excellent wear resistance compared to that of the untreated surfaces
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of the same material [51]. These techniques include thermal spray [173], electron beam
[174], laser processing [137], physical vapour deposition (PVD), chemical vapour deposition
(CVD) [42] and ion implantation. PVD, CVD and ion implantation are limited in producing
thin coatings. While laser and electron beam processing methods can produce thick
coatings which are more suitable for tribological applications. All these coatings methods
and techniques are expensive and require specific conditions, e.g. high vacuum. To
overcome such problems, a few researchers have used TIG process to produce hard
coatings on different substrates [45-46]. This metal coating technique has significant
advantages over methods mentioned above such as simple instrument, ease of operation,
and low net cost. Nevertheless, this method has a number of drawbacks; powders are lost
while argon gas is blown to the melting pool and preparation and application of powder
paste on large specimens is a very difficult process. In addition, in some papers organic
binders are utilized for protection of powders against argon flow. These binders are easily
evaporated during the coating process and trapped in the melt and subsequently, produce

pores in the coatings.

During dry sliding of uncoated 303stainless steel and titanium, it was found that there was
significant material transfer onto the harder counterface during sliding. The same results
were found during the study of friction and wear thresholds of alumina- chromium steel
pairs sliding at high speeds in dry conditions [54] and for the other materials [45-47]. It was
observed that uncoated substrates showed very poor resistance to wear against their
harder counter-faces. Titanium carbide coatings have found widespread application owing
to its excellent hardness, at both room and elevated temperatures [5-57]. In some
situations, a ceramic coating decreases the coefficient of friction during dry sliding, thereby
resulting in decreased temperature rise and reduced adhesion at the interface, both of

which promote the decrease in wear rate [56-58].

The sliding friction and wear behaviour of a ceramic coating depends upon the
characteristics of the coating such as hardness, thickness, internal stress level, and load
bearing capacity. When a coating cools from the high temperature of the deposition
process, the internal stress within the coating is generally compressive. The compressive
stress reduces the extent of surface fracture and thus increases sliding wear resistance of
the coated surface [55, 59]. There is also shear stress induced between the coating and

substrate. The shear stress promotes spalling of the coating during sliding wear [56]. The
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ability of a coating-substrate system to withstand such stresses without spalling or cohesion
failure of the coating is referred to as its load-bearing capacity [59-60]. A higher load-
bearing capacity has been attributed to increased sliding wear resistance [59-60]. Several
wear mechanisms have been proposed for different coating-substrate systems. These are
ploughing, micro polishing, cohesive failure or fragmentation, spalling [59-60], flake
formation [61], removal of hard particle phase and binder extrusion [57]. Kitsunai et al. [61]
demonstrated that the wear mechanisms change with the severity of contact conditions.
However, in many cases, the conditions and regimes where the coating retains integrity are

not well understood.

Many different mechanisms have been proposed for the mild wear and severe wear of
metals and coatings. It is very difficult to identify that which wear mechanisms may be
operating in a particular situation. The critical examination of the worn surfaces and the
wear debris can be useful tool to identify the mechanism of wear. By using the SEM, optical
microscopy and the analytical techniques, such as EDX of the worn surface and wear debris,
the wear mechanisms can be identified for any couple of metals of a tribo-system. Plate-
like (flake) metallic debris particles come from severe sliding wear while fine particles of

oxide come from mild wear during sliding wear of metals [63].

To the designers and engineers who have to make optimal decisions in situations where
tribological considerations are significant, it is important for them to have a ready access to
information pertaining to the fundamental understanding of the wear processes of interest.
Some kind of user-friendly databases would be most helpful here. These databases should
be able to provide the appropriate information for materials selection and choice of the
suitable (optimal) operating conditions — such as contact geometry, speed and environment

for a particular pair of materials in tribological contact.

There are many ways of presenting wear data. The more common modes of presentation
include the tabulation of the wear rates and elucidation of the dominant mechanisms of
wear observed under the sliding conditions of interest, the latter usually being
accomplished through the presentation of micrographs showing the features on the worn
surfaces. However, these presentations tend to be restrictive in the sense that they usually
cover a relatively narrow (localised) range of the sliding conditions. This can be adequate
and a more complete approach is perhaps through the linking of the wear rates and wear

mechanisms over a much wider range of sliding conditions in the form of a wear-
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mechanism map. Such a map not only provides a multi-dimensional graphical presentation
of wear data, it also provides an overall framework for the wear behaviour of a particular
sliding system into which individual wear mechanisms observed under various sliding

(operating) conditions may be fitted [63-64].

Many names have been given to diagrams which describe the overall behaviour of wear;
the more commonly used ones include wear-mechanism map, wear-mode map, wear-
transition map, and wear-regime map. Generally, wear-mode, wear-transition and wear-
regime maps tend to focus on the description of the mode of wear, namely mild wear,
severe wear and the transition between them. In the case of wear-mechanism maps,
details of the dominant wear mechanisms are given and the regions of their dominance are
indicated; often, predicted rates of wear are also included in the maps [63]; the mechanistic
changes on the worn surfaces of specimen and the counterface over a range of operating
conditions [65] are included as well. Wear mode maps identify the mode of degradation
and establish the level of wastage rate and potential “safe’”” and “unsafe” operation
conditions for materials [66]. Wear mechanistic maps show the different wear mechanisms
for various combinations of sliding speeds and normal loads for different materials sliding
against each other under dry sliding conditions (in this case) on the basis of wear rate,
surface damage and wear mechanism information [67]. They link the observed wear
mechanisms to the actual conditions. These maps demonstrate clearly that transitions from
one dominant wear mechanism to another may be related to the changes in measured

wear rates [65].

A systematic approach to examine the observations of a tribo-system system over wide
ranges of sliding speed and normal load was first adopted by Welsh in studies on mild steel
sliding wear [68]. He observed the order of magnitude changes in the wear rate and wear
mechanism with small changes in normal load or sliding speed. These effects were
summarised on normal load vs sliding speed to develop empirical wear map to present a
convenient way for predicting wear behaviour. Later on wear mechanism maps approaches
have been adopted for a wide variety of material combinations including steel-on-steel
[69], steel against nitride steel [70], ceramic wear [71], aluminium alloys [72], aluminium
metal matrix composites [73], and TiN-coated high speed steel [67,74]. The effect of
frictional heating on sliding wear mechanisms such as oxidation and seizure has also

received much attention in the literature [67, 72, 75-76].
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In the present study, experimental research work was carried out on the tribo-corrosion
behaviour of uncoated and titanium carbide composite coatings produced by Tungsten
Inert Gas (TIG) welding torch melting process on 303 stainless steel and titanium (Ti)
substrates. Different metals, such as 303 stainless steel against 8620 low alloy steel against
each other, 303 stainless steel uncoated and coated with titanium carbide composite
coatings against alumina, and titanium uncoated and coated with titanium carbide
composite against hardened steel (A.l.S.l. 0-1-Ground Flat Stock), were tested for dry sliding
wear on a pin-on-disk sliding wear testing rig in air under ambient conditions at room
temperature. The effects of change in sliding speeds and normal loads on wear behaviour
of uncoated and coated materials’ were investigated and tribo-corrosion maps were
constructed with a tribo-system approach. The integrity of TiC composite coatings
produced by TIG process was compared with respect to substrates and other coatings
produced by different methods, found in the literature. Despite such studies above, there
have been few investigations carried out of the wear mechanism map for both components
of the tribological contact, i.e. the pins and disks. The Present work addresses this issue as
well, by investigating the sliding wear modes and wear mechanisms of both specimen and

counterface by wear maps techniques.

The TiC composite coatings, produced by TIG welding torch melting process, proved to be
very effective to increase the wear resistance of the base materials. The increase in wear
resistance occurred by several order of the magnitude compared with that of the
substrates. The higher hardness of TiC particles and low adhesion of the composite coated
surfaces to the counterface are attributed to the high wear resistance of the coatings. Due
to the presence of the coatings, the mild wear regime expanded to a higher range of sliding
speeds and normal loads with an additional wear mode i.e. very mild wear and with an
elimination of the severe wear mode. The higher wear resistance of the Ti base TiC
composite coatings than that of 303SS base TiC composite coating is attributed to the
dense structure with low porosity of the coatings and the absence of cracking as the

substrate and coating system have closer/favourable coefficient of thermal expansion.
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Chapter 2

Literature Review (tribo-corrosion)

Tribo-corrosion is the term which describes the interaction between tribological actions
with corrosion. Tribology is concerned with the study of friction, lubrication and wear, while
corrosion is concerned with the chemical and electrochemical interactions between a
material, normally a metal, and its environment. Wear by this process may include adhesive
wear, abrasive wear, erosion by solid particles or liquid impact, or cavitation, fretting or
fatigue along with corrosion. In the case, where corrosion occurs on metal at high
temperature is called dry corrosion. In agueous conditions, corrosion is an electrochemical
process occurs at room temperature whereby any reaction will contain two partial
reactions: oxidation or anodic partial reaction and reduction or cathodic partial reaction

[67].

Tribo-corrosion started to be researched in the late 1980s and has now emerged as an
active research area, as advanced experimental techniques have been developed to yield
substantial insight into the complex processes present in this area. The development of in
situ electrochemical techniques and post-test analysis techniques for surface film
examination for example are powerful tools that can be deployed in tribo-corrosion

experimental programmes.

Tribo-corrosion degradation affects the components in many industries, included mining,
automotive, food, nuclear, offshore, marine and biomedical. These industries expend
millions of pounds every year to repair damages that has been caused by tribo-corrosion
processes. For example material removal of pumps, impellers, propellers, valves, heat
exchanger tubes and other fluid handling equipment; other machines, and damage to
human joints can compromise safe operation. In case of bio-tribo-corrosion of prosthesis
and restorative dentistry, tribo-corrosion has implications for human health and quality of
life. Tribo-corrosion is often linked to the synergy resulting from the coupling of mechanical
and environmental effects. The synergism results in material losses that is often much
larger or smaller than would be expected from a simple summing of the mechanical and

environmental effects [149].
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Bio-tribo-corrosion covers the science of surface transformations resulting from the
interactions of mechanical loading and chemical or electrochemical reactions that occur
between elements of a tribological system exposed to biological environments [77].
Important work has been done in tribo-corrosion of bio-materials, particularly for dental
and hip joint applications [4]. It is important to understand material degradation processes

for joint implants to achieve longer service life and better safety issues for such devices.

On the other hand, tribo-corrosion phenomena can also be applied to good use, for
example in the chemical-mechanical polishing of silicon wafers in the electronics industry
[78] or in metal grinding and cutting in presence of aqueous emulsions. At high
temperatures, the more rapid generation of oxide due to a combination of temperature
and tribological action during sliding wear can generate potentially wear resistant oxide
layers known as 'glazes'. Under such circumstances, tribo-corrosion can be used potentially

in a beneficial way.

2.2. Tribology

Tribology is the science and technology of interacting surfaces in relative motion and of
related subjects and practices. It is concerned with the study of wear, friction and
lubrication. Fig. 1 shows the expanded representation of tribo-technical system.
Historically, the name tribology that is relatively new, but its components are in service
older than recorded history [79]. Its known that drills made during the Palaeolithic period
for drilling holes or producing fire were fitted with bearings made from antlers or bones
and potters’ wheels or stones for grinding cereals, etc., clearly had a requirement for some
form of bearings [80]. A ball thrust bearing dated about AD 40 was found in Lake Nimi near
Rome. Records show the use of wheels from 3500 BC, which illustrates our ancestors’
concern with reducing friction in translational motion. A tomb in Egypt that was dated
several thousand years BC provides the evidence of use of lubricants. A chariot in this tomb

still contained some of the original animal-fat lubricant in its wheel bearings.
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Figure 1 Expanded representation of tribo-technical system (TTS) [Springer Handbook of Mechanical
Engineering].

Da Vinci deduced the rules governing the motion of a rectangular block sliding over a flat
surface. He introduced, for the first time, the concept of coefficient of friction as the ratio
of the friction force to the normal load. His work has no historical influence, however,
because his note books remained unpublished for hundreds of years. In 1699, the French
physicist Guillaume Amontons rediscovered the rules of friction after he studied dry sliding
between two flat surfaces [81]. First, the friction force that resists sliding at an interface is
directly proportional to the normal load. Second, the amount of friction force does not
depend on the apparent area of contact. These observations were verified by French
physicist Charles Augustin Coulomb [82]. He added a third rule that the friction force is
independent of velocity once motion starts. He also made a clear distinction between static

friction and kinetic friction.

Many other developments occurred during the 1500s, particularly in the use of improved
bearing materials. In 1684, Robert Hooke suggested the combination of steel shafts and
bell-metal bushes as preferable to wood shod with iron for wheel bearings. Further
developments came with the growth of industrialization in the latter part of the eighteenth
century and into the nineteenth century; for example, early developments in the petroleum

industry in Scotland, Canada, and the United States in the 1850s [83-84].
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Wear was initiated on a largely empirical basis. Scientific studies of wear developed little
until the mid-twentieth century. Ragnar Holm made one of the earliest substantial
contributions to the study of wear [85]. Since the beginning of the twentieth century, from
huge industrial growth leading to demand for better tribology, knowledge in all areas of

tribology has expanded tremendously [85-88].

2.3. Wear
Wear is the surface damage or removal of material from one or both of two solid surfaces

in sliding, rolling, or impact motion relative to one another. In most cases, wear occurs
through surface interactions at asperities. During relative motion, initially, material on the
contacting surface may be displaced results in change of properties of the contact surface
with no material loss. After that, material may be removed from the contact surface,
transfer to the mating surface or break loose as a wear particle. Wear damage occurs
before actual wastage of material. Definition of wear is generally based on loss of material,
but it should be emphasized that damage due to material displacement or plastic
deformation on a given body, without any change in weight or volume, is also called wear

[89].

Removal of material due to mechanical process under sliding, rolling, and repeated impact
conditions are included sliding wear, abrasive wear and fatigue wear. If sliding surfaces are
lubricated then the wear that occurs is termed as lubricated sliding wear. In some
engineering applications, surfaces slide in air without a lubricant, the resulting wear is then
called dry sliding wear, although it usually takes place in ambient air of appreciable
humidity. The distinction between abrasive wear and sliding wear is rather artificial, since
under some conditions sliding wear can generate debris that can be trapped in the wear
tracks and become involved in the sliding processes which may be causes further wear by
abrasion. Therefore it has been concluded that the boundary between different types of

wear is not rigid one [62].

2.4 Testing Methods
Different experimental arrangements are being used for the study of sliding wear.

2.4.1 Symmetrical arrangement
In these arrangements, sliding surfaces are symmetrically disposed and the wear rates of

two surfaces of same material should be same. These are not often used to study wear. The

13



Tribo-corrosion maps for steels, titanium and titanium carbide materials
surfaces contact types in these arrangements are either along line or face to face. Both

components rotate in these types of arrangements Fig. 2 (A, B).

2.4.2 Asymmetrical arrangement
In these arrangements sliding surfaces, even of same material, are asymmetrically disposed

and wear rates will almost certainly experience different for each body. The most common
asymmetric test rigs employ a pin pressed against a disc, either on a flat face Fig. 2 (C) or on

the rim Fig. 2 (D), a block loaded against a ring Fig. 2 (E) or a pin on a flat Fig. 2 (F).

00 -
e

®

Figure 2 Geometries employed in sliding wear tests [44].

+0e

2.5 Unlubricated wear of metals
In the case of unlubricated (dry) sliding, wear mechanisms change as the sliding conditions

are varied. The transition in dominant wear mechanism and in the associated wear rate are
occurred with the variation of normal loads and sliding speeds and also in a few cases with
sliding time or sliding distance. The main factors that control the basic wear mechanisms
are mechanical stresses, temperature and oxidation phenomena. Consideration of these
factors is must in understanding the sliding wear of metals. These three factors are
interrelated and influenced by both normal load and sliding speed, which make sliding wear

complicated.

14



Tribo-corrosion maps for steels, titanium and titanium carbide materials

Fig.3 shows schematically how the normal loads and sliding speeds effect on mechanical
damage, due to surface stresses and on interface temperature. With the increase in normal
load surface stresses increase that result in more severe mechanical damage. Normal load
and sliding speed both effect the interface temperature as they control the energy

dissipated at the interface which is product of the sliding speed and frictional force.

Moreover, the sliding speed effects on the heat conduction away from the interface. At low
sliding speed, more heat will be conducted away that result in lower temperature of the
interface, the sliding process will be in the limit of isothermal in this case. At higher sliding
speed less heat will be conducted away from the interface that result in high temperature
of the interface and limiting conditions would be adiabatic. A high interface temperature
results in high chemical reactivity of the sliding surfaces, which leads to rapid growth of
oxide films in the presence of air. It will reduce the mechanical strength of the asperities
and of the near surface material, which may in extreme case result in melting of the contact

surfaces.

There are two types of stress involve in sliding wear system i.e. normal stress at the surface
of the each sliding body, and the shear stresses at and below the surface. The normal stress
at the asperity contacts will be close to the indentation hardness of the softer metal and in
state of plastic contact. When the contact surfaces are very smooth and conforming or
under lower normal load then the asperity contact may be elastic. The applied normal load
controls the extent of plastic flow at the asperity contacts. In case of lower normal load or

well conformal contact surfaces, wear will occur very slowly due to elastic contact.

Heavy mechanical
damage
/ High interface
T temperature
Isothermal Adiabatic
° < 5
]
o
"
E
S
= Low interface \
temperature R R
slight mechanical
damage

Slidingvelocity —

Figure 3 The combined influences of load and sliding speed on the sliding process in metals [62].

15



Tribo-corrosion maps for steels, titanium and titanium carbide materials

On the other hand shear stresses depend on the coefficient of friction. For u < 0.3 the
maximum shear stress and plastic flow will be underneath the contact surface, and plastic
strain accumulated by each sliding cycle will be low. This situation occurs in the presence of
lubrication or for the sliding surface having a protective oxide layer. For u = 0.3, the
maximum shear stress will lie at the sliding surface and result in higher shear strains. Plastic
flow causes several wear mechanisms to be dominated that involved are adhesion and
shear, nucleation of subsurface cracks leading to delamination wear and wear by fatigue. At
relatively lower sliding speed and higher normal loads plasticity-dominated wear occurs

that leads to severe wear.

Oxidation of the surfaces during sliding wear is important as well, as nearly all metals form
oxide films in air. The rate of oxide films growth depends on the temperature between the
mating surfaces, which is supposed to be higher than the surrounding and enhanced at the
asperity contacts by transient ‘flashes’ or ‘hot spots’ . The temperature rise varies with
sliding speed because the power dissipation depends on sliding speed and motion of the

heat source over the counterface [62].

2.6 Mechanisms of Sliding Wear
Wear occurs by mechanical and/or chemical actions and is generally accelerated by

frictional heating. Wear includes six principal and quite distinct phenomena [90]. These are:
(1) adhesive, (2) abrasive, (3) fatigue, (4) impact by erosion and percussion, (5) chemical (or
corrosive), and (6) electrical-arc-induced wear. Other commonly encountered wear types
are fretting and fretting corrosion. These are not different mechanisms, but up to some
extent are combinations of the adhesive, corrosive, and abrasive forms of wear. According
to some estimates, two-thirds of all wear encountered in industrial environments due to
adhesive- and abrasive-wear mechanisms. Wear by all mechanisms, except by fatigue

mechanism, occurs by gradual removal of material.

This is to note that of the above mentioned wear mechanisms, one or more may be
operating in one particularly machinery. In many cases, wear is initiated by one mechanism

and it may proceed by other wear mechanisms, thereby complicating failure analysis [89].

2.6.1. Adhesive Wear
Adhesive wear occurs when two nominally flat solid bodies are in sliding contact. Adhesion

or bonding occurs at the asperity contacts at the mating surfaces and these contacts are
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sheared by sliding, which may result in detachment of a fragment from one surface and
attachment to the other surface. As the sliding continues, the transferred fragments may
come off the surface on which they are transferred and be transferred back to the original
surface, or else form loose wear particles. Some are fractured by a fatigue process during

repeated loading and unloading action resulting in formation of loose particles.

Several mechanisms have been proposed for the detachment of a fragment of a material. In
an early theory of sliding wear, it was suggested that shearing can occur at the original
interface or in the weakest region in one of the two bodies [29], Fig. 4. In most cases,
interfacial adhesion strength is expected to be small as compared to the breaking strength
of surrounding local regions; thus, the break during shearing occurs at the interface Fig. 4,
(path 1) in most of the contacts and no wear occurs in that sliding cycle. In a small fraction
of contacts, break may occur in one of the two bodies Fig. 4, (path 2) and a small fragment
(shaded region in the figure) may become attached to the other surface. These transfer
fragments are irregular and blocky shaped. In another wear mechanism, plastic shearing of
successive layers of an asperity contact result in detachment of wear fragment. According
to this theory, plastic shearing of successive layers based on a slip line field occurs in
conjunction with the propagation of a shear crack, along which the fragment detaches, Fig.
5, [89]. This process results in thin wedge-shaped transfer fragments. The fragment is
detached from one surface and transferred to the mating surface because of adhesion.

Further sliding causes more fragments to be formed by either of the two mechanisms.

The formation of wear debris often results from chemical changes in the fragment. The
fragments have large surface area and tend to oxidise readily, which reduces adhesive
strength, and readily break loose. A second mechanism responsible for formation of loose
particles involves the residual elastic energy of adherent fragments. When sandwiched
between two surfaces, the fragment is heavily stressed. As the other surface moves on,
only residual elastic stresses remain. If the elastic energy is larger than adhesive energy, a

fragment breaks loose as a wear particle.

In case of dissimilar materials combinations, wear particles of both materials are formed
with more wear particles from the softer material. The size of the softer material wear
particles will be larger. Formation of the fragments of the harder material may also be
produced by detachment of the material transferred by adhesion to the harder surface by a

fatigue process as a result of number of loading and unloading cycles.
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The transfer of material from one surface to another has been studied by several
investigators. In the early 1950s, an autoradiography technique was used in which one
sliding material was made radioactive and the transfer of the radioactive material to the
mating surface during sliding was demonstrated by placing a photographic film in contact
with the mating surface after rubbing and later developing the film to obtain an
autoradiograph of any transferred material [93-95]. Black impressions on the developed

film are produced by each fragment.

Figure 4 Schematic shows two possibilities of break (1 and 2) during shearing of an interface [89].

Figure 5 Schematic shows detachment of fragment of a material from plastic shearing of successive layers of an
asperity contact [89].

During continuous sliding, surface asperities undergo plastic deformation and /or fracture.
The plastic deformation and strain hardening also occurred in the subsurface. The extensive

structural changes occurred and the material close to the worn surface may be
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recrystallized from an instantaneous surface temperature rise during sliding. Micro-
hardness of the worn layer increases up to 10-80% than that of the original hardness of the

material [94-95].

Severe type of adhesive wear is often called galling, scuffing, welding or smearing. These
terms are sometimes also used to describe other types of wear [89]. The tendency of the
sliding metals to adhere strongly to each other is indicated by their metallurgical
compatibility, which is the degree of solid solubility when the two metals are melted
together. Increasing the degree of incompatibility reduces wear, leading to lower value of

the wear coefficient. This is also true for the coefficient of friction [96].
Simple Theory of Sliding Wear: The Archard Wear Equation

When two surfaces in contact slide over each other, one or both surfaces will suffer wear. A
simple theoretical analysis of this type of wear from Holm and Archard is based on
experimental data of various unlubricated material pairs, the vast majority being metallic; it

is possible to write the laws of adhesive wear as follows:

2.1)

Where v is the amount of wear, W is applied load, x is sliding distance, H is hardness of the
softer surface and k is a non-dimensional wear coefficient dependent on the materials in

contact and their cleanliness.

Archard [29] presented a theoretical basis for the expression in Eq. 2.1. Consider two
surfaces in a sliding contact under applied load W. Assume that during an asperity
interaction, the asperities deform plastically under the applied load and that at each unit
event there is a definite probability that a wear particle will be produced. Further assume
that contact is made up of asperities with an average radius of a, Fig. 6. If the material has

yielded under the maximum normal load dW, supported by as asperity,
dW = ma?H (2.2)

Where H is mean contact pressure under the condition of full plasticity flow pressure, or
hardness of the softer material. We now assume that this asperity contact results in a worn

particle of volume dv. The dimension of this worn particle will be directly proportional to
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the contact size. Physical examination of the wear particles shows that particles are
generally of roughly equal lengths in three dimensions rather than, say, layers. Thus, dv is
expected to be proportional to a°. If the particle is assumed to be hemispherical in shape

with radius equal to the contact radius, then,

dv = gna3 (2.3)

Finally, contact is assumed to remain in existence for a sliding distance dx equal to 2a, after

which it is broken and the load is taken up a new contact,
dx =2a (2.4)
From Equations 2.2, 2.3,and 2.4

dv_dW

If only a fraction (= 3k) of all encounters produce wear particles, then the volume of wear

by all asperities is:

vo Mx _ kWx (plastic contacts) (2.6)
3H H
s
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Figure 6 Schematic of a hypothetical model of generation of a hemispherical wear particle during sliding contact
[89].

Adhesive wear Equation 2.1 imply that if k is a constant for a given sliding system, then the

volume of worn material should be inversely proportional to H.
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For a given material combination with primarily plastic contacts, wear rate generally
decreases with an increase in hardness. However, in the case of extremely hard and/or
brittle materials, fracture toughness generally affects the wear rate, but is not included in
the wear equations. For a material combination with primarily elastic contacts, wear rate
generally decreases with an increase in the modulus of elasticity. For a material
combination with primarily elastic contacts, the wear rate, in adhesive wear mode, should
decrease with an increase in surface roughness. However, if the wear occurs by other wear
modes, such as abrasive wear, the wear rate may increase with an increase in surface

roughness [89].

In many materials combinations, the sliding wear increases linearly with normal load up to
certain range of applied load. The wear rate may either increase or decrease abruptly at
some critical loads [97]. It is the apparent pressure which determines the critical value of
the load. This can be attributed to breaking or formation of oxide layers as a function of
pressure or frictional heating Fig. 7. Experimental data suggest that the wear volume
increases with the sliding distance or sliding time at a constant velocity [11]. The wear rate
may be either higher or lower during the running-in period, followed by steady-state wear
rate until failure of the contact surfaces. As per Equation 2.1, the wear rate should be
independent of the sliding velocity. For many sliding combinations, this assumption holds
for a range of values of sliding velocity. However, sharp transitions in wear rate are seen at

critical sliding velocities and apparent pressures.

For sliding wear, some analogies may be made between the effects of increasing applied
load Fig. 7, [13] and sliding speed Fig. 8, [12] on the material surface. Increase in either
parameter increase the level of frictional heating on the contact surfaces. In such
conditions, if the material being tested for sliding wear is metallic, e.g. steel, then the
oxidation rate on the contact surface will increase. This result in the wear increases initially
with increasing sliding speed and normal load through an oxidation-scrape-re-oxidation
process [37]; at higher sliding speeds and normal loads when frictional heating results in
higher flash contact temperatures the oxides on the surface become increasingly soft and a

rapid decrease in the wear rate is observed [4].
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Figure 7 The variation of wear rate with load for 0.5% plain carbon steel pin sliding at 1 m s in air against tool
steel in a pin-on-ring test [13]
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Figure 8 The variation of wear rate with sliding speed for a/p brass sliding against steel at various temperatures

in air and in pure oxygen [12]

2.6.2. Abrasive Wear

In abrasive wear, material is removed or displaced from a surface by hard particles or some
times by hard protuberances on a counterface, forced against and sliding along the surface.
Several qualifying terms can be used in describing abrasion. The distinction in abrasion
process is made by two-body abrasive wear Fig. 9(a) or three-body abrasive wear Fig 9(b).
In two-body abrasive wear caused by hard protuberances on the counterface for example,
in mechanical operations, such as grinding, cutting and machining. In three-body abrasive
wear hard particles are free to roll and slide between two sliding surfaces for example, in
free-abrasive lapping and polishing. In many cases, the wear mechanism at the start is

adhesive, which generates wear particles that get trapped at the inter-face, resulting in a
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three-body abrasive wear [95]. In most abrasive wear situations, scratching (of mostly the

softer surface) is observed as a series of grooves parallel to the direction of sliding

.

{a) Two-body abrasion

(ploughing).

L.
—

-
T

(b} Three-bodyabrasion

Figure 9 lllustration of the differences between (a) two-body abrasion; and (b) three-body abrasion [62]

The abrasive wear can also be described by the terms of high-stress and low-stress
abrasion. In high-stress abrasion, the crushing strength of the abrasive particles is exceeded
to break them up during the wear process. In low-stress abrasion the particles remain
unbroken. The term gouging abrasion is often used to describe high-stress abrasion by large

lumps of hard abrasive material, for example in rock crushing machinery.
Abrasive wear by brittle fracture

During sliding process, most metallic and ceramic surfaces show evidence of plastic flow.
Even at lower normal load contacting asperities of metals deform plastically. When the
material is brittle having low fracture toughness, wear in this case occurs by brittle fracture

and the worn zone consists of significant cracking.
Abrasive wear by plastic deformation

In abrasive wear by plastic deformation, material is removed from surface via plastic
deformation during abrasion by several deformation modes which include ploughing,
wedge formation and cutting Fig. 10. Ploughing results in a series of grooves as a result of
the plastic flow of the softer material. In the ploughing (also called ridge formation)
process, material is displaced from a groove to the sides without removal of material Fig.
10(a). However, after the surface has been ploughed several times, material removal can

occur by a low-cycle fatigue mechanism. When ploughing occurs, ridges form along the
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sides of the ploughed grooves regardless of whether or not wear particles are formed.
These ridges become flattened, and eventually fracture after repeated loading and
unloading cycles, Fig. 11 [97]. Ploughing process also causes subsurface plastic deformation
and may contribute to the nucleation of surface and subsurface cracks [98]. Further loading
and unloading (low-cycle, high-stress fatigue) cause these cracks and pre-existing voids and
cracks to propagate (in the case of subsurface cracks to propagate parallel to the surface at
some depth) and join neighbouring cracks, which eventually shear to the surface leading to
thin wear platelets Fig. 11. In very soft metals, such as indium and lead, the amount of wear
debris produced is small and the deformation material is displaced along the sides of the

groove.

In the wedge formation type of abrasive wear, an abrasive tip ploughs a groove and
develops a wedge on its front. It is generally occurs when the ratio of shear strength of the
interface relative to the shear strength of the bulk is high (about 0.5-1). In this situation,
only some of the material displaced from the groove is displaced to the sides and the

remaining material shows up as a wedge, Fig. 10(b).

In the cutting form of abrasive wear, an abrasive tip with large attack angle ploughs a
groove and removes the material in the form of discontinuous or ribbon-shaped debris
particles similar to that produced in a metal cutting operation, Fig. 10(c). This process
results in generally significant removal of material and the displaced material relative to the

size of the groove is very little.
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Figure 10 Schematics of abrasive wear processes as a result of plastic deformation by three deformation modes
[89].
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Figure 11 Schematics of ploughed groove and formation of wear particle due to ploughing as a result of fracture
of flattened ridge and propagation of surface and subsurface cracks [89].

Effects of hardness

In two-body [99-100] and three- body [101] abrasive situations, if the abrading medium is
softer than the work piece, the wear coefficient either remains or does not remain
constant. It is known that when the hardness ratio of the work piece to the abrasive
particles is less than unity, the wear coefficient remains approximately constant; however,
if the ratio is equal to or greater than unity, the wear coefficient decreases rapidly with an
increase in the hardness ratio [101]. When the hardness of the work piece is of same order
of magnitude as the hardness of the abrasive particles, the wear of the work piece is not
rapid, since the deformation occurs both in the abrasive particles and the work piece, and
wear generally occurs in both. When the work piece is significantly harder than that of
abrasive particles, negligible deformation, and consequently wear, occurs. Accompanying
the change in hardness ratio from less than unity to greater than unity, there is a significant
change in the roughness of the worn surface because the wear mechanism has changed.
The wear coefficient from the wear tests with work pieces with varying hardness against an

abrasive can be used to estimate hardness of the abrasive [102].

There is significant experimental evidence in literature that the wear rate in two-body
abrasion is generally inversely proportional to the hardness and proportional to the normal
load and sliding distance for many pure metals; alloys often exhibit more complex
behaviour [103-106]. Hardness is an important parameter for abrasive wear resistance.
Wear resistance (proportional to 1/wear rate) of annealed pure metals is generally directly

proportional to their hardness but is more complex for alloys [103,107]. These authors

25



Tribo-corrosion maps for steels, titanium and titanium carbide materials

reported that prior work hardening of pure metals and alloys had no effect on the wear
rate. Cold working of the 0.4% carbon steel resulted in a significant increase in bulk
hardness but had no effect on its wear resistance. These and other experiments show that
a metal surface strain hardens by plastic flow during abrasion to a maximum value, and it is
this value of hardness which is important for abrasion resistance. Also note that if a
material is hardened, it generally become more brittle. Brittle materials can produce larger

particles, resulting in high wear rates.
Effects of normal load, sliding speed, particle size and sliding distance

Volume of Wear generally increases linearly with an increase of applied normal load; often
the linear relationship is not maintained at high loads. Wear rate changes as a function of
sliding velocity and the particle size of an abrasive paper or roughness of the abrading
surface. The effect of the particle size on the wear rate in two-body and three-body
abrasion is dependent of sliding velocity and abrasive grit size [108]. The wear rate is not
very sensitive to the sliding velocity. Increase in wear resistance with sliding velocity is due
to presumably to the increase in strain rate which increases the yield stress of the material.
At very high sliding velocities, high interface temperatures as a result of frictional heating
result in a decrease in the yield stress of the material being abraded, which counter acts the

effect due to increased strain rate.

The dependence of abrasive wear rate as a function of sliding distance is more complex. If
wear takes place with fresh abrasive paper (in two-body wear) or fresh abrasive particles (in
three-body wear), wear continues at a steady rate [96,109]. However, if a limited amount
of abrasive is used with the sliding continues, the wear rate generally decreases as a
function of time. For example in the work of Mulhearn and Samuels, wear rate decreases as
a function of sliding distance when steel is abraded on silicon carbide abrasive paper [104].
A decrease in the wear rate as a function of sliding distance is believed to occur as a result
of blunting of abrasive surfaces in two-body wear or abrasive particles in three-body wear,
Fig. 12(a). In addition, clogging of the abrasive surface by abraded debris occurs during
wear, Fig. 12(b), [96]. If at any instance, wear debris is larger than abrasive particles, it may
leave the material being abraded above the level of the abrasive grains and result in no
additional wear. One can see that abrasive action should cease much more rapidly in wear

with fine grades of abrasive paper than with coarse grades.
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Figure 12 Schematics of, (a) an abrasive surface before and after wear, showing blunting, and (b) an abrasive
surface clogged by wear [89].

2.6.3. Fatigue Wear
Fatigue wear of a material is caused by a cycling loading during friction. It is the progressive

and localized structural damage that occurs when a material is subjected to cyclic loading.

Fatigue occurs if the applied load is higher than the fatigue strength of the material.

Subsurface and surface fatigues are observed during repeated rolling and sliding
respectively. The repeated loading and unloading cycles may lead to formation of cracks in
subsurface or surface of the material. After a critical number of cycles the damage of the
surface occurs, leaving large pits in the surface. This process is called pitting as well. Prior to
this critical point negligible wear takes place, contrast to the wear caused by an adhesive or
abrasive wear mechanism, where wear causes a gradual deterioration from the start of
running. Therefore, the amount of material removed by fatigue wear is not a useful
parameter. Much more relevant is the useful life in terms of the number of revolutions,

cycles or time before fatigue failure occurs.

In rolling contact, cracks initiate below the surface, until a region of metal is separated to
some extent from the base metal by the crack and ultimately becomes detached and spalls
out. With passage of time these cracks grow to emerge at the surface and produce wear
particles, these particles may become large spalls or flakes. A typical example of spalling of
a ball bearing race due to subsurface fatigue is shown in Fig. 13. In rolling contact
applications surface hardened materials are used and contact surface could be brittle.
Therefore cracks may be initiated at the surface as a result of tensile stresses and lead to

surface fatigue.
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Figure 13 Spalling of a 52100 ball bearing race by subsurface fatigue [89].

One of the types of fatigue wear is fretting wear, caused by cycling sliding of two surfaces
across each other with small amplitude (oscillation). The friction force produces alternating
compression-tension stresses, which result in surface fatigue. The direction of motion is
usually tangential to the surfaces. When the amplitude of the motion lies in a range
typically from 1 to 100 um, surface degradations occur which are called fretting damage or

fretting wear [62].

Although fretting wear can be regarded formally as reciprocating sliding wear with very
small displacements. The difference between is, sliding wear usually results from deliberate
movement of the surfaces, fretting often arises between surfaces which are intended to be
fixed in relation to each other. These small displacements often originate from vibration.
Typical examples of locations where fretting may occur are in hubs and discs press-fitted to
rotate shafts, in riveted or bolted joints, between the strands of wire ropes, and between
the rolling elements and their tracks in stationary ball and roller races. It may also occur
between items packed inadequately for transport, where vibration can lead to fretting
damage at the points of contacts between the items. Since the debris formed by fretting
wear is predominantly oxide, which in most metals occupies a larger volume than the metal
from which it originates. On the other hand fretting wear can also lead to seizure of parts
which are designed to slide or rotate with a small clearance. Whether fretting leads to
increased clearance or to seizure depends on the ease with which the wear debris can

escape from the contact region.
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2.6.4. Impact Wear

Two broad types of wear phenomena belong under this heading: erosive and percussive
wear. Erosion can occur by jets and streams of solid particles, liquid droplets, and implosion
of bubbles formed in the fluid. Percussive occurs from repetitive solid body impacts.

Repeated impacts result in progressive loss of solid material.
Erosion by Solid Particles

This wear process occurs when discrete solid particles strike a surface Fig. 14. It differs from
three-body abrasion, as it involves loose particles, primarily in the origin of the forces
between the particles and the wearing surface. In abrasion the particles are pressed against
the surface and move along it, usually because they are trapped between two sliding
surfaces. In erosion, several forces of different origins may act on a particle in contact with
a solid surface [62]. The particle velocity and impact angle combined with the size of the
abrasive give a measure of the kinetic energy of the impinging particles, that is, of the
square of the velocity. Wear debris formed in erosion occurs as a result of repeated

impacts.
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Figure 14 Schematic of a jet of abrasive particles hitting a surface at a high velocity [89].

As in the case of abrasive wear, erosive wear occurs by plastic deformation and/or brittle
fracture, dependent upon material being eroded away and upon operating parameters.
Wear rate dependence on the impact angle for ductile and brittle materials is different, as
shown in Fig. 15, [110]. Ductile materials will undergo wear by a process of plastic
deformation in which the material is removed by the displacing or cutting action of the
eroded particle. In brittle material, on the other hand, material will be removed by the
formation and intersection of cracks that extend out from the point of impact of the eroded

particle [111]. The shapes of the abrasive particles affect the pattern of plastic deformation
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around each indentation, consequently the proportion of the material displaced from each
impact. In the case of brittle materials, the degree and severity of cracking will be affected

by the shape of the abrasive particles.

Brittle material

Ductile material

Rate of erosive wear

L] 15 30 45 B0 75 90

Aangle of attack, © (degrees)

Figure 15 Rate of erosive wear as a function of angle of attack (with respect to the material plane) of impinging
particles [89].

Solid particle erosion is a problem in machinery such as by ingested sand particles in gas
turbine blades, helicopter and airplane propellers, windshields of airplanes, nozzles for sand
blasters, coal turbines, hydraulic turbines and centrifugal pumps used for coal slurry
pipelines. It has useful application in process such as sand blasting, abrasive de-burring, and

erosive drilling of hard materials.
Liquid Impingement Erosion

This process occurs when small drops of liquid strike the surface of a solid at high speeds
(as low as 300m s). The pressures are experienced that exceed the yield strength of most
materials. Thus plastic deformation or fracture can result from a single impact, and
repeated impact leads to pitting and erosive wear. In many cases, the probable impact
velocities and impact angle are such that pure liquid impingement erosion is an unlikely
mechanism; an erosion-corrosion mechanism usually does more damage [112]. The
damage by this process is important in the so-called moisture erosion of low-pressure
steam turbine blades operating with wet steam, rain erosion of aircraft or missile surfaces

and helicopter rotors, nuclear power plant pipes, and heat exchanger.

Cavitation Erosion
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Cavitation is defined as the repeated nucleation, growth and violent collapse of cavities or
bubbles in a liquid. Cavitation erosion arises when a solid and fluid are in relative motion,
and bubbles formed in the fluid become unstable and collapse against the surface of the
solid. The bubbles, which are in contact with or very close to a solid surface, will collapse
asymmetrically, forming a micro-jet of liquid directed toward the solid. The solid material
will absorb the impact energy as elastic deformation, plastic deformation or fracture. The
latter two processes may cause localized deformation and/or erosion of the solid surface
[112]. Damage by this process is found in components such as ships’ propellers and

centrifugal pumps.

All liquids contain gaseous, liquid impurities, which act as nucleation sites for the bubbles or
vapour-filled voids. When a liquid is subjected to sufficiently high tensile stresses, bubbles
are formed at weak regions within the liquid. Subsequently if this liquid is subjected to
compressive stresses, i.e. to higher hydrostatic pressures, these bubbles will collapse. In
practice, cavitation can occur in any liquid in which the pressure fluctuates either because
of flow patterns or vibration in the system. If, at some location during liquid flow, the local
pressure falls below the vapour pressure of the liquid, then cavities may be nucleated, grow
to a stable size and be transported downstream with the flow. When these cavities reach
the high-pressure region, they become unstable and collapse [113]. The stability of a
bubble is dependent on the difference in pressure between the inside and outside of the
bubble and the surface energy of the bubble. The damage created is a function of the
pressures produced and the energy released by collapse of the bubble. Thus reduction of

surface tension of the liquid reduces damage, as does an increase in vapour pressure.

Materials that are resistant to fatigue wear, namely, hard but not brittle materials, are also
resistant to cavitation. Resistance to corrosive attack by the liquid, however, is an

additional requirement for cavitation resistance [89].

Percussion

Percussion is a repetitive solid body impact, such as experienced by print hammers in high-
speed electrochemical applications and high asperities of the surfaces in a gas bearing. In
most practical machine applications, the impact is associated with sliding i.e. the relative
approach of the contacting surfaces has both normal and tangential components known as

compound impact [113]. Percussion wear occurs by hybrid wear mechanisms which
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combine several of the following mechanisms: adhesive, abrasive, surface fatigue, fracture,

and tribo-chemical wear.

2.7 Corrosion
In chemistry, a process in which a solid, especially a metal, is eaten away and changed by a

chemical action, as in the oxidation of iron in the presence of water by an electrolytic
process. Corrosion is the gradual destruction of materials (usually metals) by chemical
reaction with its environment. Dry corrosion, oxidation, occurs when there is no moisture
or water to aid chemical reaction. The metal in such a situation oxidizes with only the
atmosphere. This process is very sensitive to temperature. At high temperature, dry

corrosion occurs at a much faster rate as compared to normal conditions.

Corrosive wear in aqueous conditions occurs because of a chemical reaction accompanied
by the passage of an electric current (electrochemical reaction), and for this to occur, a
potential difference must exist between two regions. The region at low potential is known
as an anode and the region at high potential is known as a cathode. If there is a current
flow between the anode and cathode through an electrolyte (any conductive medium), at
the anode the metal dissolves in the form of ions and liberates electrons. The electrons
migrate through the metal to the cathode and reduce either ions or oxygen [89]. Corrosion
degrades the useful properties of materials and structures including strength, appearance

and permeability to liquids and gases.

2.8 Tribo- corrosion
Tribo-corrosion involves the interaction between mechanical wear processes and

electrochemical and/or chemical corrosion processes and leads to a material loss that is a

summation of these effects, as shown below:

Wear—corrosion = mechanical wear processes + electrochemical (and/or chemical,

oxidative) response

In dry conditions, corrosive wear occurs when sliding takes place in atmosphere (in air).
Oxygen is the most dominant corrosive medium in air. The chemical wear occurs in air is
generally called oxidative wear. In the absence of tribological-action, the chemical products
of the corrosion (e.g. oxides) would form a film typically less than a um thick on the
surfaces, which would tend to slow down the corrosion. During the dry sliding action the

chemical protective film is removed from the surface and the chemical action can continue
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due to high temperature at the contact point. In sliding process flash temperatures of
several hundred degrees can readily be generated. The magnitude of these temperatures
depends on the sliding speed. Only moderate sliding speeds are required for most of the
metals for these hot-spot temperatures become high enough to cause significant surface
oxidation. Therefore oxide films formation will continue during rubbing due to flash

temperatures.

Friction modifies the kinetics of chemical reactions of sliding bodies with each other and
with the gaseous or liquid environment. To the extent that reactions which occur at high
temperatures the same reactions can occur at moderate, even ambient, temperatures
during sliding at the contact point of the sliding bodies. Chemistry dealing with this
modification of chemical reaction by friction or mechanical energy is referred to as tribo-
chemistry, and wear controlled by this reaction is referred to as tribo-chemical wear [114-
115]. The most obvious mechanism by which friction increases the rate of chemical reaction
is frictional heat produced at contacting asperities. Beside the frictional heat, other
mechanisms are: removal of product scale resulting in fresh surfaces, accelerated diffusion
and direct mechano-chemical excitation of surface bonds. The tribo-chemical reactions
result in tribo-oxidative wear of metals. During friction the adhesive dissipation of energy is

often influenced by chemical effects, Fischer and Mischler [116].
Additional factors associated with coatings

Understanding the tribo-corrosion of coatings is complicated as compared with the metals.
Coating processes used can degrade (without intention) the coating microstructure by
adding a considerable amount of porosity and pockets of oxides into the coating. Coating
process can affect the substrate properties as well. During the pre-coating substrate
treatment, such as shot or grit blasting; remnant from this process can be embedded into
the surface of the substrate and then coated which affect the adhesive properties of the
coating/substrate interface. These add to the already complex interactions that can occur

during wear contacts [150].

Multiple phases of coatings can lead to micro-galvanic activity and selective phase
corrosion. Examples of such surfaces include composites or surfaces that undergo
tribological induced compositional changes. As the presence of carbides in a metallic

surface, added to improve wear resistance, establishes a micro-corrosion cell as the carbide
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is likely to be cathodic with respect to the surrounding metallic matrix. This can result in
anodic dissolution of the metallic matrix close to or at the matrix/carbide interface and
thereby accelerate carbide removal from surfaces and reduce the anti-wear properties of

the coated surface [150].

2.8.1. Mild- oxidation
The oxide layers on the sliding wear surfaces effect the wear behaviour in different

manners. As found in literature, the very lower sliding speeds (smaller than 1 m s™) do not
generate a high enough flash temperature during sliding to make oxidation the dominant
wear mechanism. Under such a condition, the very thin oxide film effectively separates the
asperities up till the contact pressure at the asperities remain low. In this case fine oxide
particles are produced and wear mechanism is mild wear [11-117]. These fine particles
could also come from small metallic fragments which may occasionally be removed
probably through delamination wear mechanism and oxidised. The damaged surface
quickly re-oxidises, preventing further direct metallic contact, maintaining the mild wear
condition [118]. With the increase in sliding speed results in higher oxidation rate due to
increase in frictional heat and flash temperature between sliding surfaces. Oxidation

therefore becomes dominated mechanism of generating wear particles.

When normal load is higher to penetrate the thicker but brittle oxide layers generated by
increased frictional heating on the soft substrate, direct metal to metal contacts takes
place. Within a small range of sliding condition, severe oxidative wear occurs with much
damage on the sliding surfaces. In this situation the rate of oxide removal is greater than
that of formation of oxide. With the further increase in sliding speed and normal load, a
hard surface layer is formed on mating surfaces as a result of higher flash temperatures,
followed by rapid quenching as the heat is conducted quickly into the underlying bulk
material. The higher flash temperature increased the local oxidation rate as well. A thicker
layer of oxide is supported by the hardened substrate in this situation and prevents further
metallic contacts, despite of the higher contact pressure at the asperities. In this range of
sliding speeds and normal loads mild oxidative wear occurs. In this situation, the rate of
oxide removal is lower than that of oxide formation. Mild oxidative wear results in

reduction in wear rate significantly [119].
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2.8.2. Severe-oxidation

At higher sliding speed more than 10 m s™, the rate of oxidation on the sliding surfaces is
increased from the isolated patches to a plastically deformed continuous film of oxide
covering the entire sliding surface [120-121]. The oxide formed under such conditions is
thicker than those formed under the condition of mild—oxidation, more continuous, and
almost certainly hotter and more plastic as compared to the brittle nature of the ‘colder’
oxide [122]. The characteristics of the wear process are different and the rates of wear are
generally lower. The mechanism is one of melting of thick oxide layer formed under the
much hotter environment resulting from the more severe sliding conditions [122]. The pre-
fixes of ‘mild’ and ‘severe’ refer to the extent of oxidation at the sliding surfaces as a results
of flash temperatures generated at the sliding contacts, these are not a reflection of the

wear rates. In fact, the wear rates when severe-oxidation dominates are usually low [119].

2.8.3 Modes of wear
Archard and Hirst [11] identified two modes of wear which they termed as ‘mild’ and

‘severe’. Quinn [123-124] considered Burwell and Strang’s classification and those of Tabor
[125] and Ludema [126] to be special cases of the mild and severe wear classification of
Archard and Hirst. The more recent trend of classifying wear into regimes according to the
types of debris produced [127-128] is also regarded by Quinn [24] as related to the more
general classification of Archard and Hirst. The classification of wear is, of course, linked to
the mechanisms by which it occurs. A survey of the literature on wear mechanisms reveals
rather confusing picture. Part of the confusion lies with the variety of terms used to
describe the wear mechanisms. Lim S.C. et al. related the ‘mild’ and ‘severe’ wear

classification of the Archard and Hirst to this newer classification [129].
Mild Wear

Mild wear gives a smooth and dark surface Fig. 16. It takes place in the situations as below:

(i) When contact pressure and sliding speed are both very low, a thin tough oxide layer may
prevent direct metal to metal contact between the asperities of the sliding surfaces. This
thin layer may deform elastically without rupture. The black powdered oxide wear debris
may generate from this thin oxide layer and perhaps from tiny metallic fragments which

may be sometime removed and oxidised. The damaged surface quickly re-oxidises,
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preventing metal-to-metal contact between the sliding surfaces. This is the mild wear

regime of Archard and Hirst [11].

(ii) At higher sliding speeds, a thicker and more brittle layer of oxide is continuously
generated at the asperity contacts due to high flash temperatures. The rate of oxidation is
higher than the rate of removal from the contact surfaces due to break away of oxide
fragments as wear debris. In this way direct metal-to-metal contact is prevented. This is

Quinn’s mild-oxidational wear mechanism [130].

(iii) At higher loads, a hard surface layer (most likely martensitic) is formed on carbon-steel
surfaces due to high flash temperatures, followed by rapid quenching as the heat is
conducted into the underlying bulk material. The higher flash temperatures also increase
the local oxidation rate at the contacts areas. A thicker layer of oxide now supported by the
hardened substrate and is able to prevent further direct metal-to-metal contact despite the
higher pressure at the contacting asperities. This reduces the wear rate by about two

orders of magnitude and results in a transition from a severe wear to mild wear [89].

(iv) At higher sliding speeds, the increased interfacial temperature now cause of continuous
oxide to deform plastically [120-121]. The metal is partly insulated from the higher
temperatures by this thick and continuous layer of oxide [121], but the oxide itself is hot
enough that it can flow or even melt. This has been as severe oxidation above [69]. The
prefix ‘severe’ refers to the extent of oxidation, not the wear rate, which is low when

severe oxidational wear occurs [131].

Severe Wear

Severe wear produces rough and deeply torn surfaces with higher wear rate Fig. 16. It takes

place in the situations as below:

(i) When at lower sliding speeds, contact pressure is high enough to rupture the thin oxide
layer and direct metal-to-metal contact can occur, wear is severe. The resultant frictional
traction causes a sudden increase in the plastic shear strain accumulated in the subsurface
layer where cracks nucleate and grow parallel to the surface, eventually breaking out to

give flake-like debris. This is the delamination mechanism first proposed by Suh [118].
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(ii) When the load is high enough to penetrate the thicker but brittle oxide layers generated
by asperity heating on a soft subsurface layer, metal-to-metal contacts result. This causes

deep tearing of the surfaces, giving severe metallic wear.

(iii) When the sliding conditions are so severe that the local temperatures reach the melting
point of the steel or other couple of metals, a liquid film forms at the contact. In this case
Wear is determined by the flow and expulsion of the molten layer [120]. Even though some
surfaces may appear smooth because of the way the molten layer has flowed and the rate

of wear is very higher [129].

<— Mild wear (Oxidised)

<——Severe wear (metallic)

Figure 16 Wear tracks on steel disk [33]

Medium (mixed) Wear

As discussed by A. F. Smith [34] that there is some confusion in the literature regarding the
types of wear. There have been moves [133-134] to revert to essentially the severe and
mild wear classification originally proposed by Archard and Hirst [11]. It is also proposed
that a mixed regime can exist [134], where both severe and mild wear is occurring either
simultaneously or alternately. The wear rate in this regime could be intermediate between

the severe and mild wear rates with the production of both metallic and oxide debris [34].

2.9 Wear-regime maps
The development of wear maps is a useful tool to study and predict the wear behaviour of

materials sliding against each other at different sliding speeds and normal loads [73]. The
concept of generating wear maps for metals is not new. It is since 1941 when the attempt
was made to present wear data in map form in their work on the wear of cast iron and steel

by Okoshi and Sakai [142]. More than two decades later, welsh presented a diagram
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summarising the sliding conditions corresponding to the mild wear and severe wear

transitions observed in the wear of steels [68].
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Figure 17 The wear-rate surface for steel proposed by Okoshi and Sakai [142]

In the early 1980s, a number of wear maps, mostly included for the unlubricated wear of
steels with different tests methods were generated. These include the work of Child [144],
Eyre [145], Marciniak and Otimianowski [146] and Egawa [147]. These diagrams show the
boundaries drawn between mild and severe wear regimes except from Marciniak and
Otimianowski diagram, which gives wear-rate surface as that of Okoshi and Sakai work Fig.

17.

In the Childs wear map not only the mode of wear is described but expected dominant
wear mechanisms in five different regimes (A to E) are also mentioned Fig 18. Childs wear
mechanisms map shows the effects of sliding speed and normal load on wear mechanisms
during the dry sliding of soft steels on soft steels [144]. In region A, surface work hardening
and smoothening can occur under a protective oxide layer. Wearing is occurring in this
region either by removal of oxide layer or by metal fatigue i.e. delamination. In regime B, at
slightly higher loads and sliding speeds, oxide protective layer may break down leads to
severe metallic transfer and wear. In region C, at the same range of normal load that of A,
but at higher sliding speeds, enhanced oxidation due to frictional heating and surface
transformation hardening of steels can restore the oxide protective layer. In hotter
condition, region D, gross surface softening can be cause of wear mode transition from mild
to severe wear again. In the even more-hot region E, again oxidative dominated wear

regimes have been observed. The positions of the boundaries in this map depend strongly
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on the materials of the sliding couple. For example the tongue, in this case, with which

region B separate region A and C can be retracted by hardening the steels [144].
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Figure 18 Wear regimes mapped on a base of load and sliding speed for soft steels sliding on soft steels [144].

The wear maps available so far except Childs wear map had limited range of operating
conditions covered and the lack of information on the dominant mechanisms of wear. The
information provided was limited to whether mild wear, severe wear or transition observed
between these wear modes. These limitations were addressed by Lim and Ashby [135] by
developing the wear-mode map for unlubricated sliding of steel on steel in the pin-on-disc
configuration Fig. 19. This map presenting the various wear regimes, in which different
modes of wear dominate. It defined a mathematical method of establishing boundaries
between regimes, and importantly, superimposed contours of wear rates on the surface.
This map was an important advance in describing the interactions between wear regimes

where oxidation occurring due to frictional heating affected the wear mechanism [4].
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Figure 19 Wear mode-mode map for unlubricated sliding of steel on steel in the pin-on-disc configuration [135].
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This map is specific for steels but the general form will be similar for the unlubricated
sliding of most metals in air. In this map dimensionless variables are employed: a
normalized contact pressure (defined as the normal load on the specimen pin, divided by
the normal contact area times the indentation hardness of the softer material), and a
normalized velocity (which can be thought of as the sliding velocity divided by the velocity
of the heat flow). Representative values of sliding velocity are also given along the upper x-

axis, for typical steel.

The dominant modes of wear, and resulting regions on the diagram are represented by
plotting empirical data collected from different experiments and by using a simple
analytical models for wear rates due to the various wear mechanisms. Eight distinct
regimes can be identified in Fig. 19. Regime (l) represents very high contact pressure result
in seizure of the contact surfaces. This regime corresponds to extensive growth of asperity
junctions and the real area of contact becomes equal the apparent area. Regime (ll) is a
severe wear region, related to high normal load and relatively low sliding speeds. Thin
surface oxide layer is penetrated at asperity contacts, high adhesive friction results in
metallic wear debris. In regime (lll) the oxide layer is not penetrated and low wear rate

results in mild wear. In regimes (1) and (Ill) thermal effects are negligible.

In regime IV, the frictional power dissipation is high due to higher loads and sliding speeds
results in no heat removal from the interface leads to melting occurs. Although this lead to
a low friction coefficient, viscous forces in the molten layer continue to dissipate energy
and severe wear occurs. In regime V the interface temperature is high at lower normal
loads and higher sliding speeds but does not reach the melting point of the metal. Severe
oxidational, results in lower wear rate, mild wear occurs in this region due to high rate of

surface oxidation at higher surface temperature.

Regimes (VI), (VII) and (VIII) are consisted of narrow range of sliding speed. Different types
of wear mode transitional behaviour occurs in this region i.e. the extreme of low sliding
speed, isothermal conditions and high sliding speed, adiabatic conditions. With increase in
sliding speed these three wear regimes are observed at lower normal loads. In regime (VI),
thermal effects begin to play a role through the action of hot-spots at the asperity contacts.
The flash temperature leads to generation of patchy oxide layer and mild wear debris
produces in this regime, comes from the oxide layer. In regime (VII), metallic contact

between asperities occurs due to higher load and severe wear occurs with metallic wear
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debris. In regime (VIII), at higher flash temperatures martensite is formed at the contact
surface due to local heating of the asperities, followed by quenching by conduction of heat
into the bulk. The higher flash temperatures also increase the local oxidation rate at the
contacts areas. A thicker layer of oxide now supported by the hardened substrate and is
able to prevent further direct metal-to-metal contact despite the higher pressure at the

contacting asperities and results in mild wear [62].

Later on Liu et al. [136] constructed a qualitative wear mechanism map for Al alloys by
collecting data from the literature. Their work obtained reasonable agreement with the
above mentioned Lim and Ashby map. Another wear map approach was adopted by Kato et
al. involving pin-on-disk unlubricated sliding wear tests over a wide range of normal loads
and sliding speeds carried out on untreated and gas nitride steels [137]. They classified mild
and severe wear regimes on load and speed axis on the basis of wear debris produced
during tests. It was found that gas nitriding not only reduced steel wear rates but also

expanded the mild wear regime region towards higher normal load and sliding speed.
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Figure 20 Wear rate maps (a) for A356 Al worn against SAE 52100 steel counterface, (b) for A356 Al-20% SiC
composite worn against SAE 52100 steel counterface [73].

Zhang and Alpas constructed an empirical wear transition map on normal load versus
sliding speed axis for the aluminium alloy sliding against steel [72]. They observed that the
transition from mild to severe occurred when the bulk surface temperature Tb exceeded a
critical temperature and provided a practical approach by which the onset of severe wear
for a given tribo-system can be predicted for Al alloys sliding against steel, using a single
bulk temperature measurement. Other wear maps have been developed are included TiN

and Al203 coated steels [70] and ceramic sliding pairs [138].
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S. Wilson and A.T. Alpas [73], developed wear mechanism maps for metal and metal matrix
composites (A356 Al and A356 AI-20% SiC) against SAE (AISI) 52100 bearing steel
counterface Fig. 20. The boundaries of mild and severe wear were drawn on the basis of
wear rates on these maps. As sown in the Fig. 20(b) the composite has an additional ultra-
mild wear regime where an order of magnitude drop in wear rate occurs at very low normal
loads and sliding speeds. The ultra-mild wear is due to the load bearing capacity of the SiC
reinforcing particles at very low loads. An iron oxide layer form on the contact surface of
the composites. Negligible particle fracture occurs in this regime that protects the matrix
alloy from removal during sliding against the steel [139]. At the extreme of normal load and
sliding speed conditions, severe wear occurs and wear rate increases. This is more
pronounced in the case of A356 Al Fig. 20(a). The addition of SiC to A356 Al extends the

transition to severe wear to the higher range of sliding speeds and normal loads.

For both materials, within the mild wear regime, wear occurs by two different wear
mechanism which are ‘mechanical mixing/oxidation’ at low normal loads and sliding
speeds, whereas by ‘delamination’ at higher sliding speeds. Mechanical mixing/oxidation
produces a compacted layer comprised of mechanically mixed Al and Fe particles together
with amorphous Al and aluminium oxide [72]. The delamination wear occurs at higher
sliding speed due to the frictional heating effects. Debris produced during delamination
above the critical speed range was shiny metallic and plate-like in shape. Due to addition of
SiC particulates in A356 Al the boundary between mixing/oxidation and delamination wear

regimes is extended to a higher range of sliding speeds Fig. 20.
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Figure 21 Wear mechanism map (a) for 7010 alloy, (b) for 7010 -25% SiCp [148].

Recently, the wear maps developed by R. N. Rao, et al. for dry sliding wear of AA7010 (Al-

Zn-Mg-Cu) aluminium matrix composite are shown in Fig. 21 [148]. The effects of the
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change in sliding speeds and normal loads on the wear rates are represented on these wear
maps in terms of mild wear, severe wear (delamination) and seizure for the bulk and
composite material. For aluminium alloys, mild wear is dominated at low sliding speeds and
normal load. The line AB is the upper boundary line for the delamination wear after that
seizure occurs. Line AC shows the upper boundary of the mild wear and then wear mode
transition occurs mild to severe (delamination) Fig. 21(a). For the composite material, Fig.
21(b), It is clear that both line AB and AC shifted upward significantly i.e. the range of sliding
speed and normal load has extended to higher side for the composite materials. The

observations of this work are in agreement with S. Wilson and A.T. Alpas wear maps [73].

The usefulness of wear-mechanism maps is not restricted to bulk materials. It has been
suggested that these maps can be employed to understand the wear of coatings deposited
on different substrate [140]. These maps can be used for modelling wear mechanisms and
the design of coating systems to provide enhanced performance [63]. Wear characteristics
of TiN and TiC coatings on tool inserts were also examined by using mapping techniques

Fig. 22,[140].

Fig. 22 shows the coated tool and flank-wear map for TiN-coated HSS tool inserts. Coating
results in expansion of the safety zone and least-wear regimes as compared to uncoated
one. This map shows that the amount of tool wear reduction which such a coating may
provide is dependent on the machining conditions employed. This type of wear map will

help the end users to employ these coated inserts in the cost effective manner [63].
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Figure 22 Map showing the expansion of safety zone and least-wear regimes as a result of the application of TiN
coatings on the crater wear of HSS tools during dry turning operations [63].
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By using the similar wear mapping approach to that of [73], for metal matrix composites,
Wilson and Alpas developed the wear mechanism maps for TiN-coated high speed steel Fig.
23, [74]. Four wear regimes are presented on this map. In regime (I) rapid coating wear
occurs at low sliding speeds and normal loads and coating worn through to the substrate
due to rapid polishing of the coatings. Regime (II) shows the behaviour of coating, mild
wear of TiN coating occurs along with mass gain for a few combinations of sliding speeds

and normal loads and oxidised HSS transfer from pin.

In wear regime (lll) high wear of TiN occurs above the 100 N normal loads due extensive
coating damaged and exposure of substrate. At higher sliding speeds and normal loads,

region (IV), same wear trend seen as that of in region (l).
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Figure 23 Wear map for TiN sliding on steel [74].

2.10 wear of coatings

For tribological applications, the wear resistance of the materials can be increased and their
frictional properties can be changed by using surface engineering techniques. The only
microstructure of the surface material can be modified without changing its composition,
as in transformation hardening or melting followed rapid solidification. Both the
composition and the microstructure can be changed as well, by thermally-enhanced
diffusion of a different chemical species into the surface. The changes in composition and
microstructure which can be carried out by these methods are not limited and for many

specific purposes coatings of completely different materials can be carried out [62]. When
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the surface of a tribo-element has a coating that is much harder than that of the substrate,
wear of the substrate much reduced due to coating as long as it exists on the surface,
because hard materials generally are more wear resistance than soft materials under the

same frictional conditions [155], Fig. 24.

In the case of TiC composite coating, it is assumed that the wear process proceeds by
preferentially abrading the matrix pick and dig up the matrix progressively. This action
gradually raises the hard TiC particles in the coating and then these particles carry the load
of abrasive particles. Generally, the two components of wear resistant materials (matrix
and hard TiC particles) perform different roles. The metal matrix supply sufficient
toughness for hard particles, the hard particles provide a barrier against indentation,
grooving and cutting of abrasive materials as well as reducing the contact area of the matrix
with the abrading counterface. Thus, the amount, size and distribution of hard particles and
also the hardness and fracture toughness of both components and the bond between them

are significant parameters in the resistance of material against wear [158].

Wear mechanism typically classifies into four types of interactions between abrasive
particle and the wearing material. These are microploughing, microfatigue, microcutting
and microcraking. Microploughing does not lead to any material separation from the
wearing surface because of a single pass of one abrasive particle. A plough is produced
ahead of the abrading particle and the material is successively moved sideways to create
ridges adjacent to the groove. The material may break off by microfatigue as a result of
ploughing aside repeatedly by passing particles. Microcutting produces a volume loss by
chips equal to the volume of wear grooves. Microcraking takes place when abrasive
particles impose on highly concentrated stress, especially on the surface of brittle
materials. Generally, microploughing and microcutting are major wear mechanisms that

occur on ductile materials while microcraking is dominated on brittle materials [195].
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Figure 24 Wear volume as a function of time for different coatings and uncoated substrate [62].
2.11. Friction
Friction may be defined as the resistance encountered by one body in moving over another.
The relation between normal load and frictional force is represented by the friction

coefficient, p.
u=F/W

K- values describe the magnitude of the frictional force. Values between around 0.001 and
around 10 are encountered in a lubricated bearing under light loads and when clean metals
rub against each other in vacuum respectively. The most p-values, for sliding surfaces in air,

fall between 0.1 and 1.0 [62].

2.11.1 The Laws of Friction
Law 1:

Friction force is proportional to normal load.

This law, which can be expressed as F = pyW means that the friction coefficient, u is

independent of the normal load.

The most of metals, in both lubricated and unlubricated conditions, obey the first law, while
the most of polymeric materials do not. Fig. 25 shows the change in coefficient of friction
with the increase in normal load of steel against alumina under unlubricated sliding

conditions, which is in agreement of 1*'. law of friction.
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Figure 25 The variation of the coefficient of friction with normal load for the unlubricated sliding of steel on
aluminium in air [62].

Law 2:
The frictional force is independent of the apparent contact area.

Again, this law normally is held for metals and do not frequently for polymers. Fig. 26 shows
the change in coefficient of friction with the change in apparent area of contact for wooden

sliders on an unlubricated steel surface, which is in agreement of 2" law of friction.
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Figure 26 The variation of the coefficient of friction with apparent area of contact for wooden sliders on an
unlubricated steel surface [62].

Law 3:
The frictional force is independent of the sliding speed.

This law does not hold as frequently as the first two laws.

It is almost always observed that the frictional force needed to be overcome in order to

start a body moving is higher than the force needed to be overcome in order to maintain
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the body in motion (i.e. the static friction coefficient us is larger than the dynamic friction
coefficient pd). Fig. 27 shows coefficient of friction as a function of sliding velocity for

titanium sliding on titanium at a normal load 3N.
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Figure 27 The coefficient of friction as a function of sliding velocity [96].

Moreover, the coefficient of kinetic friction as a function of sliding speed generally has a
negative slope Fig. 27. The small slope of friction-sliding velocity curve shows that the
coefficient of friction changes very slowly with respect to the change in velocity of an order
of magnitude. Changes in the sliding speeds result in change in the shear rate and surface

temperature that can both affect the mechanical properties of the mating surfaces [89].

2.11.2 Causes of Friction
Friction is because of interactions between asperities at the contact area. The energy

produced by the motion is dissipated as heat in the near-surface region. In steady state, the
energy produced per unit time is the product of the frictional force and the sliding speed.

Adhesion and deformation play a major role in the dissipation of heat.
Adhesion

Adhesion arises from the attractive forces operating between the asperities. Clean, oxide-
free metal surfaces show significant adhesion effects that can be observed under high
vacuum conditions, which result in an increase of coefficient of friction between sliding

partners as compared to the normal environments.

Deformation
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Apart from the interactions between asperities of both sliding partners, there is also the
possibility that an asperity ploughs its way through the surface of the other partner, leading
to a groove. In this case one of the partners is significantly harder than that of the other.

Therefore deformation also contribute to the coefficient of friction

It is found in the literature that adhesion and deformation both contribute around 0.3 to
the value of friction coefficient [62]. Work hardening and junction growth play the biggest
role in this situation. Work hardening lead to higher value of the adhesion component than
one would expect from normal shear strength values. Junction growth occurs when an
asperity is plastically deformed by means of shear force, thereby leading to an increase in
contact area. This process is limited either by the tensile strength of the material or the
presence of a boundary film of low shear strength. The presence of such a film is one of the

principles of lubrication [62].

2.12 Friction of Materials
The coefficient of friction of a material is dependent upon the counterface material, surface

preparation and operating conditions.

2.12.1 Friction of Metals and Alloys
As mentioned above, the clean metal and alloy surfaces in contact present high adhesion,

and consequently high friction and wear due to strong metallic bonds across the interface
and significant transfer of metal between tribo-couple and results in loose wear debris.
Even very low contamination or formation of chemical film reduces the adhesion that

results in reduction of friction [11, 117].

Most metals oxidise in air to some extent and oxide film of 1 to 10nm thick forms on the
metals surfaces within a few minutes of exposure to air. The oxide film acts as a low shear-
strength film and due to its ductility offer low friction. The oxide film may effectively reduce

metal to metal contact of the mating surfaces [62].

The coefficient of friction in case of soft and ductile metals such as Pb and Sn is high
because of large contact areas even at lower normal load and small elastic recovery.
Hexagonal metals such as Co and Mg as well as non-hexagonal metals such as Mo and Cr
offer low friction. Co, Mo and Cr are common alloying elements in steel to reduce friction,
wear and corrosion. Generally alloys exhibit lower coefficient of friction as compared to its

pure metals.
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2.12.2 Effect of Operating Conditions
The coefficient of friction of metals and alloys is affected by sliding speed, normal load,

temperature, environment, and relative humidity as well.

Effect of sliding speed

High sliding speed results in surface frictional heating. Surface heating at high speeds may
result in formation of a thin molten layer at the asperity contacts in case of low-melting
point metals, which reduces its shear strength and friction drop to a low value determined
by viscous forces in the liquid. Generally formation of oxide layers at high temperature
results in lower friction. At low sliding speeds a molten film does not form and the friction

is controlled by the interaction of the solid surfaces Fig. 28, [62].
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Figure 28 The variation of the coefficient of friction with sliding speed for pure bismuth and copper sliding
against themselves [62].

Effect of normal load

Fig. 29(a) shows the coefficient of friction as a function of normal load for a steel slider on
unlubricated aluminium in air, which stays constant despite the normal load is varied by a
factor of 10% [151]. Fig. 29(b) shows the coefficient of friction may not remain constant
during sliding as a function of normal load. As in the case of copper sliding on copper in air,
the coefficient of friction is low at low loads and a transition occurs to a higher value with
an increase in normal load. This because of (1) that copper readily oxidises in air and thin
oxide layer effectively separate the two metal surfaces and there is little or no metal to
metal contact between mating surfaces at low normal loads; (2) that the oxide layer has
low shear strength. With an increase in normal loads, the oxide layer breaks down, result in
metal to metal contact between mating surfaces at high loads, which is responsible for high

friction and surface damage [151]. This type of behaviour of friction has been observed in
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other metals as well [96]. On the other hand the coefficient of friction decrease with

increase in normal load for many metals Fig. 29(c). Increased surface roughness and a large

quantity of wear debris are attributed to the decrease in friction [152].

Coefficient of friction Coefficient of friction

Coefficient of friction

~ (a)
0
- o o oe [=}
o o o O ~
-
0
=3
< . - - - 'S -
104 103 102 10t 1 10 102
Normal load (N)
o~ (b)
o
n
—
-
n
=3
< . s - - 'S A -
10+ 103 102 10t 1 10 102
Normal load (N)
3 (<)
o
° o
O,
~ o
P= Y
-~ —
w -8
=1 —_——
-8
wny
S| 1 | 1 | |
o 20 40 60 80 100

MNormal load (M)

Figure 29 The effect of normal load on the coefficient of friction for (a) steel on aluminium in air, (b) a copper on

copper in air, and (c) AISI 440C stainless steel on Ni3Al alloy in air [89].

In case of dissimilar metals and alloys, the coefficient of friction tends to be low than that

for its pure components. The sliding friction of steels has been widely studied: coefficient of

friction varies with composition as well as with microstructure, and often depends on

normal load. In Fig. 30, the solid curve, for 0.4% carbon steel shows a transition from

relatively high value of p at low loads to lower value at high loads.
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Figure 30 The variation of coefficient of friction with normal load for steels sliding against themselves in air,
showing the results for two different plain carbon steels, with carbon contents of 0.4% (full curve) and 0.3%
(broken curve) [62].

Effect of Temperature

With the increase in temperature of the sliding metal, several effects occur. Its mechanical
properties will change, its rate of oxidation will increase, and phase transformations may

take place. All these factors will affect its frictional behaviour.

2.12.3 Friction of Ceramic Materials
Engineering ceramics have low density with excellent mechanical properties i.e. high

strength, hardness and stiffness, up to high temperatures. The major difference in
mechanical behaviour between the engineering ceramics and metals arise from the
different nature of the interatomic forces: ionic or covalent in ceramics, rather than
metallic bonding. lonic bonding, in ceramics such as MgO or Al203, leads to crystal
structures with only a small number of independent slip systems available for dislocation.
Covalent bonding, as in SiC, TiC or diamond, leads to very narrow dislocations which move

only under high stress [62].

Ceramic materials show only limited plastic flow and much less ductility than metals. The
asperity contact between ceramics is more likely to be elastic than in metals. The larger
plastic strains associated with junction growth in metals do not therefore occur in ceramics
except at high temperature. Despite adhesive forces are present between ceramic
materials in contact, the coefficient of friction never reaches the very high values as found
in clean metals sliding in the absence of oxygen. The value of u for ceramic-ceramic
contacts lies in the range from 0.25 to 0.8 which is equal to the value of the u for metallic
couple sliding in air in the presence of intact oxide films. The u for engineering ceramics
vary due to change in environment. Despite the engineering ceramics are considered to be

chemically inert, the surfaces of most ceramics are susceptible to tribo-chemical reactions
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which lead to formation of surface films and thus modify their frictional behaviour. These
reactions take place much more rapidly at a sliding contact due to flash temperature than

on a free surface at the same bulk temperature.

It has been found that non-oxide ceramics like silicon nitride, silicon carbide, titanium
nitride and titanium carbide have reacted with oxygen significantly after sliding in air. Oxide
ceramics like alumina and zirconia will react with water and form hydrated surface layers
on sliding in humid air. While in the case of non-oxide ceramics, oxidation followed by

hydration.

In a few ceramics the effect of surface films and the extent of surface fracture can be
important in the friction of ceramics. Surface film can reduce the friction and surface
fracture leads to an increase in friction, since it provides an additional mechanism for the
dissipation of energy at the sliding contact. Fig. 31 shows the results of experiment, found
in literature, in which a diamond cone was slid over a single crystal of silicon carbide. At low
normal loads, the value of the W is small due to plastic grooving of the silicon carbide with
no fracture. With the increase in load, brittle fracture results in higher coefficient of friction

[62].
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Figure 31 The variation of coefficient of friction with normal load for a 60° diamond cone sliding over the (0001)
face of a silicon carbide single crystal. The increase for loads above ~ 4N is associated with fracture along the
sliding path [62].

As observed for metals, the effects of environment composition, temperature, load, sliding

speed and time of sliding on the frictional behaviour of ceramics occur in shape of tribo-

chemical surface film and the extent of the fracture in the contact area. Fig. 31 and Fig. 32
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show the effects of normal load and sliding speed on friction during sliding of ceramics.
Both load and sliding speed will also affect the rate of frictional energy dissipation that
results in change of temperature at the interface. Sufficiently high temperatures increase

the plasticity in most ceramics as well and will also affect the frictional behaviour.
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Figure 32 The variation of coefficient of friction with sliding speed reaction-bonded silicon carbide and hot-
pressed silicon nitride sliding in self-mated couples in air [62].

2.13 Wear in relation to friction

Friction and wear are responses of a tribo-system. Coefficient of friction and wear are
parameters describing the state of contact of bodies in a tribo-system, and they are not
material constants of the bodies in contact [153]. Friction and wear, as two kinds of
responses from one tribo-system, need to be exactly related with each other for every state
of contact in a tribo-system, although a comprehensive simple relationship should not be

expected [154].

54



Tribo-corrosion maps for steels, titanium and titanium carbide materials

Chapter 3

Experimental Methodology

3.1. Pin-on-Disk sliding wear testing rig (ASTM G99)

3.1.1. Introduction

Pin-on-disk apparatus is the most widely used wear testing process. This configuration is
commonly used for wear tests in laboratories because of its simple arrangement. The
applications of the pin-on-disk tests include investigation of the wear and friction
properties of bulk materials, surface coatings, ceramics and cemented carbides etc. under
ambient conditions at room temperature, at elevated temperatures, in controlled
atmosphere, under wet and lubricated conditions [156]. Materials are tested in pairs under
nominally non-abrasive conditions. The principal area of experimental attention in using
this type of apparatus is to measure the sliding wear. The coefficient of friction during
sliding can also be measured. Fig. 33 shows the schematic of the pin-on-disk sliding wear

testing rig.

Applied load

P Pin

2 -+— Disc

Figure 33 Schematic of Pin-on-Disk wears test apparatus.

For the pin-on-disk wear test, two specimens are required. One, a pin with smaller radius, is
positioned perpendicular to the other and a flat circular disk. A ball, rigidly held, can also be
used as pin specimen. The test machine causes either the disk specimen or the pin
specimen to revolve about the disk centre. In either case, the sliding path is a circle on the

disk surface. The plane of the disk may be oriented either horizontally or vertically.

3.1.2. General apparatus description
The Schematic drawing of a typical Pin-on-Disk wear testing apparatus is shown in Fig. 33.

This system consists of a driven spindle and disk holding arrangement to hold the revolving

disk, a lever-arm device to hold the pin, and the attachments to allow the pin specimen to
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be forced against the revolving disk specimen with a controlled load. The system may have
a friction force measuring arrangement, for example a load cell that allows the coefficient

of friction to be determined.

A variable speed motor, capable of maintaining constant speed (+ 1 % of rated full load
motor speed) under load is required. The motor should be mounted in such a manner that
its vibration does not affect the test. The machine shall be equipped with a revolution
counter that will record the number of disk revolutions, and preferably have the ability to
shut the machine after a pre-selected number of revolutions. The stationary specimen
holder is attached to a lever arm that has a pivot. Adding weights, as one option of loading,
produces a test force proportional to the mass of the weights applied. Ideally, the pivot of
the arm should be located in the plane of the wearing contact to avoid extraneous loading
forces due to sliding friction. The pin holder and arm must be of substantial construction to

reduce vibration motion during the test.

3.1.3. Significance and use
The amount of wear in any system will, in general, depend upon the number of system

factors such as the applied load, machine characteristics, sliding speed, sliding distance, the
environment, and material properties. The value of any wear test method lies in predicting
the relative ranking of material compositions. Since the pin-on-disk test method does not
attempt to duplicate all the conditions that may be experienced in service (for example;
lubrication, load, pressure, contact geometry, removal of wear debris, and presence of
corrosive environment), there is no insurance that the test will predict the wear rate of a

given material under conditions differing from those in the test.

3.1.4. Testing apparatus (pin-on-disk sliding wear testing rig)
Fig. 34 shows the pin-on-disk wear testing rig, which was used for experimental work of the

present project. In this rig the plane of the disk was oriented horizontally, which was
revolving and the stationary pin was held rigidly in a pin holder which was subjected to

required variable normal loads in this arrangement. This apparatus was mainly consisted of:
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Load cell Pin Normal load Disk Counter weight Control system

Figure 34 Pin-On-Disk dry sliding wear testing rig.

e Load cell: a 20kg load cell was installed to measure the friction force between the
mating surfaces of rotating disk and stationary pin during sliding.

e Pin: was used as a test specimen and was rigidly held in pin holder.

e Normal load: this arrangement shows that variable loads can be applied.

e Disk: was used as counterface and was rigidly held in the disk holder.

e Counter weight: was used to balance the weight of the pin specimen holder and
lever arm prior to applying tests normal loads.

e Control system: was consisted of, a) a frequency meter, to control the sliding
speed, b) a revolution counter, to control the number of revolutions and c) timer,
to control the experimental time for constant sliding distance for the various

combinations of sliding speeds and normal loads.

3.1.5. Function and calibration of load cell
The load cell is mounted on rigid plate that locates it behind the pin holder. When the

horizontally held disk is rotated under the stationary normally loaded pin by overcoming

the frictional force, the pin holder arm push the sensor of the load cell in the tangential
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(rotating) direction of the disk. Load cell send signal through the cable connection to dc

bridge / transducer amplifier. This amplifier transmit signal to the multi-meter in volts.
Calibration of load cell to record friction force:

e Select coarse gain on dc-bridge / transducer amplifier and set at 1volt.
e Select fine gain on dc bridge / transducer amplifier to get 00 (zero) reading at no
load position and lock.
e Select—V (volt) position on Black Star 4503 Intelligent Multimeter and then select
button No. 4, i.e. range 0- 0.4volt.
Dismantled the load cell from the testing rig and then calibrated this by applying 1 to 5N

normal load as under:

Load (N) 1 2 3 4 5

Meter Reading | 0.00135 0.00270 0.00405 0.00540 0.00675
(V)

Table 1 Variation in multimeter reading with increase in loads

1N load = 0.00135volts (1 N frictional force = 0.00135 volts at multimeter display)

Fig. 35 shows the working of load cell to measure friction force between the mating

surfaces of the mater under testing.

Load cell Transducer Multimeter
amplifier

Tangential force to overcome friction

Figure 35 Schematic diagram of the load cell function.
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3.1.6. Control system

The control system of this dry sliding wear testing rig was developed in view of the
parameters and conditions of the experimental work. As mentioned above, sliding speed,
number of revolutions and sliding distance (experiment time) were controlled by frequency
meter, revolution counter and timer respectively. Frequency meter and revolution counter
worked on the base of a focused reflective object sensor, which was installed against the
rotating spindle that revolved the disk chuck. The speed of the dc motor was controlled
manually by maintaining the calculated frequency for required sliding speed. The frequency
counter was connected to the focused reflective object sensor to count the number of
revolutions per second. The timer was introduced between the on — off switch and dc
motor which turn off the motor as per pre- setting time for the constant sliding distance of
the experiment. Fig. 36 shows the working of the control system of the sliding wear testing

rig to count the revolutions per second i.e. frequency and number of revolutions.

Frequency

meter

[
[©]
+—
O
Q
s}
(]
©

Revolution
N counter

Figure 36 Schematic diagram of the sliding speed control and revolution counter.

Fig. 37 shows the working of the timer to control experimental duration for constant sliding

distance in connection with DC motor and On/Off switch.

AC supply

On/Off AC/DC

switch convertor

Figure 37 Schematic of the timer control and motor connections.
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3.2. Experimental
For the dry sliding wear behaviour of 303staniless steel disks against 8620 low alloy steel

pins (Chapter 4), wear tests were carried out at sliding speeds 0.38, 0.5, 0.86, 1.2, and 1.5 m
s* and normal loads 10, 20, 30, 40, and 50 N. The sliding distance 5740 m and number of
revolutions 30,000 were kept constant for each test. The dry sliding wear tests of
303stainless steel and 303stainless steel base titanium carbide composite coatings against
alumina (Chapter 5) were carried out at sliding speeds 3, 7, 11, and 15 cm s™ and normal
loads 2, 4, 6, 8, and 10 N. The sliding distance 500 m and number of revolutions 26,526
were kept constant for each test. For the dry sliding wear behaviour of commercially pure
(CP) titanium and commercially pure (CP) titanium base titanium carbide composite
coatings pins against hardened steel (A.l.S.l. 0-1-Ground Flat Stock) disk (Chapter 6 to 8)
wear tests were carried out at sliding speeds 0.38, 0.5, 0.86, 1.2, and 1.5 m s™ and normal
loads 10, 20, 30, 40, and 50 N. The sliding distance 5560 m and number of revolutions
30,000 were kept constant for each test. All tests were carried out under ambient

conditions at room temperatures.

3.2.1. Calculations of frequency and experimental times

2T

We know that Angular velocity w = ——
time of 1 rev.

. . 21
Linear velocityv=wr= ——x
time of 1 rev.

Experimental times for dry sliding wear tests, carried out on pin-on-disk sliding wear testing
rig Fig. 34, were calculated from the above relation between angular velocity and linear
velocity; circumference of the wear track and frequency (revolutions per second) of the

revolving disk holder spindle as below:

Circumference of the wear track = 2nr (1)
Where r is the average radius of the wear track in metre
We know frequency =rev s™

When revolution frequency =1 =1revs™

Then sliding speed v =2mrms™t (2)

From equation (2), we can find the required frequency for any sliding speed as follow:
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Required frequency = required sliding speed dividing by the speed at frequency 1.
Required frequency = required test sliding speed, m s™ + 2mr m s ---- (3)

For calculation of experimental time for the different sliding speed use the following

equation:

We know that the distance covered, s=vt (4)

Where v is speed and t is the time taken to cover distance s

From equation (2), t=sv" (5)

As the sliding distance is constant for each test therefore by using equation (5) we can
calculate test duration for each sliding speed to cover constant sliding distance. Table 2 and

3 show the revolutions frequencies and tests duration for the experimental work carried

out on pin-on-disk sliding wear testing rig Fig. 34 (chapter 4, 6-8).

Sliding | Circumference Frequency Sliding Test duration | Number of
speed | of the wear (rev. per sec.) distance (minutes) revolution
(ms?) | track (m) from equation | (m) from equation

(3) (5)
0.38 0.191 1.99 5,740 252 30,000
0.5 0.191 2.62 5,740 191 30,000
0.86 0.191 4.5 5,740 111 30,000
1.2 0.191 6.26 5,740 80 30,000
1.5 0.191 7.9 5,740 64 30,000
Table 2 Tests frequency and tests duration for 303SS disks against 8620 low alloy steel pins (chapter 4).
Sliding Circumference | Frequency Sliding Test duration | Number of
speed of the wear (rev. persec.) | distance (minutes) revolution
(ms™) track (m) from equation | (m) from equation

(3) (5)
0.38 0.185 2.1 5,560 244 30,000
0.5 0.185 2.7 5,560 185 30,000
0.86 0.185 4.65 5,560 108 30,000
1.2 0.185 6.5 5,560 77 30,000
1.5 0.185 8.1 5,560 62 30,000

Table 3 Tests frequency and tests duration for Ti and Ti base TiC composite coatings pins against hardened
steel disks (chapter 6-8).

Note: The tests carried out to investigate the wear behaviour of 303SS and 303SS base TiC

composite coatings (chapter 5) on +CSM Tribometer. This apparatus was computerised
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controlled. There was no need of calculations for revolutions frequencies and tests

durations.

3.2.2. Test specimens
This test method may be applied to variety of materials. The only requirement is that

specimens having the specified dimensions can be prepared and can withstand the stresses
imposed during the test without failure or excessive flexure. The materials being tested
shall be described by dimensions, surface finish, material type, form, composition,

microstructure, processing treatments, and indentation hardness (if appropriate).

The typical pin specimen shall be cylindrical or spherical in shape with diameters range
from 2 to 10mm. The typical disk specimen diameters range from 30 to 100 mm and have
thickness in the range of 2 to 10 mm. A ground surface roughness of 0.8 um arithmetic
average or less is usually recommended as the rough surfaces make wear scar
measurement difficult. Care must be taken in surface preparation to avoid subsurface

damage that alters the material significantly.

3.2.3 Test parameters
e Normal Load - Values of the force in Newton at the wearing contact.

e Sliding Speed — The relative sliding speed between the contacting surfaces in
metres per second.
e Distance —Sliding distance in metres.

e Atmosphere — The atmosphere surrounding of the wear contact.

3.2.4. Test procedure
Prior to testing, weighing (10 min), the specimens were cleaned by using acetone to

remove any type of dirt and contamination and dried.

e After cleaning and drying the specimens, weighed the both pin and disk test
samples on an analytical balance with accuracy of 0.01 mg to the nearest 0.0001 g.

e Inserted the disk securely in the holding device perpendicular to the axis of the
resolution.

e Inserted the pins specimen securely in its holder and checked that the specimens
were perpendicular and maintaining the necessary contact conditions.

e Started the motor and adjusted the frequency for the desired sliding speed holding

the pin specimen out of contact with the disk.
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e Fixed the timer to the desired test time.

e Added the required proper mass (normal load) to lever arm to develop the selected
force pressing the pin against the disk.

e Began the tests with specimens (pins) in contact under load.

e Recorded the reading of the multimeter after interval during the tests run.

e No test was interrupted and restarted.

e Timer stopped the tests automatically when the pre-fixed times were over.

e Removed the specimens and cleaned off any loose wear debris with acetone.
Noted the existence of features on or near the wear scar such as; protrusions,
displaced metal, discoloration, cracking or spotting with eyes.

e Reweighed the specimens to the nearest 0.0001 g, as appropriate.

e Performed the tests for the different combination of sliding speeds and normal
load under the tests conditions including repeat tests to obtain sufficient data for
significant results.

e Wear debris collected for further investigation of the sliding wear behaviour of the
specimens.

e SEM and EDX tests of the worn surfaces and wear debris were carried out.

e Volume losses of the dissimilar tribo-couple were calculated from the densities of

the specimen and counterface.

3.2.5. Calculation of wear and reporting
The wear measurements should be reported as volume loss in cubic millimetres or cubic

metre for the pin and disk separately (in case of dissimilar pin and disk materials). While
mass loss results may be used internally in laboratories to compare materials of equivalent
densities. Take care to use and report the best available density value for the materials

tested when calculating volume loss from measured mass loss.

Use the following equation for conversion of mass loss to volume loss:

Volume loss, mm? = (mass loss g + density g cm®) x 10° (6)
Volume loss, m® = (mass loss g + density g cm?) + 10° (7)
Wear rate, (m®> m™) = volume loss =+ sliding distance (8)
Or specific wear rate, (mm> N'm™) = volume loss + (sliding distance x normal load) ----- (9)
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If the materials being tested exhibit considerable transfer between specimens without loss
from the system, volume loss may not be adequately reflect the actual amount or severity

of wear. In these cases, this test method for reporting wear should not be used.

3.3 303stainless steel against 8620 low alloy steel

3.3.1 Experimental conditions

A 303SS (stainless steel) disk of 75 mm outer diameter, 3 mm thickness and a 8620 low
alloy steel pins of 6mm diameter, 35mm height flat ends, apparent area of contact (2.83
m? x 10‘5) were used as tests specimens. The dry sliding wear tests were carried out under
ambient conditions at room temperature on a Pin-On-Disk sliding wear testing apparatus
Fig. 34. The (normally loaded) stationary pins were slid against rotating disks. The sliding
distance was kept constant for all tests. The tests were carried out at different constant
sliding speeds, 0.38, 0.5, 0.86, 1.2 and 1.5 m s by varying normal loads in increments of 10
N, from 10 to 50N, apparent contact pressure range of 354 to 1,768kPa respectively, for 25
combinations of sliding speeds and normal loads. The sliding distance was 5740 m and the
numbers of revolution were 30,000 for each combination of sliding speed and normal load.
The same disk and pin were used for all tests at a constant sliding speed for variable normal
loads i.e. from 10 to 50 N for total sliding distance 28,700 m. After each test, the mass loss
of disk and pin for sliding distance 5740 m was calculated on an analytical balance with an
accuracy of 0.01 mg to the nearest 0.0001 g. The reproducibility of tests were checked
which was varied from 10-20 %. Table 2 shows the sliding speeds frequencies and test

duration for each combination of sliding speed and normal load.

3.3.2 Materials
Chemical composition of 303 stainless steel disk and 8620 low alloy steel pin
materials

Table 4 shows the chemical compositions of the 303stainless steel and 8620 low alloy steel.
The chemical compositions of these materials were checked on X-ray Fluorescence
Spectrometer (XRF). 303SS has high percentage of Cr i.e. 18.7 % and 8620 low alloy steel

has no Cr contents.

64



Tribo-corrosion maps for steels, titanium and titanium carbide materials

Element 303 stainless steel disk 8620 low alloy steel
Ti 0.201 %

Vv 0.207 %

Cr 18.7%

Mn 1.44 % 0.544 %
Fe 71.1% 97.9%
Co 0.254 %

Ni 7.76 % 0.519%
Cu 0.188 % 0.125%
Ag 0.104 % 0.112 %
Mo 0.0548 % 0.0143 %
Al 0.769 %

Table 4 The chemical composition of the 303 stainless steel disk and 8620 low alloy steel pin materials

Hardness

Hardness value of 303stainless steel; Hardness, Vickers: 167HV10 and hardness value of
8620 low alloy steel; Hardness, Vickers: 207HV10.

3.4 303stainless steel uncoated and coated with titanium carbide composite
coating against alumina

3.4.1 Experimental conditions

The experiments were carried out under ambient conditions at room temperature for dry
sliding wear in pin-on-disc test method on CSM Tribometer for both uncoated and coated
materials. The wear rates of 303SS and 303SS base TiC composite coatings produced by TIG
process were measured against an alumina (99.6% Al203, hardness 1800 HV) ball of
diameter 3mm in sliding contacts. The ball was rigidly held at the contacting face of the pin.
Sliding speeds were 3, 7, 11 and 15 cm s and normal loads increased in increments of 2 N
from 2 to 10 N, with the wear track diameter being 6 mm. Table 5 shows the test duration
for each test for a constant sliding distance 500 m for various combinations of sliding
speeds and normal loads. The total numbers of revolutions were 26,526 for each test. New
disk and alumina ball were used for each test. Total 20 combinations of sliding speeds and
normal loads were tested. An analytical balance with accuracy of 0.0001 g was used to
evaluate mass loss after each test carried out. The wear rates were calculated by dividing
the mass loss by the sliding distance. SEM micrographs and EDX analysis of the wear tracks
were carried out after each test to identify predominant wear mode, wear mechanisms and

wear mode transitions.
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Sliding Circumference Sliding Test duration Number of
speed of the wear distance (m) | (minutes) from | revolution
(cms™) track (cm) equation (5)

3 18.85 500 278 26,526

7 18.85 500 119 26,526

11 18.85 500 76 26,526

15 18.85 500 56 26,526

Table 5 Tests frequency and tests duration for 303SS disks (uncoated and coated with TiC composite coatings)
against alumina ball (chapter 5)

3.4.2 Materials
Table 6 and 7 show the chemical compositions of the 303SS and 303SS base composite

coatings respectively. The 303SS composition shown on Table 6 shows a high proportion of
Cr (18.7%) and Ni (7.8%). The alumina balls (99.6% Al203) were used as counterface. The
hardness values of the 303 stainless steel and Alumina counterface were 172HV10 and
Alumina 1800 HV respectively. The average hardness of the 303 stainless steel base

titanium carbide composite coatings was 347HV10.

Element Wt. % Element Wt. %
Ti 0.201 Co 0.254
\% 0.207 Ni 7.76
Cr 18.7 Cu 0.188
Mn 1.44 Ag 0.104
Fe 71.1 Mo 0.0548

Table 6 The composition of the 303 stainless steel disk

Element Wt. %
Ti 74.05
Cr 7.55

Fe 18.40

Table 7 The composition of the 303 stainless steel base TiC coating disk surface

3.5 Titanium uncoated and coated with titanium carbide composite
coatings against hardened steel (A.l.S.l. 0-1-Ground Flat Stock)

3.5.1 Experimental conditions

The dry sliding wear tests were carried out under ambient conditions at room temperature
on a Pin-On-Disk (ASTM 99-05) apparatus Fig. 34. Cylindrical pins of Ti and Ti base TiC
coatings produced by TIG welding torch melting process of 4.3mm diameter, with flat ends,
apparent area of contact (1.44m” x 10”), were used as tests specimens. Hardened steel

disks of 75mm outer diameter, 3.8mm thickness were used as the counterface for testing of
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pins specimens. The normally loaded stationary pin was slid against unidirectional rotating
disk under dry sliding conditions at room temperature. The sliding distance was kept
constant for all tests. The tests were carried out at different constant sliding speeds, 0.38,
0.5, 0.86, 1.2 and 1.5m s by varying normal loads in increments of 10 N, from 10 to 50N,
apparent contact pressure range of 694 to 3,472kPa respectively, for 25 combinations of
sliding speeds and normal loads for uncoated and coated specimens separately. The sliding
distance was 5560m and the numbers of revolutions were 30,000 for each test. A new disk
and pin pair was used for each test. A 20kg load cell was used to measure the frictional
force between pin and disk mating surfaces during the test. An analytical balance with
accuracy of 0.01 mg was used to evaluate mass loss following exposure. The wear rates (m?
m™) were calculated by converting mass loss to volume loss from the densities of both

materials and then dividing the volume loss by the total sliding distance.

SEM micrograph and EDX analysis of the wear surfaces and wear debris were carried out
after each test to study the wear modes and wear mechanisms of these materials against
each other. The density of Ti, TiC composite coatings and hardened steel were 4.51g cm?,
4.92g cm™ and 7.8g cm™ respectively. Volume wear rates (m> m™) were calculated on the
basis of these values. Table 3 shows the sliding speeds frequencies and test duration for
each combination of sliding speed and normal load for Ti uncoated and coated with TiC

composite coatings against hardened steel tests.

3.5.2 Materials
Table 8 shows the chemical compositions of the steel (A.l.S.l. 0-1-Ground Flat Stock) disk.

The hardness value of hardened steel (A.1.S.I. 0-1-Ground Flat Stock) was: 701HVS5. Titanium
pins were used as reference material and as substrate for TiC composite coatings. Prior to
start work titanium was checked to confirm its purity by doing EDX analysis tests Fig. 38.

The hardness value of Titanium was: 184HVS5.
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Figure 38 EDX analysis of titanium.
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For sliding wear tests of the coatings, titanium substrate, pins, coated with titanium carbide
composite were used as specimens against hardened steel. Titanium carbide has very high
melting point and thermal stability, low coefficient of friction, high electrical and thermal
conductivities, low density, high hardness and high wear and corrosion resistance. The

hardness value of titanium base titanium carbide composite coatings was: 383HV5.

Element Wt. %
C 0.95
W 0.50
Cr 0.50
Mn 1.20
Y 0.20
Si 0.25
S&P up to 0.035
Fe 96.37

Table 8 The chemical composition of the steel (A.l.S.l. 0-1-Ground Flat Stock) disk
3.6 Tungsten Inert Gas (TIG) Melting Coatings procedure
TIG welding torch was used as heat source. The coating was carried out on TIG 165 DC/HF
welding machine. For this project, all material was provided by our collaborator IUM and

coatings were carried out over there.

3.6.1. TiC powder pre-placement process
303stainless steel and titanium substrates were hydraulically sheared to the dimension of

75 x 75 mm? and grounded with Grit 120 emery paper by using grinding machine to make
rough surface. Then these samples were washed / cleaned by using water and acetone to

remove any type of dirt and contamination and dried by using electric dryer machine.

3.6.2. TiC powder placement
Titanium carbide powder, TiC — 140, + 325 mesh, typically 99.5% pure, with amount of 1 mg

mm? per substrate surface area was used for coating. A few drops of alcohol (to wet
enough the powder) along with 5 drops of PVA (polyvinyl acetate) binder were added to
that powder and mixed them by adding a few drops of water. The paste was spread equally
on the substrate surface and flattens by using hard plastic sheet. Samples were dried with
electric dryer to evaporate the alcohol leaving PVA binder in the paste only. Then those
samples were put in an oven at 80 centigrade for one hour to remove all moister from the

powder mixture on the surface of the substrate.
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3.6.3 303SS base titanium carbide composite coating by TIG welding torch melting
method
Metal matrix composite melt tracks were produced using TIG 165 machine with a 2.4 mm in

diameter of tungsten thoriated electrode. A working distance of 1mm was measured at the
end of electrode tip to the surface of dried coating before the melting commenced. The
input energy of 30 V at 90 ampere with the table travelling speed at 2 mm s was used to
produce 50% overlapped tracks of the coatings. These overlapped/multi-pass tracks were
produced in one single direction until the melted layers cover the whole surface area of the
sample. The direction of the multi-pass tracks and distance of travel were controlled using
simple numerical control. TIG melting efficiency is considered to be at 48% [157]. The
samples were shielded using argon gas at the rate of 20 litres per minute, which were
streamed while producing the track layers to prevent excessive oxidation. The average

thickness of the coating was 0.5-0.6 mm after grinding.

3.6.4 Optical Micrographs and EDX analysis of the specimens
Figs. 39 and 40 show the microstructures and EDX analysis of the uncoated 303SS and

303SS base TiC composite coatings respectively. Fig. 40(c) shows the thickness of the

coatings after grinding the coated surface of the sample
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Figure 40 (a) Microstructure of 303stainless steel base TiC coating surface magnification X500, (b) the EDX
analysis of the coated surface and (c) thickness of the 303SS base titanium carbide composite coatings after
grinding the surface

3.6.5. Titanium base titanium carbide composite coatings by TIG welding torch melting
method
The same conditions and procedure were used to produce Ti base TiC composite coatings

as that of 303SS base TiC composite coatings, Section 3.6.3, except the table travelling
speed, which was at 1 mm s instead of 2 mm s in this case. After coating carried out, the
samples were ground on grinder machine and then cut into pin size 4.3 mm diameter on

EDM wire cut machine.

3.6.6 Optical Micrographs and EDX analysis of the coated surface
Fig. 41 shows the micrograph and EDX analysis and the thickness of the coatings after

grinding sample surface of the titanium base titanium carbide composite coatings.
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Heat affected zone

Substrate

Figure 41 (a) The micrograph of the CP titanium base TiC coating surface, (b) the EDX analysis of the CP titanium
matrix (substrate), (c) the EDX analysis of the Titanium carbide (TiC), (d) the EDX analysis of the titanium carbide
composite coatings and (e) thickness of the coatings after grinding the surface.

3.6.7 Integrity of the coatings
The integrity of the Ti base TiC composite coatings produced by TIG welding torch melting

process was checked by using a number of analytical techniques. The coated surface was
ground and checked for surface cracks using the microscope. The thickness of the coating
and coating defects such as cracks, pores and pockets of oxygen were checked on a
microscope as well by cross-sectionally shearing the coated surface. An EDX analysis of the
coatings was carried out to check the weight percentage of coating on the composite
surface. The hardness of the coating surfaces was checked in the Hardness Vickers test at 5
Kg and 10 Kg. The dry sliding wear tests were used to obtain the wear rates and the
coefficients of friction of the examined coatings. These tests were conducted at a range of
sliding speeds and normal loads. After the tests were carried out, SEM, EDX and
micrographic analysis of the worn surfaces were carried out to check for surface cracks,

stability and coating thickness respectively.

3.6.8 Mapping tribo-corrosion
Tribo-corrosion has led to the description of the wear-corrosion process in terms of

regimes. These regimes enable the degradation to be classified in terms of wear or
corrosion dominated behaviour. Such an analysis provides a means of generating tribo-

corrosion maps of the overall regimes encountered.

The development of wear maps is a useful tool to study and predict the wear behaviour of
metals in tribological contact. Wear maps can represent the mechanistic changes on the
worn surfaces of material and the counterpart over a range of operating conditions. Wear
mode maps identify the mode of degradation and establish the level of wastage rate and

potential “safe’” and “unsafe” operation conditions for materials. On the other hand, wear
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mechanistic maps show the different wear mechanisms, for various combinations of sliding
speeds and normal loads for different materials sliding against each other under dry sliding
conditions. These maps demonstrate clearly that transitions from one dominant wear
mechanism to another may also be identified by changes in measured wear rates. Mapping
wear mode and wear mechanisms of the material against which a coating is worn is also
essential, since any changes in its wear behaviour will directly influence coating

performance and vice versa.

Wear mode maps and wear mechanism maps have been constructed for uncoated and
coated materials on the basis of main parameters, sliding speed and normal load, of this
experimental work. These maps developed on normal loads versus sliding speeds data plot
for the tested combinations of sliding speeds and normal loads on the basis of tests results,
mass loss, wear rate, physical analysis of worn surfaces and wear debris; SEM and EDX
analysis of the worn surfaces and wear debris. The boundaries on the wear maps are only
approximations and it is assumed that the transitions in wear modes and wear mechanisms

are occurring between these lines.

3.7. Experimental Error and Uncertainty
Whenever data is collected in an experiment, there is always some error and uncertainty. It

is important to quantify that error so that the accuracy of the conclusion can be estimated
for the validity of the experimental results. The experimental error is a difference between
measurement and true value or between two measured values. Experimental error, itself, is

measured by its accuracy and precision [193, 194].

Accuracy measures how close a measured value is to true value or accepted value. Since a
true and accepted value for physical quantity may be unknown, it is some time impossible

to determine the accuracy of the measurement.

Precision measures how closely two or more measurements agree with the other. Precision
sometimes referred to as ‘“‘repeatability’”’ or “reproducibility.” A measurement which is

highly reproducible tends to give values which are very close to each other.
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Standard Error

Standard error is a measurement of random error in a set of data. Random errors are ““two
sided” errors that affect the precision of the measurement. It shows the scatter of the data

of repeat measurements in an experiment about the mean value.

Percent Error

Percent error measures the accuracy of a measurement by the difference between a
measured or experimental E and true or accepted value A. The percent error can be
measured by the following equation:

. |E - A
% Error =—— X100% - — - — — — — — — — 10

Experimental error for 8620 low alloy steel pins against 303SS disks

Fig. 42 shows the percent experimental error of 8620 low alloy steel pins against 303SS
disks. The experimental error for this tribo-couple was calculated at sliding speed 0.86 m s™
and at normal load 20N. Three repeat tests were carried out and mass losses of the low
alloy steel pins were found as 0.0504, 0.0693 and 0.0684g. Average value of mass loss
0.0627 g was been taken as acceptable value ‘A’ [193, 194]. Experimental error for this
tribo-couple calculated by using equation 10, which was in the range of 10 -20% (chapter -

4).
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Figure 42 Experimental errors (20%) for the 8620 low alloy steel pins against 303SS disks.

Experimental error for 303SS base TiC coatings disks against alumina balls
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Fig. 43 shows the percent experimental error of 303SS base TiC coatings disks against
alumina balls. The experimental error for 303SS base TiC coatings disks against alumina
balls were calculated at sliding speed 15cm s™ and at normal load 8N. Three repeat tests
were carried out and mass losses of the TiC coated disks were found as 0.0059, 0.0068 and
0.0071g. Average value of mass loss 0.0066g was been taken as acceptable value ‘A’ [193,

194]. Experimental error for 303SS base TiC was calculated by using equation 10, which was

in the range of 10.6% (chapter - 5).

Mass loss (g)

1 2 3

n = Number of experiment

Figure 43 Experimental errors (11%) for 303SS base TiC coatings disks against alumina balls.

Experimental error for Ti base TiC coatings pins against hardened steel disks

For experimental error, Refer to chapter — 7, page number 152, Fig. 138.
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Chapter 4

High and zero Cr contents steel in dry sliding contact

4.1. Introduction
In this experimental base study, investigations have been carried out on the basis of tests

results of the wear behaviour of both components of the tribological contact, i.e. the pin
and disk. This work addresses this issue, by investigating the sliding wear mode and wear
mechanisms of both 8620 low alloy steel and 303stainless steel by using a tribo-system
approach. Both metals have different hardness and oxidation resistance. The differences in
the maps are discussed with reference to the change in oxidative wear mechanisms for

both pin and disk materials.

4.2. Tests results
Dry sliding wear tests were carried out on pin-on-disk sliding wear testing rig Fig. 34 at

different combinations of sliding speeds and normal loads as per experimental conditions
mentioned in section 3.3, chapter 3. The wear behaviour of 303SS and 8620 low alloy steel
were investigated for 25 combinations of sliding speeds and normal loads. The sliding
distance 5,740 m and numbers of revolutions 30,000 were kept constant for all tests. At the
end of each sliding test mass loss was measured and worn surfaces of the disks and pins
were examined to decide the wear mode and mechanism regimes. At the end of test dark
and smooth worn surface; lower mass loss and dark grey powdery wear debris were found
due to oxidation of mating surfaces which results in mild wear. On the other hand bright,
rougher worn surfaces and larger metallic wear debris, and higher mass loss results in
medium and severe wear. SEM micrographs and EDX analysis of the worn surfaces were
also carried out. The dry sliding wear tests results of 303SS disks and 8620 low alloy steel

pins, sliding against each other, are as follows:

4.2.1. Wear at 0.38m s sliding speed for the range of normal loads
Table 9 and Fig. 44 show the mass loss of 303SS disks and 8620 low alloy steel pins against

each other at 0.38 m s™ sliding speed for the range of normal loads.
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Normal Load (N) Mass loss of disk (g) Mass loss of pin (g)
10 0.0037 0.0124
20 0.0163 0.0349
30 0.0081 0.0583
40 0.0897 0.1709
50 0.0043 0.0853

Table 9 Mass loss of 303SS disks and 8620 low alloy steel pins at 0.38m s* sliding speed.
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Figure 44 Mass loss of 303SS disk and 8620 low alloy steel pin at 0.38m st sliding speed.

For the 303SS disk, at a sliding speed of 0.38 m s for normal loads from 10 to 30 and 50 N,
mild wear, while at 40 N medium (mixed) wear occurred i.e. transitions of wear regime
occurred at normal load 40 and 50 N, Table 9 and Fig. 44. For the 8620 low alloy steel pin,
the wear mode transitions shifted to lower velocities, with mild wear observed at 10 and 20
N, medium (mixed) wear occurred at normal loads 30 and 50 N while severe wear occurred
at 40 N, table 9 and Fig. 44. At the end of the tests, for these conditions, a dark and smooth

wear track surface was observed, indicative of a mild wear regime.

4.2.2. Wear at 0.5m s™* sliding speed for the range of normal loads
Table 10 and Fig. 45 show the mass loss of 303SS disk and 8620 low alloy steel pin against

each other at 0.5 m s sliding speed for the range of normal loads.

Normal Load (N) Mass loss of disk (g) Mass loss of pin (g)
10 0.0979 0.1135
20 0.0051 0.0249
30 0.0242 0.0835
40 0.0797 0.1615
50 0.0088 0.0621

Table 10 Mass loss of 303SS disks and 8620 low alloy steel pins at 0.5m st sliding speed.
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Figure 45 Mass loss of 303SS disks and 8620 low alloy steel pins at 0.5m st sliding speed.

At sliding speed 0.5 m s™ for the 303SS material, the wear mode transitions appeared to
occur at higher loads but the trend was far from clear, with mild wear observed at normal
loads 20, 30 and 50 N while medium wear was found at 10 and 40 N, Table 10, Fig. 45. For
the 8620 low alloy steel pin, in these conditions, there were several transitions in wear
modes i.e. mild wear at normal load 20 N, medium wear at 10, 30 and 50 N and severe
wear at 40 N, Table 10 and Fig. 45. As it is evident from SEM micrographs and EDAX analysis
Fig. 54(b)-55(b) that an oxide layer was observed on the wear track, which resulted in a
mild wear phenomenon of the disk material at 20, 30 and 50 N normal loads. In this case
more oxide was found at 50 N, probably arising from the increase in interfacial temperature
between sliding surfaces, due to higher sliding speed. At the end of the tests, for these
conditions, a dark and smooth wear track surface was observed, indicative of a mild wear

regime.

4.2.3. Wear at 0.86m s™ sliding speed for the range of normal loads
Table 11 and Fig. 46 show the mass loss of 303SS disk and 8620 low alloy steel pin against

each other at 0.86 m s™ sliding speed for the range of normal loads.

Normal Load (N) | Mass loss of disk (g) Mass loss of pin (g)
10 0.0998 0.0841
20 0.0881 0.0627
30 0.1419 0.0889
40 0.1333 0.0739
50 0.1833 0.0902

Table 11 Mass loss of 303SS disk and 8620 low alloy steel pin at 0.86m st sliding speed.
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Figure 46 Mass loss of 303SS disks and 8620 low alloy steel pins against at 0.86m st sliding speed.

At sliding speed 0.86 m s™, a change in wear trend occurred for both the 303SS disk and

8620 low alloy steel pin:

For the 303SS disk, medium wear was observed from normal loads 10 to 40 N whereas

severe wear was found at 50 N.

For the 8620 low alloy steel pin, medium wear was found at all normal loads.

At sliding speed 0.38 & 0.5 ms™, the wear of 8620 low alloy steel pins was higher than the

303 stainless steel disks whereas this reversed at 0.86 m s, Table-11 and Fig. 46.

4.2.4, Wear at 1.2m s-1 sliding speed for the range of normal loads

Table 12 and Fig. 47 show the mass loss of 303SS disk and 8620 low alloy steel pin against

each other at sliding speed 1.2 m s for the range of normal loads.

Normal Load (N) Mass loss of disk (g) Mass loss of pin (g)
10 0.1352 0.0576
20 0.1935 0.0820
30 0.2786 0.1474
40 0.3418 0.1303
50 0.4608 0.2088

Table 12 Mass loss of 303SS disks and 8620 low alloy steel pins at 1.2 m s sliding speed.
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Figure 47 Mass loss of 303SS disks and 8620 low alloy steel pins at 1.2 m st sliding speed.

At sliding speed 1.2 m s, there was increased wear for all normal loads i.e. severe wear for

303SS disk except normal load 10 N while the wear of 8620 low alloy steel pin was mainly in

the medium wear mode at 10 to 40 N, with severe wear at 50 N Table 12 and Fig. 47. At

normal load 50 N, the 8620 low alloy steel pin exhibited severe wear.

4.2.5. Wear at 1.5m s™* sliding speed for the range of normal loads
Table 13 and Fig. 48 show the mass loss of 303SS disks and 8620 low alloy steel pin against
each other at 1.5 m s sliding speed for the range of normal loads.

Normal Load (N) | Mass loss of disk (g) | Mass loss of pin (g)
10 0.1615 0.0693
20 0.2329 0.0909
30 0.3056 0.1229
40 0.3381 0.1098
50 0.2854 0.0525

Table 13 Mass loss of 303SS disk and 8620 low alloy steel pin against each other at 1.5 m st sliding speed.
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Figure 48 Mass loss of 303SS disks and 8620 low alloy steel pins against each other at 1.5 m st sliding speed.

At sliding speed 1.5 m s™, severe wear was found for the 303SS disks at all normal loads and

medium wear for the 8620 low alloy steel pin at all normal loads Table 13 and Fig.48.

Though the 8620 low alloy steel is harder than 303SS, at sliding speeds 0.38 and 0.5 m s™,
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higher wear of the steel pin observed. However, by contrast, for sliding speed 0.86 to 1.5 m
s™!, the wear rate of 303 stainless steel disks was greater than the 8620 low alloy steel pins.
Hence, the relative wear rates of both steel pins and disks depended on the normal load

and sliding speed.

4.2.6. Mass loss of 303SS disks against 8620 low alloy steel pins at different constant
sliding speeds and various normal loads
Table 14 shows the mass loss of 303SS disks against 8620 low alloy steel pins and Fig. 49

shows the data plots on the graphs of mass loss of 303SS disks against 8620 low alloy steel

pin due to dry sliding wear at different constant sliding speed and various normal loads.

Normal load Mass loss (g) | Mass  loss | Mass loss (g) | Mass loss | Mass  loss
(N) x 10% at 0.38 | (g) x 10™ at | x 10° at 0.86 | (g) x 10° at | (g) x 10 at
ms™ 0.5ms™ ms™ 1.2m s* 1.5ms*
10 3.7 97.9 99.8 135.2 161.5
20 16.3 5.1 88.1 193.5 232.9
30 8.1 24.2 141.9 278.6 305.6
40 89.7 79.7 133.3 341.8 338.1
50 4.3 14.2 183.3 417.0 318.1

Table 14 Mass loss of 303 stainless steel disks against 8620 low alloy steel pins.
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Figure 49 Mass loss vs normal load of 303 stainless steel disks against 8620 low alloy steel pins.

4.2.7. Mass loss of 303SS disks against 8620 low alloy steel pins at different constant
normal loads and various sliding speeds
Table 15 shows the mass loss of 303SS disks against 8620 low alloy steel pins and Fig. 50

shows the data plots on the graphs of mass loss of 303SS disks against 8620 low alloy steel

pins due to dry sliding wear at different constant normal loads and various sliding speeds.
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Sliding Mass loss | Mass loss | Mass loss | Mass loss | Mass  loss
speed (g) x 102 at | (g) x 10> at | (g) x 107 at | (g) x 10 at | (g) x 107 at
m s-1 10N 20N 30N 40N 50N
0.38 3.7 16.3 8.1 89.7 4.3
0.5 97.9 5.1 24.2 79.7 14.2
0.86 99.8 88.1 141.9 133.3 183.3
1.2 135.2 193.5 278.6 341.8 417.0
1.5 161.5 232.9 305.6 338.1 318.1
Table 15 Mass loss of 303 stainless steel disks against 8620 low alloy steel pins.
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Figure 50 Mass loss vs sliding speed of 303 stainless steel disks against 8620 low alloy steel pins.

4.2.8. Mass loss of 8620 low alloy steel pins against 303SS disks at different constant

sliding speeds and various normal loads
Table 16 shows the mass loss of 8620 low alloy steel pins against 303SS disks and Fig. 51

shows the data plots on the graphs of mass loss of 8620 low alloy steel pins against 303SS

disks due to dry sliding wear at different constant sliding speeds and various normal loads.

Normal Mass loss (g) | Mass loss (g) | Mass loss (g) | Mass loss (g) | Mass loss (g)

load (N) | x10%at0.38 | x10%at0.5 |x10%at0.86 |x10%at1.2 |x10%at1.5
ms* ms™ ms™ ms™ ms™

10 12.4 1135 84.1 57.6 69.3

20 34.9 24.9 62.7 82.0 90.9

30 58.3 83.5 88.9 147.4 122.9

40 170.9 161.5 73.9 130.3 109.8

50 85.3 63.0 90.2 180.1 99.3

Table 16 Mass loss of 8620 low alloy steel pins against 303 stainless steel disks.
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Figure 51 Mass loss vs. normal load 8620 low alloy steel pins against 303 stainless steel disks.

4.2.9. Mass loss of 8620 low alloy steel pins against 303SS disks at different constant

normal loads and various sliding speeds
Table 17 shows the mass loss of 8620 low alloy steel pins against 303SS disks and Fig. 52

shows the data plots on the graphs of mass loss of 8620 low alloy steel pins against 303SS

disks due to dry sliding wear at different constant normal loads and various sliding speeds.

Sliding Mass loss (g) | Mass loss (g) | Mass loss (g) | Mass loss (g) | Mass loss (g)
speed ms- | x10%at 10N | x 102 at 20N | x 10° at 30N | x 10® at 40N | x 10 at 50N
1
0.38 12.4 34.9 58.3 170.9 85.3
0.5 113.5 24.9 83.5 161.5 63.0
0.86 84.1 62.7 88.9 73.9 90.2
1.2 57.6 82.0 147.4 130.3 180.1
1.5 69.3 90.9 122.9 109.8 99.3
Table 17 Mass loss of 8620 low alloy steel pins against 303 stainless steel disks.
200
< 4= At 10N
% 100 - == At 20N
2 e At 30N
4 50
s 1~./ == At 40N
0 T T T ] At 50N
0 0.5 1 1.5 2
Sliding speed (m s%)

Figure 52 Mass loss vs normal load of 8620low alloy steel pins against 303 stainless steel disks.
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4.2.10. Total mass loss comparison

Table 18 and Fig. 53 show the total mass loss (on the average bases for the repeated tests)
of the 303SS disk and 8620 low alloy steel pin at each constant sliding speed for the range
of normal loads i.e. at variable loads from 10 to 50 N, and increasing in 10 N increments for

the total sliding distance 28,700 m.

Sliding speed | Total mass loss of 303 stainless | Total mass loss of 8620 low alloy
(ms-1) steel disk (g) steel pin (g)

0.38 0.12 0.36

0.5 0.22 0.45

0.86 0.65 0.40

1.2 1.37 0.57

1.5 1.36 0.48

Table 18 The total mass loss of 303 stainless steel disks and 8620 low alloy steel pins.
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Figure 53 The total mass loss comparison of 303 stainless steel disks and 8620 low alloy steel pins.

4.2.11. SEM micrographs of the worn surfaces
Fig. 54 shows the SEM micrographs of the wear tracks on the 303SS disks against 8620 low

alloy steel pins at 0.38 and 0.5 m s sliding speeds and 50 N normal load. Fig. 55 shows the

EDX analysis of the wear tracks on the 303SS disks against 8620 low alloy steel pins at s™

038 and 0 5 m <5 and narmal lnad GO N

i :
Spectrum 15 g e

300pm Electron Image 1

g =
300pm T Electron Image 1

Figure 54 SEM micrograph of 303SS disk (a) at sliding speed 0.38 m s and normal load 50N and (b) at 0.5 m st
and 50 N.
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4.2.12. EDX analysis of the worn surfaces

Specttum 1

Figure 55 EDX analysis of 303SS disk (a) at sliding speed 0.38 m s and normal load 50 N and (b)at0.5m st and
50 N.

It was observed for these materials that wear curves for 303SS disks and 8620 low alloy
steel followed the parallel paths even after the change in wear trends of 303SS disks and
8620 low alloy steel pins after sliding speed 0.5 m s Fig. 44-48. The mass loss of 8620 low
alloy steel was greater than 303SS at sliding speeds 0.38 & 0.5 m s, whereas it changed to
lower than 303SS from 0.86 -1.5 m s Fig.53. The fluctuation in mass loss of the tribo-
couple occurred due to strain hardening or thermal softening and oxidation of the mating

surfaces during dry sliding against each other Figs. 49-52.

4.3. Discussion

4.3.1. Wear Mechanisms

It is clear from the tests results, Tables 14-15 & Figs. 49-50, and from Tables 16-17 &
Figs.51-52, that the wear of both materials varies with increases in normal load and sliding
speed. Moreover, it was observed that the wear rates showed sharp transitions and a non-
linear wear trend with respect to the changes in load and speed. The inverse linear
relationship with respect to hardness was also found to break down at low loads and high
speeds [25]. This behaviour was also noted by Hirst and Lancaster for brass [159] and for
steel i.e. by Saka et al. [160], Welsh [13], and was attributed to a competition between
strain hardening and thermal softening that may occur simultaneously at the surface of the
material as sliding speed increases [72]. Similarly, it can be postulated that in the case of
the 303 stainless steel and 8620 low alloy steel, strain hardening effects may have been
resulted in a reduction in wear, and softening of surface layers as a result of frictional

heating also interacts with such mechanisms.
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The effects of hardness on sliding behaviour are not well understood [163]. For sliding
speed up to 0.5 m s, the 303SS disks mass loss was less than that of 8620 low alloy steel
pins, Fig. 53, and oxidative wear occurred, Figs. 54-55. This might have been due to the
strain hardening effect or transfer of material and effect of mechanical mixing layer.
Material transfer between tribo-couple occurs due to adhesion or bonding at the asperity
contacts at the mating surfaces and these contacts are sheared by sliding, which may result
in detachment of a fragment from one surface and attachment to the other surface. The
stainless steel (highly alloy steel) has strong tendency to adhere to other metals, ceramics
and work hardened property which make it particularly difficult to form as well. As the
sliding continues, the transferred fragments may come off the surface on which they are
transferred and be transferred back to the original surface, or else form loose wear

particles.

During continued sliding, the initial transferred fragments are deformed, fractured and
blended, leading to formation of mechanically mixed material on the sliding surfaces.
Typical sliding wear debris particles come from this modified material [41]. The transferred
layer becomes oxidized due to frictional heating. The wear process consist of three stages:
transfer of metal, oxidation of transferred layer, and the subsequent removal of the oxide
to form a loose wear-product [42]. The hardness of the mechanically mixed material can be
greater or less than that of the underlying substrate, and this directly determines whether
it forms a compressed layer or remains as patches or plateaus on the surface. The
mechanically mixed material can have a wide range of hardness values, depending on the
volume fraction of component phases and on the grain size. The material can also be
heterogeneous, especially early in the mixing process, so its hardness can vary locally, [27].
It was also observed by M. Kerridge that the hardness of the mating surface of annealed
steel pin rubbing against a hardened steel ring was considerably higher than the original pin
material and this might have been due to the intense, localized, thermal effects which, as is
well known, accompany rubbing under unlubricated conditions [42]. In earlier studies by
Welsh [13], similar shifts in transitions to the above were observed, but that time also, with

steel carbon content which affected the relative hardness values.

For sliding wear, some analogies may be made between the effects of increasing applied
load and sliding velocity on the material surface. Increases in either parameter increase the

level of frictional heating on the surface; in such cases, if the material undergoing sliding is
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metallic in nature, e.g. steel, then the oxidation rate on the surface will increase. As a
result, the wear increases initially with increasing velocity or applied load through an
oxidation-wear process, at higher velocities or loads, when frictional heating results in
higher flash contact temperatures [4]. At the end of the tests, for these conditions, a dark
and smooth wear track surface, indicative of a mild wear regime, and the bright and
rougher wear track surface demonstrating severe wear is consistent with earlier studies

and reports from other work [11, 31, 32, 165].

In this sliding pair, the 303SS is significantly more oxidation resistant due to the high Cr
content, with Cr additions essentially lowering the oxidation rate due to the fact that the
parabolic growth rate of Cr based oxides is significantly lower than that for Fe based oxides
and this is reflected in different transitions as has been found for alloys of varying Cr
content in erosion-oxidation [164]. This means that there will be less oxide scale likely to
form at the contact and less available oxide film and thickness to provide a solid lubricant
or an oxide “glaze”, to protect the surface from further wear, in the more highly alloyed

material, the 303SS [8].

As indicated in the work of Welsh, published in 1957 [4], for each steel, sliding at constant
speed, there should be some critical value of load at which the steady state wear regime
shifts from severe wear to mild wear and this is also observed in the literature on other
tribo-oxidative processes i.e. erosion-oxidation of steels [164]. This prediction is confirmed
through further experiments, with a new feature i.e. a second critical load is detected,
below which mild wear again prevails. This is illustrated in Fig. 56(b) which shows the
change of equilibrium wear rate with load for the 0.52 % C steel, sliding at a speed of 100
cm s, [23]. To correlate the present work Fig. 56(a), with that of Welsh work [13, 23], Fig.
56(b), a plot of the 303SS disk sliding against 8620 low alloy steel pin at sliding speed 1.2 m
s' and normal load 10 to 50 N, Fig. 47, is taken from the present work for comparison. The
range of normal load of the present work covers is the highlighted portion on X-axis of the
data plot [23], Fig. 56(b). The trend of wear observed in the present work is thus seems to
be in agreement with the earlier work [13, 23] for the range of sliding speed and normal

load of the present work.
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Figure 56 (a) Mass loss of 303SS disk and 8620 low alloy steel pin against each other at sliding speed 1.2 m st
and normal load 10 to 50 N, from the present work, and (b) wear rate plotted against load for the 0.52 % C steel
at sliding speed 100cm s" (1 ms™) and 50 g to 25 Kg (0.5 N to 250 N) load, x, for pin.; o, for ring, from [23].

The transition loads vary widely with the sliding speed, composition and hardness of the
steel; if these factors are selected arbitrarily one or more transitions may not appear within
the range of load investigated and this is also observed in the later erosion-oxidation
research [8]. An increase in sliding speed lowers all the transition loads and, for a fixed load,
there must be critical values of speed at which equivalent changes in the wear rate occur
[23]. Fig. 57(b) shows the wear rates of 0.52% C steel at loads 1 and 5 Kg plotted as function
of speed taken from Welsh work [23]. Fig. 58 shows the variation of wear rate with sliding
speed of brass sliding against steel at 20°C in air taken from Lancaster work [162]. It is clear
from the Fig. 57(b) and Fig. 58 that wear rate is increasing with sliding speed and there is
sudden transition in wear mode i.e. from severe wear to mild wear, for a metal pair in

sliding contact, at higher speeds.

It should be noted that in the present work, the ranges of sliding speed and normal load are
very narrow compared to those for the Welsh [13, 23] and Lancaster [162] work, but
nevertheless, the present studies can be correlated with their work for these ranges. A
further comparison between the present study and that of Welsh [13, 23] can be made,
with the range of the sliding speed of the present work. Fig. 57(a) a plot of mass loss of
303SS against 8620 low alloy steel at normal loads 10 and 50 N as a function of sliding
speed taken from Fig. 50 of the present work is highlighted on the X-axis of Welsh data plot

Fig. 57(b). The wear trends are similar i.e. wear is increasing with the increase in sliding
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speed. The transition in wear mode of the 303SS disk against 8620 low alloy steel pin i.e.
from severe wear toward mild wear at 50N normal load with increase in sliding speed is
also seems to be in agreement with the Welsh work [13, 23]. Similarly the present work can
be correlated with the Lancaster work [162] for the range of sliding speed Fig. 57(a) and Fig.

58, albeit that the 303SS has a higher Cr content than for the Welsh studies [13].
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Figure 57 (a) The comparison of change of wear trend of 303 stainless steel disk against 8620 low alloy steel pin
at constant normal load 10 and 50 N in the range of sliding speed i.e. 0.38 to 1.5 m s™ taken from Fig. 4.7 above,
and (b) the trend of change of wear rate with sliding speed for the 0.52 % C steel. Loads: x, 1Kg (10 N
equivalent) and e, 5 Kg (50 N equivalent), from [23].
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Figure 58 Variation in wear rate of brass with increase in sliding speeds against steel at 20°C in air [162].

During dry sliding, oxidation of the metals is dependent mainly on the oxygen level
available in the atmosphere. In the case of 303SS, chromium rich oxides, (Cr,0;) are formed
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on the 303SS surface. During sliding, the continuous removal of oxide and higher
temperature is experienced between the mating surfaces. The higher thermal expansion
rate of the 303SS can also results in problems such as distortion and may lead to scale/layer
loss (spalling) during thermal cycling. The broken oxide scales particles can trap in wear
track and result in reduce coefficient of friction due to reduce in actual contact area at the
interface of the mating surfaces.

It should be noted that for the two materials, the role of oxidation in modifying the wear
rate will be significant. As discussed above, the high Cr content of the 303SS means that the
instantaneous oxidation rate, at the contact, will be significantly lower than for the low
alloy steel [8]. This meant that there is less possibility of establishing a wear resistant oxide

layer for the higher alloyed material and may be the reason why higher wear rates are

observed for the Cr content material at higher speeds.

4.3.2. Wear regimes and wear maps
The development of wear maps is a useful way to study and predict the wear behaviour of

materials sliding against each other at different sliding speeds and normal loads. The
generalized classification of mass loss into three distinct regimes, mild, medium and severe
wear are found in literature [11, 31, 32, 34, 165]. In the present work the wear mode
regimes, namely (a) mild wear (b) medium wear and (c) severe wear are defined consistent
with previous research work found in literature [34, 72], tests results, mass loss data,
physical observations of the worn surfaces, SEM and EDX of the worn surfaces and wear

debris at the end of the test.

The various wear mode regimes are identified for the 303SS disk and 8620 low alloy steel
pin, as a function of sliding speed and normal load, showing distinctive differences in the
wear mode regimes transitions, as addressed above Figs. 49-52. Furthermore, if such wear
modes regimes are presented in a wear mode map, Fig. 59, it can be clearly seen that
severe wear is more prevalent in the relatively high load and speed regimes, for the more
highly alloyed material, 303SS, whereas for the 8620 low alloy steel, medium wear is
predominant than mild wear at low speeds and high loads. Moreover, in Fig. 59(a-b) the
mild wear regions can be regarded as the safe operation regime for these materials for
practical applications. The boundary line of this regime represents the upper limit of the
service life of 303SS against 8620 low alloy steel and vice versa [72]. The boundaries of the

wear mode regimes are as follows:
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a) Mild wear < [0.05 g]
b) [0.05 g] < medium wear <[0.15 g]

c) Severe wear >[0.15g]
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Figure 59 Wear mode maps (a) 303stainless steel disk against 8620 low alloy steel pin and (b) 8620 low alloy
steel pin against 303stainless steel disk.
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Figure 60 Wear mechanism maps (a) 303 stainless steel disk against 8620 low alloy steel pin and (b) 8620 low
alloy steel pin against 303303 stainless steel disk.

Fig. 60 shows the wear mechanism map for 303SS and 8620 low alloy steel. The wear
mechanism regimes suggested are as follows, are based on the experimental results and
observations above. For both tribological components of the couple, with oxidative wear
being more prevalent for the low alloy steel at higher loads and sliding speeds and adhesive
wear being more predominant for the high Cr containing steel, in the same load regime.

The wear mechanisms regimes are as follows:

90



Tribo-corrosion maps for steels, titanium and titanium carbide materials

e Oxidative wear
e Oxidative — adhesive
e Adhesive — oxidative

e Adhesive wear

4.4. Links between Lim and Ashby [69] wear diagram and present work
The Lim and Ashby approach, Fig. 61, is based on a wide data base, of published wear rates,

and providing a mathematical basis for charting the transition between regimes. This wear
map assigned different regimes where wear occurred through different mechanisms [69].
The primary data is derived from dry sliding wear, pin-on-disk experiments, from the
literature and plotted on a diagram. These data are plotted based on dimensionless
parameters i.e. normalised wear rate on axis of normalized sliding velocity and normalized
pressure. The results suggest that data from various sources, using specimens of differing
shapes and sizes, can best be correlated by using a normalised wear rate, force and sliding

velocity [69].

Fig. 61 shows the redrawn Lim and Ashby wear-mechanism map. To correlate present work
with the Lim and Ashby wear-mechanism map, wear rate, normal load and sliding speed of

the present work were converted to normalised values.
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Figure 61 Wear-mechanism map for a steel sliding pair using the pin-on-disk configuration [69].

By normalising normal loads and sliding speeds as per [69], the normalising ranges of the

present work as below:
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Sliding speed 0.38 = 1.5 m s* converted to 1.25 x 10° — 4.95 x 10>

Normal load (force) 10 — 50 N converted to 5.80 x 10* —2.9 x 10

Note: For these conversions, the diameter of the pin = 6mm, Hardness 190HV (average

hardness of the 303 stainless steel disk and 8620 low alloy steel pin), Thermal diffusivity
=9.1x 10°m? s has been used.

The highlighted area of the Fig. 61 shows the boundaries of the field studied by the present
work. The window of conditions in the present work represents mild-oxidative wear i.e.
oxidation-affected wear. Hence, the work above focuses on the various transitions over a
small window of the wear map above, where oxidation interacts with wear and thus the
findings of the present work can be compared to those of Lim and Ashby wear maps for
steels [69, 135, 119]. This confirms that the wear maps for more highly alloyed materials
such as stainless steel, as examined in the present study Fig. 60(a), involves a larger
adhesive wear portion of the map, Fig. 61, compared to the original maps for low alloy steel
[69] and this is consistent with improved oxidation resistance due to the increased levels of

Crin the higher alloyed steel.

Hence, the results from the current study indicate by mapping the transitions of both pin
and disk, an important overview can be generated of mechanistic changes on both the pin
and disk in the tribological contact. This provides further insights into wear mechanism

changes as a function of increases of alloying additions.

4.5. Conclusions
1. Fluctuation in wear of both materials with increases in normal load and sliding speed is

attributed to strain hardening, thermal softening and oxidation effects of the mating

surfaces due to frictional heating.

2. For highly alloyed material, 303SS, severe wear is more prevalent in the relatively high
load and speed regimes, whereas for the 8620 low alloy steel, medium wear is predominant

than mild wear for the range of speeds and normal loads.

3. Such observations are interpreted in the role of wear-oxidation mechanisms, material
transfer, and the development of a mechanically mixed layer in modifying the wear process

in the tribological contact.
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4. The differences of the tribo-oxidation area of the map for the stainless steel compared
with the low alloy steel are attributed to the role of Cr in reducing the oxidative wear

process for the latter material.
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Chapter 5

Wear maps for titanium carbide composite based coatings deposited
on 303stainless steel

5.1 Introduction
In this experimental base study, the effects of applied load and sliding speed on the wear

behaviour of 303SS (uncoated and coated with titanium carbide composite coatings)
against alumina were investigated. The use of austenitic/ferritic stainless steel is limited in
tribological application due to its low sliding wear resistance. In tribo-engineering
applications, especially where components undergo sliding wear, steels may exhibit poor
tribological properties such as low sliding wear resistance; unstable friction qualities;
surface damage and formation of strong adhesion; delaminated wear; ploughing wear and
plastic deformation. Surface treatments such as depositing coatings on the surfaces of
different substrates susceptible to wear increase the operating life and range of conditions
for which the substrates may be used. Several methods are used for coating surfaces. The
dry sliding wear behaviour of titanium carbide composite coatings produced by the
Tungsten Inert Gas (TIG) welding torch melting method has been discussed in the contents

of the wear behaviours of different coatings made by other methods.

5.2. Wear tests results of 303stainless steel (uncoated and coated with TiC

composite coatings) disks against alumina balls
Sliding wear tests were carried out in air under ambient conditions at room temperature on

pin-on-disk CSM Tribometer for both uncoated and coated materials at different
combinations (20 combinations for each uncoated and coated substrate) of sliding speeds
and normal loads as per experimental conditions mentioned in section 3.4, chapter 3. The
coating was carried out as per procedure mentioned in Section 3.6, chapter 3. The effects
of change in change of sliding speeds and normal loads on wear behaviour of 303SS
(uncoated and coated with TiC composite coatings) against alumina were investigated. SEM
micrograph and EDX analysis of the worn surfaces were carried out for each combination of
sliding speed and normal load. At the end of test dark and smooth worn surfaces; and low
wear loss rate results in mild wear while bright and rougher worn surfaces; and high wear

rate results in severe wear. The tests results of this tribo-system are as under:
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5.2.1. Wear rate of 303SS against alumina at 3 cm s™ for the range of normal loads
Fig. 62 shows the sliding wear and coeffcient of friction trends of 303SS against alumina ball

at 3cm s™ at various normal loads.
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Figure 62 Sliding wear and coeffcient of friction trends of 303SS against alumina ball at sliding speed 3 cm st
and (a) normal load 2 N, (b) at 4 N, (c) at6 N, (d) at 8 Nand (e) at 10 N.

Table 19 shows the sliding distance covered and wear rate of 303SS against alumina at 3 cm

st and various normal loads.

Normal loads (N) | Sliding distance of the | Total mass loss (g) Wear rate (g.m™)
test (m) x10”

2 53.80 0.0005 93

4 91.60 0.0004 44

6 22.50 0.0004 178

8 31.30 0.0009 288

10 20.30 0.0008 394

Table 19 Wear rate of 303SS disks against alumina ball at 3 cm s and various normal loads.
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Fig. 63 shows the wear rate of 303SS disks sliding against alumina ball at sliding speed 3 cm

s! for the range of normal loads.

Wear rate of 303SS against alumina
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Figure 63 Wear rate of 303SS disks against alumina ball at 3 cm s™ and various normal loads.

5.2.2. Wear rate of 303SS against alumina at 7 cm s™ for the range of normal loads
Fig. 64 shows the sliding wear and coeffcient of friction trends of 303SS against alumina ball

at 7cm s at various normal loads.

(a)

I ol
u‘i lw\v‘

I “‘"“MF“M "

" T&wwwmwwm‘.mm . ,,:};;“.«ww«w*h»\‘"*“*‘“'*”‘““*‘w’“"“"’“"ﬂ"

o
o T

Af“vw,"fdt,-{xkﬂ/“”u.\‘hw w |y

h Wi m i

| Bl ™
T T T T R T A T AT
S 00t 17100 261 00 292 00 52300 5200 Tom "o g \ ko 3 29e0) i 7 T amn

(c) (d)
.V‘V}'{f"\ﬂhw‘l\" d
JIRPTC il
T
5 y Y
N‘& 4’\ mmmw{ﬁ‘m"\"‘ | e
e i V\
[ NN A |
| i i WAV g o I
- J,r‘LwArrm\ A ’“W'”I’VJ“hfv"'ﬁ‘W-'\"«V"‘lr'fL‘m M\ ‘Ir""-’\;m "
| \[n ! ']\ Wi
|
T 1 w0
: / ; | \ Y
o0l o =0 P! 5% w0y
i Y f i T \
Tt niw e x « 7o " p .

97



Tribo-corrosion maps for steels, titanium and titanium carbide materials

(e)

Figure 64 Sliding wear and coeffcient of friction trends of 303SS against alumina ball at sliding speed 7cm s’
! and (a) at normalload 2 N, (b) at4 N, (c)at6 N, (d) at 8 N, and (e) at 10 N.

Table 20 shows the sliding distance covered and wear rate of 303SS against alumina at 7 cm

s and various normal loads.

Normal loads (N) Sliding  distance | Total mass loss (g) | Wear rate (g m™)
covered (m) x10”

2 45.70 0.0010 219

4 300 0.0025 83

6 38.40 0.0019 495

8 14.20 0.0006 422

10 5.60 0.0008 1429

Table 20 Wear rate of 303SS disks against alumina ball at 7 cm s and various normal loads.

Fig. 65 shows the wear rate of 303SS disks sliding against alumina ball at sliding speed 7 cm

s for the range of normal loads.
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Figure 65 Wear rate of 303SS disks against alumina ball at 7 cm s™ and various normal loads.

5.2.3. Wear rate of 303SS against alumina at 11cm s™ for the range of normal loads
Fig. 66 shows the sliding wear and coeffcient of friction trends of 303SS against alumina ball

at 11cm s™ at various normal loads.
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Figure 66 Sliding wear and coeffcient of friction trends of 303SS against alumina ball at 11cm st and (a) at
normal load 2N, (b) at 4N, (c) at 6N, (d) at 8N, and (e) at 10N.

Table 21 shows the sliding distance covered and wear rate of 303SS against alumina at

11cm s™ and various normal loads.

Normal loads (N) Sliding  distance | Total mass loss (g) | Wear rate (g m™)
covered(m) x10”

2 128 0.0008 63

4 156 0.0026 167

6 156 0.0029 186

8 38.60 0.0010 259

10 81.80 0.0028 342

Table 21 Wear rate of 303SS disks against alumina ball at 11cm s and various normal loads.

Fig. 67 shows the wear rate of 303SS disks sliding against alumina ball at sliding speed 11cm

s for the range of normal loads.
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Figure 67 Wear rate of 303SS disks against alumina ball at 11cm s™ and various normal loads.

5.2.4. Wear rate of 303SS against alumina at 15cm s™ for the range of normal loads
Fig. 68 shows the sliding wear and coeffcient of friction trends of 303SS against alumina ball

at 15cm s™ at various normal loads.
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(e)

Figure 68 Sliding wear and coeffcient of friction trends of 303SS against alumina ball at sliding speed 15cm st
and (a) at normal load 2N, (b) at 4N, (c) at 6N, (d) at 8N, and (e) at 10N.

Table 22 shows the sliding distance covered and wear rate of 303SS against alumina at

15cm s™ and various normal loads.

Normal loads (N) Sliding  distance | Total mass loss (g) | Wear rate (g m™)
covered (m) x10”

2 75.50 0.0007 93

4 213 0.0037 174

6 281 0.0045 160

8 94.70 0.0026 275

10 69 0.0041 599

Table 22 Wear rate of 303SS disks against alumina ball at 15cm s T and various normal loads.

Fig. 69 shows the wear rate of 303SS disks sliding against alumina ball at sliding speed 15cm

s for the range of normal loads.
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Figure 69 Wear rate of 303SS disks against alumina ball at sliding speed 15cm s and various normal loads.
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5.2.5. Wear rate of 303stainless steel against alumina at constant sliding speeds and

various normal loads

Table 23 shows the wear rate of 303SS against alumina at constant sliding speeds and various

normal loads.

Normal load | Wear rate (g | Wear rate (g | Wear rate (g | Wear rate (g
(N) m')x107at3 | m*) x107at 7| m?) x 107 at | m?) x 107 at
cms™t cms™t 11cms™ 15cmst

2 93 219 63 93

4 44 83 167 174

6 178 495 186 160

8 288 422 259 275

10 394 1429 342 599

Table 23 Wear rate of 303stainless steel against alumina at constant sliding speeds and various normal loads.

Fig. 70 shows the wear rate of 303SS against alumina at constant sliding speeds and various

normal loads.
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Figure 70 Wear rate vs normal load of 303stainless steel against alumina.

5.2.6. Wear rate of 303stainless steel against alumina at constant normal loads and

various sliding speeds
Table 24 shows the wear rate of 303SS against alumina at constant normal loads and

various sliding speeds.
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Sliding Wear rate | Wear rate | Wear rate | Wear rate (g | Wear rate (g
speed (gm*)x107 | (g m™") x10 | (g m™) x10" | m™) x10” m™) x107 at
(cms-1) at 2N ’ 7 at 6N at 8N 10N
at 4N

3 93 44 178 288 394

7 219 83 495 422 1429

11 63 167 186 259 342

15 93 174 160 275 599

Table 24 Wear rate of 303stainless steel against alumina at constant normal loads and various sliding speeds.

Fig. 71 shows the wear rate of 303SS against alumina at constant normal loads and various

sliding speeds.
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Figure 71 Wear rate vs sliding speed of 303stainless steel against alumina.

5.2.7. SEM micrographs and EDX analysis of worn surfaces of 303SS against alumina
Fig. 72 shows the SEM micrograph, and EDX analysis of the worn surface at sliding speed 3

cm st and 2 N normal load.

Full scale = 743 counts

(b)

Cursor: 17.4475 ke

Figure 72 303SS against alumina, (a) SEM micrograph of the worn surface and (b) EDX analysis of the worn
surface; at sliding speed 3cm s and normal load2N.
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Fig. 73 shows the SEM micrograph, and EDX analysis of the worn surface at sliding speed

7cm s and 4N normal load.

Full scale = 700 counts Cursor: 12.7675 ke¥ l l

Figure 73 303SS against alumina, (a) SEM micrograph of the worn surface and b) EDX analysis of the worn
surface; at sliding speed 7cm s and normal load 4N.

Fig. 74 shows the SEM micrograph, and EDX analysis of the worn surface at sliding speed

11cm st and 4 N normal load.

Figure 74 303SS against alumina, (a) SEM micrograph of the worn surface and (b) EDX analysis of the worn
surface; at sliding speed 11cm s and normal load 4N.

Fig. 75 shows the SEM micrograph, and EDX analysis of the worn surface at sliding speed

15cm s and 8N normal load.
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Figure 75 303SS against alumina, (a) SEM micrograph of the worn surface and (b) EDX analysis of the worn
surface; at sliding speed 15cm s and normal load 8N.
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5.2.8 Wear behaviour of 303SS against alumina

All tests were terminated in between without completing constant sliding distance, which
was 500 m, due to high wear rate and friction force at the mating surfaces of 303SS disks

and alumina balls Tables 19-22 and Figs. 62-69.

At sliding speed 3 cm s and normal load 2 & 6 N, the worn surfaces were very rough,
adhesive wear, cracks on worn surfaces Fig. 72 and increased wear rate Table 23 results in
medium wear. At 4 N mild wear was found due to the oxidation of wear track result in dark
and smooth wear track surface at the end of test. At 8 and 10 N severe wear was found due
to high wear rate, worn surface very rough, oxidation and adhesive wear occurred. The
medium wear mode to mild wear mode, mild wear mode to medium wear mode and then
medium to severe wear mode transitions occurred for the range of normal loads Table 19

and Fig. 63.

At sliding speed 7 cm s™ the same wear trend was observed as that of at 3 cm s™ for normal
load 2 and 4 N Figs. 72-73. At 6 to 10 N severe wear was found due to high wear rate, worn
surface very rough, oxidative and adhesive wear. The medium wear mode to mild wear
mode and then mild wear mode to severe wear mode transitions occurred for the range of

normal load Table 20 and Fig. 65.

At sliding speed 11 cm s™ and normal load 2 N mild wear was found due to oxidative wear
as in the case of 3 and 7 cm s at 4 N. At 4 to 8 N medium wear was found due to the worn
surfaces rough, adhesive, plastic deformation, delanination and oxidative wear of the wear
track Fig. 74. At 10 N severe wear was found due to high wear rate, worn surface very
rough, adhesive and oxidative wear and delamination of wear track. From the mild wear to
medium wear and then medium to severe wear mode transitions occurred for the range of

normal loads Table 21 and Fig. 67.

At sliding speed 15 cm s and normal load 2 to 6 N medium wear was found as the worn
surfaces rough and due to plastic deformation, adhesive and oxidative wear. At 8 and 10 N
severe wear was found due to high wear rate, worn surface very rough, adhesive, oxidative
wear and delamination of wear track Fig. 75. At this sliding speed no mild wear was found
for the range of normal loads. From medium wear to severe wear mode transitions

occurred between 6 and 8 N normal loads Table 22 and Fig. 69.
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5.3. Wear tests results of 303SS base TiC composite coatings disks against
alumina balls

5.3.1. Wear rate of 303SS base TiC coatings against alumina at 3cm s™ for the range of
normal loads
Fig. 76 shows the sliding wear and coeffcient of friction trends of 303SS base TiC composite

coatings against alumina ball at 3cm s™ and various normal loads.
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Figure 76 Sliding wear and coeffcient of friction trends of 303SS base TiC coatings disks against alumina balls at
sliding speed 3cm st and (a) at normal load 2N, (b) at 4N, (c) at 6N, (d) at 8N and (e) at 10N.

Table 25 shows the sliding distance covered before termination of test and wear rate of

303SS base TiC composite coatings against alumina at 3cm s™* and various normal loads.
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Normal loads (N) Sliding distance of | Total mass loss (g) | Wear rate (g m™)
the test (m) x10”

2 500 0.0001 2

4 298 0.0005 17

6 500 0.0003 6

8 500 0.0003 6

10 118 0.0001 8.5

Table 25 Wear rate of 303SS disks against alumina ball at 3cm s and various normal loads.

Fig. 77 shows the wear rate of 303SS base TiC coatings disks sliding against alumina ball at sliding

speed 3cm s™ for the range of normal loads.
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Figure 77 Wear rate of 303SS disks against alumina ball at sliding speed 3cm s™ and various normal loads

5.3.2. Wear rate of 303SS base TiC coatings against alumina at 7cm s for the range of

normal loads

Fig. 78 shows the sliding wear and coeffcient of friction trends of 303SS base TiC composite

coatings against alumina ball at 7cm s™ at various normal loads.
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Figure 78 Sliding wear and coeffcient of friction trends of 303SS base TiC coatings disks against alumina balls at
sliding speed 7cm stand (a) at normal load 2N, (b) at 4N, (c) at 6N, (d) at 8N and (e) at 10N.

Table 26 shows the sliding distance covered before termination of test and wear rate of

303SS base TiC composite coatings against alumina at 7 cm s™ and various normal loads.

Normal loads (N) Sliding distance of | Total mass loss (g) | Wear rate (g m™)
the test (m) x107

2 500 0.0001 2

4 500 0.0001 2

6 500 0.0002 4

8 500 0.0011 22

10 500 0.0010 20

Table 26 Wear rate of 303SS base TiC coatings disks against alumina ball at sliding speed 7cm. s™ and various
normal loads.

Fig. 79 shows the wear rate of 303SS base TiC coatings disks sliding against alumina ball at 7cm st

sliding speed for the range of normal loads.
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Figure 79 Wear rate of 303SS disks against alumina ball at sliding speed 7cm s and various normal loads.

5.3.3. Wear rate of 303SS base TiC coatings against alumina at 11cm s™ for the range of

normal loads

Fig. 80 shows the sliding wear and coeffcient of friction trends of 303SS base TiC composite

coatings against alumina ball at 11 cm s™ and various normal loads.
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Figure 80 Sliding wear and coeffcient of friction trends of 303SS base TiC coatings disks against alumina balls at
11cm. s and (a) at normal load 2N, (b) at 4N, (c) at 6N, (d) at 8N, and (e) at 10N.

Table 27 shows the sliding distance covered before termination of test and wear rate of

303SS base TiC composite coatings against alumina at 11 cm s and various normal loads.

Normal loads (N) Sliding distance of | Total mass loss (g) | Wear rate (g m™)
the test (m) x10”
2 110 0.0005 45
4 213 0.0007 32
6 318 0.0015 47
8 500 0.0048 96
10 335 0.0032 96
Table 27 Wear rate of 303SS base TiC coatings disks against alumina ball at 11cm. s™ and various normal
loads.

Fig. 81 shows the wear rate of 303SS base TiC coatings disks sliding against alumina ball at sliding

-1 .
speed 11cm s and various normal loads.
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Figure 81 Wear rate of 303SS base TiC coatings disks against alumina ball at sliding speed 11cm s and various
normal loads

5.3.4. Wear rate of 303SS base TiC coatings against alumina at 15cm s™ for the range of
normal loads
Fig. 82 shows the sliding wear and coeffcient of friction trends of 303SS base TiC composite

coatings against alumina ball at 15cm s™* and various normal loads.
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Figure 82 Sliding wear and coeffcient of friction trends of 303SS against alumina ball at sliding speed15cm s™
and (a) at normal load 2N, (b) at 4N, (c) at 6N, (d) at 8N, and (e) at 10N.

Table 28 shows the sliding distance covered before termination of test and wear rate of
303SS base TiC composite coatings against alumina at sliding speed 15 cm s™ and various

normal loads.

Normal loads (N) Sliding distance of | Total mass loss (g) | Wear rate (g m™)
the test (m) x10”

2 25.70 0.0002 78

4 500 0.0034 68

6 500 0.0038 76

8 500 0.0066 132

10 91 0.0010 110

Table 28 Wear rate of 303SS base TiC coatings disks against alumina balls at 15cm s™ and various normal
loads.
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Fig. 83 shows the wear rate of 303SS base TiC coatings disks sliding against alumina ball at 15cm s™

sliding speed for the range of normal loads.
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Figure 83 Wear rate of 303SS base TiC coatings disks against alumina ball at sliding speed 15cm s and various
normal loads

5.3.5. Wear rate of 303SS base TiC against alumina at constant sliding speeds and various
normal loads

Table 29 shows the wear rate of 303SS base TiC composite coatings against alumina at

constant sliding speeds and various normal loads.

Normal load | Wear rate (gm” | Wearrate(gm’™ | Wearrate(gm™ | Wearrate(gm’

(N) Hx107at3em | )x107at7cm | Y)x107 at11ecm | ') x107 at 15cm
st 3 st st

2 2 45 78

4 17 2 32 68

6 6 4 47 76

8 6 22 96 132

10 8.5 20 96 110

Table 29 Wear rate of TiC coatings against alumina at constant sliding speeds and various normal loads.

Fig. 84 shows the wear rate of 303SS base TiC composite coatings against alumina at
constant sliding speeds and various normal loads.
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Figure 84 Wear rate vs normal load of 303SS base TiC coatings against alumina
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5.3.6. Wear rate of 303SS base TiC coatings against alumina at constant normal loads and
various sliding speeds
Table 30 shows the wear rate of 303SS base TiC composite coatings against alumina at

constant normal loads and various sliding speeds.

Sliding speed | Wear rate Wear rate Wear rate Wear rate Wear rate

(cms™) (gm™)x107 | (gm?)x10”7 | (gm?)x107 | (gm™*)x107 | (gm™)x10”
at 2N at4N at 6N at 8N at 10N

3 2 17 6 6 8.5

7 2 2 4 22 20

11 45 32 47 96 96

15 78 68 76 132 110

Table 30 Wear rate of TiC coating against alumina at constant normal loads and various sliding speeds.

Fig. 85 shows the wear rate of 303SS base TiC composite coatings against alumina at
constant normal loads and various sliding speeds.
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Figure 85 Wear rate vs sliding speed of 303SS base TiC coatings against alumina.

5.3.7. SEM micrographs of the worn surface of 303SS base TiC coatings against alumina
Fig. 86 shows the SEM micrograph and EDX analysis of the worn surface at sliding speed 3

cm s and normal load 2 N.

Currec L HTS ke

Figure 86 303SS base TiC coatings against alumina, (a) SEM micrograph of the worn surface and (b) EDX analysis
of the worn surface; at 3 cm s'and 2 N.
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Fig. 87 shows the SEM micrograph, and EDX analysis of the worn surface at sliding speed 3

cm s and normal load 8 N.

Full scaie = 835 counis Caxzec 128275 kW

Mild
abrasion

Figure 87 303SS base TiC coatings against alumina, (a) SEM micrograph of the worn surface and (b) EDX analysis
of the worn surface; at 3 cm stand 8 N.

Fig. 88 shows the SEM micrograph, and EDX analysis of the worn surface at sliding speed 7
cm s and normal load 10 N.

Full scale = 814 counts Cuasor 124475k

Mild
abrasion

Figure 88 303SS base TiC coatings against alumina, (a) SEM micrograph of the worn surface and (b) EDX analysis
of the worn surface; at 7 cm s'and 10 N.

Fig. 89 shows the SEM micrograph, and EDX analysis of the worn surface at sliding speed 15

cm s and normal load 6 N.

Full scdle = 637 counis Camzec 112005 eV

Figure 89 303SS base TiC coatings against alumina, (a) SEM micrograph of the worn surface and (b) EDX analysis
of the worn surface; at 15cm st and 6N.
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Fig. 90 shows the SEM micrograph, and EDX analysis of the worn surface at sliding speed

11cm st and normal load 8 N.

Abrasive
| wear

!

Figure 90 303SS base TiC coatings against alumina, (a) SEM micrograph of the worn surface and (b) EDX analysis
of the worn surface; at 11cm stand 8N.

Fig. 91 shows the SEM micrograph, and EDX analysis of the worn surface at sliding speed 7

cm s and normal load 8 N.

Full scale = 684 counts Cursor: 5.5275 keV

Figure 91 303SS base TiC coatings against alumina, (a) SEM micrograph of the worn surface and (b) EDX analysis
of the worn surface; at 7cm s and 8N.

5.3.8 Wear behaviour of 303SS base TiC composite coatings against alumina
Most of the tests completed constant sliding distance, which was 500 m, due to low wear

rate and friction force at the mating surfaces of 303SS base TiC coatings disks and alumina
balls Tables 25-28 and Figs. 76-83. At sliding speed 3 cm s™ for the range of normal loads
very mild wear rate found due to the very light abrasion and oxidation of the wear tracks

Table 25 and Figs. 77, 86-87.

At sliding speed 7 cm s™ and normal loads 2 to 6 N very mild wear was found due to very
light abrasive mark and oxidation on the wear track. At 8 & 10 N mild wear were found due

to mild abrasive and oxidation of wear tracks Table 26 and Figs. 79, 88.
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At sliding speed 11 cm s and normal loads 2 to 6 N mild wear was found due to plastic
deformation and oxidation on the wear track. At 8 & 10 N medium wear was found due to
increased wear rate, ploughing grooves and oxidative wear Fig. 90. From mild wear to
medium wear mode transitions occurred between normal load 6 and 8 N at this speed
Table 27 and Fig. 81. At sliding speed 15 cm s™, the same wear behaviour was found for the

range of normal loads as that of 11 cm s'1 Table 28 and Figs. 83, 89.

5.4. Dry sliding wear behaviour of 303SS (uncoated and coated with TiC)
against alumina

5.4.1 Wear trend and coefficient of friction of 303SS (uncoated and coated with TiC)
against alumina
Fig. 92 shows the wear trends and coefficient of frictions for 303SS (uncoated and coated

with TiC) against alumina on separated XL data plots for various sliding speeds and normal
loads combinations. Figs. 92(a, c) show the wear trends and Figs. 92(b, d) show the
comparison of coefficient of frictions versus sliding distance of the substrate and of the
coatings respectively. Figs. 92(e-f) show the comparison between coefficient frictions

versus normal loads at various constant sliding speeds for the range of normal loads.
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Figure 92 Wear trends and coefficient of friction comparison of 303 stainless steel and TiC coatings against
alumina, (a) wear trend of 303SS against alumina, (b) coefficient of friction of 303SS against alumina, (c) wear
trend of TiC coatings against alumina, (d) coefficient of friction of TiC coatings against alumina, (e) coefficient of
friction of 303SS against alumina for the range of normal loads and sliding speeds and (f) coefficient of friction

of TiC coatings against alumina for the range of normal loads and sliding speeds

5.4.2. Wear rate comparison of 303SS (uncoated and coated with TiC) against alumina at

3cmst

Table 31 shows the wear rate comparison of 303SS (uncoated and coated with TiC) against

alumina at sliding speed 3 cm s™ for the range of normal loads.

Normal loads (N)

Wear rate 303SS (g m™)
x 107 at 3cm s™

Wear rate of 303SS base
TiC coatings (g m™) x10”
at3cms™

2 93 2
4 44 17
6 178 6
8 288 6
10 394 8.5

Table 31 Wear rate of 303SS and 303SS base TiC coatings disks against alumina balls.

Fig. 93 shows the wear rate data plot of 303SS (uncoated and coated with TiC) against

alumina at sliding speed 3 cm s™ for the range of normal loads.
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Figure 93 Wear rate of 303SS and 303SS base TiC coatings disks against alumina balls.
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5.4.3. Wear rate comparison of 303SS (uncoated and coated with TiC) against alumina at

7cms?

Table 32 shows the wear rate comparison of 303SS (uncoated and coated with TiC) against

alumina at sliding speed 7 cm s™ for the range of normal loads.

Normal loads (N)

Wear rate of 303SS (g m’
Yy x107at 7cm st

Wear rate of 303SS base
TiC coatings (g m™) x10”
at7cms?

2 219 2
4 83 2
6 495 4
8 422 22
10 1429 20

Table 32 Wear rate of 303SS and 303SS base TiC coatings disks against alumina balls.

Fig. 94 shows the wear rate data plot of 303SS (uncoated and coated with TiC) against

alumina at sliding speed 7 cm s™ for the range of normal loads.
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Figure 94 Wear rate of 303SS and 303SS base TiC coatings disks against alumina balls.

5.4.4. Wear rate comparison of 303SS (uncoated and coated with TiC) against alumina at

11cms?

Table 33 shows the wear rate data plot of 303SS (uncoated and coated with TiC) against

alumina at sliding speed 11 cm s™ for the range of normal loads.

Normal loads (N)

Wear rate of 303SS (g m’
1y x107at 11cm s

Wear rate of 303SS base
TiC coatings (g m™) x10”
at1lcms®

2 63 45
4 167 32
6 186 47
8 259 96
10 342 96

Table 33 Wear rate of 303SS and 303SS base TiC coatings disks against alumina balls.
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Fig. 5.34 shows the wear rate data plot of 303SS (uncoated and coated with TiC) against

alumina at sliding speed 11 cm s™ for the range of normal loads.
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Figure 95 Wear rate of 303SS and 303SS base TiC coatings disks against alumina balls.

5.4.5. Wear rate comparison of 303SS (uncoated and coated with TiC) against alumina at
15cms™
Table 34 shows the wear rate of 303SS (uncoated and coated with TiC) against alumina at

sliding speed 15 cm s™* for the range of normal loads.

Normal loads (N) Wear rate of 303SS (g m” | Wear rate of 303SS base

1 x107at 15cm s TiC coatings (g m™) x10”
at 15cm s

2 93 78

4 174 68

6 160 76

8 275 132

10 599 110

Table 34 Wear rate of 303SS and 303SS base TiC coatings disks against alumina balls.

Fig. 96 shows the wear rate data plot of 303SS (uncoated and coated with TiC) against

alumina at sliding speed 15 cm s™ for the range of normal loads.
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Figure 96 Wear rate of 303SS and 303SS base TiC coatings disks against alumina balls.
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5.4.6 Total mass loss comparison of 303SS uncoated and coated against alumina

For each test, different disk was used for a combination of sliding speed and normal load
for 500 m sliding distance. Five tests were carried out for each constant speed at variable
loads from 2 to 10 N, and increasing in 2 N increments. The table 35 shows the total mass
loss of the 303SS and 303SS base TiC coatings disks against alumina balls at each constant
sliding speed for the range of normal loads for the total sliding distance 2,500 m. Wear

resistance of the 303SS substrate is increased by over 7 times because of surface composite

coatings.
Sliding speed | Total mass loss (g) of Total mass loss (g) of
(cms™) 303stainless steel 303stainless steel base TiC
uncoated disks coating disks

3 0.05 0.002

7 0.132 0.003

11 0.051 0.016

15 0.065 0.023

Table 35 The total mass loss of 303SS and 303SS base TiC coatings against alumina.

Fig. 97 shows the data plot of total mass loss comparison of 303SS and 303SS base TiC

coating against alumina at various constant sliding speeds for 2 to 10N normal loads.
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Figure 97 Total mass loss comparison of 303SS and 303SS base TiC coatings against alumina.

5.4.7. Optical micrograph of 303SS base TiC composite coatings worn surfaces against
alumina

Fig. 98 shows the cross-sectional optical micrograph of the worn surfaces of 303SS base TiC

coating against alumina for various combination of sliding speeds and normal loads.
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Figure 98 The optical micrograph of the cross-section of the wear tracks of TiC coating against alumina, (a)
sliding speed 7 cm s and normal load 10 N, (b) 11 cm s and 10 N and (c)15cm s and 10 N.

5.4.8. Sliding wear comparison of 303SS (uncoated and coated with TiC composite
coatings) against alumina
For the uncoated 303SS, generally for the range of sliding speeds and normal loads higher

wear rate was found Tables 23-24 and Figs. 70-71, 92(a) and all tests were terminated
without completing constant sliding distance Figs. 62, 64, 66, 68, 92(a); worn surfaces
showed evidence of adhesion, plastic deformation and abrasion with delamination evident
on the wear tracks Figs. 72-75, and higher wear rate and mass loss occurred as compare to
the wear rate and mass loss of TiC coatings Figs. 93-97. Mild wear observed due to
oxidation of the wear tracks Figs. 72(a)-75(a). It was interesting that there were observed
peaks in the wear rate with increases in applied load and sliding speed, indicative of
transitions in wear regimes, Figs. 70-71, 92(a). EDX analysis, Figs. 72(b)-75(b), indicate
traces of oxidation on the surfaces, suggesting that oxidation was influencing the wear in
these conditions. The coefficient of friction was unstable for all combination of sliding

speeds and normal loads during the course of tests Figs. 62, 64, 66, 68, 92(b).

On the contrary for the 303SS base TiC composite coatings, at lower sliding speeds and
normal loads there was very mild wear rate Tables 29-30, significantly less degradation on
the surfaces, with only very mild abrasive marks evident on the wear track and only minor
evidence of abrasion and oxidation of the wear tracks Figs. 86-88. At higher loads, there
was evidence of oxidation on the surface and this was confirmed by EDX analysis Figs. 89-91
and by the stability of the coefficient of friction Fig. 92(d). The effects of increase in normal
load and sliding speed on the wear rate trends indicated transitions in wear regimes, Figs.
84-85, with the wear rates peaking at intermediate loads. A comparison between the mass
loss data for the coated and uncoated steel indicated little difference at lower loads, but

change in mechanism as the load increased, with a sharp rise in wear rate for the uncoated
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material Figs. 93-97. Optical microscopy of the cross-section of the worn surfaces, Fig. 98
shows the stages in deformation of the coating surface with increments in sliding speed,

with significant deformation at higher speeds.

5.5. Discussion

5.5.1. Wear mechanisms of 303SS (uncoated and coated with TiC composite coatings)
against alumina
During the dry sliding wear tests of 303SS against alumina, it is clear from Tables 19-22 and

Figs. 62, 64, 66, 68 that no test completed its total sliding distance i.e. 500 m. The
termination of the each test occurred because of the high wear rates and high coefficient of
frictions Figs. 92(a-b). This observation is in consistent with the work of other author found
in the literature [166]. The hardness of 303SS is significantly lower compared to that of its
counterpace alumina, therefore 303SS exhibited very poor wear resistance against alumina
during dry sliding wear under ambient conditions, resulting in high wear rates for the range
of sliding speed and normal load tested Table 23. Similar phenomena is observed in
literature for the dry sliding wear behaviour of group of composite materials based on
alumina short fibre reinforced Al-Sl alloy against steel. As found in this case the abrupt wear

rate occurred when un-reinforced Al-SI was tested against steel [167].

The 303SS disks against alumina show the increase in wear rate with the increase in normal
loads Fig.70 due to changes in mechanical stresses and temperature between mating
surfaces. Fig. 71 shows the wear rate of 303SS against alumina remains almost same for the
range of sliding speeds. This is attributed to the strong tendency of 303SS (high alloy steel)
to adhere to other metals, ceramics and work hardened during dry sliding. A material
transfer event is treated as depending on interface separation and junction adhesion. The
amount of material transferred varied for each combination of sliding speed and normal
load. The time taken to reach the steady conditions is inversely proportional to the normal
load. At steady state the material transfer from the soft metals to its hard counterpart is
equal to the wear rate. M. Kerridge observed this in his experiment where annealed steel
pin was rubbed against a hardened steel ring [42]. During dry sliding, material transfer
occurs due to adhesion or bonding at the asperity contacts at the mating surfaces. These
contacts are sheared by sliding, which may result in detachment of a fragment from one
surface and attachment to the other surface. The transferred 303SS formed a mechanical

layer on the contact surface of the alumina ball. As the sliding continues, the transferred
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fragments come off the surface on which they are transferred and form loose wear
particles. Subsequently, further sliding occurred between the similar material i.e. 303SS

susbstrate at steady state under severe wear conditions [71].

On the other hand during the dry sliding wear tests of the 303SS base TiC coating against
alumina, almost all tests completed total sliding distance Tables 25-28 and Figs. 76, 78, 80,
82. Due to the presence of the TiC coating, the surface hardness of the substrate was
increased, thereby enhancing the sliding wear resistance of the substrate significantly,
which resulted in a substantial decrease in the wear rates and stable coefficient of frictions

of the substrate against alumina Table 29 and Figs. 84, 92(c-d) [168].

The wear rates comparison of substrate and TiC coatings, Tables 31-34 and Figs. 93-96,
show the wear rates of coatings are very low compared to that of the uncoated material.
Hence, the wear resistance of the substrate was improved significantly due to the TiC
composite coatings [14], resulted in a new wear mode regime i.e. very mild wear at the
lower sliding speed. SEM micrographs and EDX analysis of the wear tracks Figs. 86-91, 98
are evident of the presence of TiC coatings on the worn surfaces of the 303SS base TiC
coatings disks after the tests carried out. This suggest that the coatings were chemically

and physically stable under dry sliding conditions.

The total mass loss comparison between substrate and TiC coatings against alumina ball
show a significant increase in wear resistance due to coatings Fig. 97, [55]. The sliding wear
tests results show the relative wear resistance of the TiC composite coatings is significantly
higher than that of substrate Figs. 93-96, which result in different wear rate, wear modes
and wear mechanisms of uncoated and coated materials. Similar findings are available in
the case of wear of TiC-coated carbide tools in dry turning for flank and crater in the

literature [65].

Tables 29-30 and Figs. 84-85 show the increase in the wear rates of TiC coating against
alumina with the increase in sliding speed and normal load. This increase in wear rates
occurred due to the thermal softening effects of frictional heat, which increased with the
increase in sliding speed and normal load at interface. The increase in wear rates with the
increase in sliding speed and normal load are also found in literature in the other studies
i.e. for TiN coating against high speed steel at 0.7 m s [171], PVD-TiAIN coated carbide
[75], plasma sprayed TiC-NiCrBSi coatings [161], under dry sliding wear behaviour of TIG
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welding clad WC composite coatings [143], friction and wear behaviour of tungsten and

titanium carbide coatings [55] and for other titanium coatings [172].

It is interesting that the 303SS and 303SS base TiC coated disks exibited a substantial
amount of one-way transfer of material from disk to ball. This material transfer resulted in
a smoothening of counterface. As a result strong adhesion occurred between the
transferred material on alumina balls and the surface of the disks, resulted in back transfer,
mutual transfer, production of a mechanically mixed layer and finally wsate as loose wear
fragments [166]. This type of material transfer was also observed in the case of HSS base

TiN-coated disk against HSS pin [74].

The coefficient of friction for both 303SS uncoated and coated with TiC Figs. 92(b & d) was
fluctuating considerably with increase in sliding speed and normal load. Upto normal load 4
N the coefficient of friction of the TiC was about 60% lower than that of the uncoated
303SS against alumina for all sliding speeds. The higher value of the coefficient of friction of
the 303SS uncoated was due to adhesion, plastic deformation and abrasive wear by the
harder counterpart Fig. 72(a). The higher value of coefficient of friction for TiC at higher
load at all sliding speed Fig. 92(f) was because of abrasive wear that results in pulling of TiC
particles in few tests from coated surface as well Fig. 91(a). The higher coefficient of friction
contributed to higher temperature rise which was presumably responsible for the higher
wear rate with increase in sliding speed and normal load Figs. 84-85. The same situation
was also found in other studies i.e. for friction and wear behaviour of tungsten and titanium
carbide coatings [55]. The coefficient of friction of TiC coating found stable during the

course of the tests Fig. 92(d) and this is evident of oxidation of wear tracks.

The results above indicate several transitions in the wear rate versus normal load and
sliding velocity. This behaviour was also noted by Hirst and Lancaster in brass [159] and by
Saka et al. [160] in steel and was attributed to a competition between strain hardening and
thermal softening that might have occurred concomitantly at surface of the material as
sliding speed increases [72]. Similarly, it can be postulated that in this case, following
transfer of material to the alumina ball, the strain hardening effect dominates at first
reducing the wear, but this was counterbalanced by the softening of surface layers as a

result of frictional heating and the effects of oxidation.
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5.5.2. Wear regimes and maps
Fig. 99 shows the wear mode maps of 303SS uncoated and coated against alumina and the

boundaries on the diagrams are only approximate. The wear mode regimes are classified on
the basis of wear rates Table 3 & 5, our previous work and in consistent with the research

work found in literature [34, 72]; then these are correlated with wear mechanistic regimes:
a-1) Very mild wear < [20 x 107 (g m™)]

a) [20x 107 (g m™)] = mild wear < [91 x 107 (g m™)]

b) [91 x 107 (g m™)] < medium wear < [274 x 107 (g m™)]

c) Severe wear > [274 x 107 (g m™)]

5.5.3. Wear mode maps
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Figure 99 Wear mode map, (a) 303SS against alumina and (b) 303SS base TiC coating against alumina.

In Fig. 99(a), the wear mode map of 303SS against alumina shows that the severe wear is
more prevalent at all sliding speeds and at relatively high normal loads. In the case of the
303SS base TiC coating against alumina Fig. 99(b), mild wear is prevalent for the range of
sliding speeds and normal loads. It is clear that due to the presence of the coatings, the
mild wear regime is expanded to a higher range of sliding speeds and normal loads with an
additional wear mode i.e. very mild wear and with an elimination of the severe wear mode,
a similar scenario is found in the case of wear of metal matrix composite [73]. Moreover, in
Fig. 99(a-b), the combination of the very mild and mild wear zone can be regarded as the

safe operation zone for the uncoated and coated steels against alumina respectively [65].
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5.5.4. Wear mechanism maps

Wear mechanism maps are useful tools for analysing the change in wear regime over a
multi-parameter space. The wear mechanism regimes below are based on the wear rate,
physical observations, SEM micrographs and EDX analysis of the worn surfaces. For 303SS

against alumina, Fig. 100(a), these can be summarized as:

e Adhesive wear

e Adhesive - oxidative wear

e Oxidative-adhesive wear

e Oxidative- abrasive wear
The maps for the coated and uncoated steel exhibit significant transitions with similar
regimes in the low load — sliding speed window but adhesive wear predominating the maps
for steel at higher normal loads and sliding speeds, Fig. 100(a), with oxidative and

deformation mechanisms predominating the wear mode at intermediate normal loads and

high sliding speeds.
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Figure 100 The wear mechanism map, (a) 303SS against alumina and (b) 303SS base TiC coating against alumina.

5.5.5. Wear mechanisms and regimes for 303SS base TiC coatings

For the TiC coatings, Fig. 100(b), the wear regimes suggested are as follows:
e Abrasive wear
e Adhesive —oxidative wear
e Oxidative- adhesive wear
e Abrasive-oxidative wear

e (Oxidative- abrasive wear
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Figs. 100(a-b), indicate very different wear maps configurations for both materials. With
ploughing and oxidation predominates the wear map at higher loads and speeds, and very
little evidence of abrasive wear for the coating, which indicates that in this window of
conditions, the coatings provides resistance to the environment. In particular, adhesion
dominates the upper part of the map for the steel, with some oxidation affected areas
apparent, whereas for the more wear resistant coatings, this window of conditions is
characterized by oxidative wear mechanisms. Clearly, the transitions between the regimes
are identified through SEM analysis of surface morphologies and therefore are a relatively
arbitrary method of defining regime transitions; however, the extent of oxidation and thus
oxidative wear are much higher for the steel, Fig. 100(a) compared to the coating, Fig.
100(b), at lower loads. The various transitions at intermediate loads and velocities can be
attributed to the competition between oxidation, wear resistance, and extent of frictional

heating between both surface and counterface materials.

5.6. Comparison between wear mechanism maps for 303SS sliding against
low alloy steel
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Figure 101 Wear mechanism map for 303stainless steel disk against 8620 low alloy steel (taken from chapter 4).

Highlighted area on Fig. 101 shows the range of sliding speed and normal load involved in
the present study, which can be compared with previous work by the current authors
(chapter 4). It is clear from this figure that the wear mechanism of the 303 stainless steel
against 8620 low alloy steel is dominated by oxidative wear; while from Fig. 100(a) above,
against an alumina counterface, a very different mode is observed i.e. adhesive dominated,

and this is possibly due to lower frictional heating in the latter case.
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Clearly, the wear maps developed above indicate many possible wear regime transitions
between coated and uncoated materials against different counterface materials. Further
work will be to investigate the wear mechanisms of coatings of varying such as volume

fraction and size to provide a basis for coating optimization in such conditions.

5.7. Conclusions
1. Uncoated 303SS exhibited poor wear resistance which was increased by applying a TiC

composite coating. The coating was applied with a TIG welding torch melting process and it
substantially increased the wear resistance of the substrate for the tested range of sliding

speeds and normal loads.

2. Significant differences in wear regimes were identified for both materials, with more
evidence of oxidation for the coated material in these conditions. Adhesive wear was
predominated wear mechanisms for the steel, in particular at higher normal loads and
sliding speeds. Oxidation wear influenced the wear mechanisms at intermediate normal

loads and sliding speeds in each case.

3. Wear maps are indicating many possible wear regimes and significant differences in

material degradation mechanisms for the substrate and TiC coatings.

4. The presence of the coatings expanded the mild wear regime to a higher range of sliding
speeds and normal loads with an additional wear mode i.e. very mild wear and with an

elimination of the severe wear mode.
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Chapter 6

Titanium against hardened steel (A.1.S.l. 0-1-Ground Flat Stock) in dry
sliding

6.1. Introduction

The purpose of this study is to investigate the wear behaviour of titanium against hard
metal with respect to sliding speed and normal load and to develop wear mode and wear
mechanistic maps to understand and predict the wear behaviour for the both materials in
dry sliding contact under ambient conditions at room temperature. This is the advancement
in the work done on Ti against hard metal found in the literature. Moreover, to produce a
base line data to investigate the wear behaviour of titanium base titanium carbide coatings
produced by TIG process against the same hard metal to compare the wear behaviour of

the coatings with respect to substrates and coatings produced other than TIG process.

6.2. Sliding wear tests results
Dry sliding wear tests were carried out on pin-on-disk sliding wear testing rig Fig. 34 for 25

combinations of sliding speeds and normal loads as per experimental conditions mentioned
in section 3.5, chapter 3. The sliding distance 5,560m and numbers of revolutions 30,000
were kept constant for all tests. At the end of each sliding tests worn surfaces of the disks
and pins and wear debris were examined to investigate the wear mode and wear
mechanism regimes. The effects of change in sliding speeds and normal loads on wear
behaviour of Ti against hardened steel (A.l.S.I. 0-1-Ground Flat Stock) have been
investigated. At the end of test dark and smooth worn surface; lower mass loss and dark
grey powdery wear debris were found due to oxidation of mating surfaces which resulted in
mild wear. On the other hand bright, rougher worn surfaces and larger metallic wear
debris, and high mass loss resulted in medium and severe wear. The dry sliding wear results

of Titanium against hardened steels are as below:

6.2.1. Wear rate at 0.38 m s'1 sliding speed for the range of normal loads
Table 36 and Fig. 102 show the wear rate of Ti pins and hardened steel disks against each

other at sliding speed 0.38 m s™ for the range of normal loads.
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Normal load (N)

Wear rate of Ti pin
(m*m™*)x 10" at0.38 ms’
1

Wear rate of hardened steel disk
(m*m™*)x 10" at0.38 ms™

10 2.23 0.64
20 1.63 0.15
30 3.6 0.64
40 6.16 1.70
50 9.88 2.73

Table 36 wear rate of Ti pins and hardened steel disks against each other.

Wear rate m3. m1x 1012

[EEN
N

[E
o

o N B OO

/

=—¢=\Near rate of Ti at 0.38

m.s-1

=— Wear rate of gauge
plate at at 0.38 m.s-1

20 40
Normal load (N)

60

Figure 102 Wear rate of Ti pins and hardened steel disks against each other.

6.2.2. Wear rate at 0.5 m s sliding speed for the range of normal loads
Table 37 and Fig. 103 show the wear rate of Ti pins and hardened steel disks against each

other at sliding speed 0.5 m s for the range of normal loads.

Normal load (N) Wear rate of Ti pin Wear rate of hardened steel disk
(M*m™Mx10™ at0.5ms? | (m*m™)x10™ at0.5ms*
10 1.13 0.19
20 1.28 0.15
30 2.60 0.18
40 2.87 0.22
50 4.42 0.73
Table 37 Wear rate of Ti pin and hardened steel disk against each other.
-
g4 A
X3 ,
€ , //’/ —0—\r/nvia1r rate of Tiat 0.5
§ 1 k/ o | =li—Wear rate of gauge
S0 - - plate at 0.5 m.s-1
& o 20 40 60
= Normal load (N)

Figure 103 Wear rate of Ti pins and hardened steel disks against each other.
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6.2.3. Wear rate at 0.86 m s'1 sliding speed for the range of normal loads
Table 38 and Fig. 104 show the wear rate of Ti pins and hardened steel disks against each

other at sliding speed 0.86 m s’ for the range of normal loads.

Normal load (N)

Wear rate of Ti pin
(m*m?)x 10" at0.86 ms™

Wear rate of hardened steel

disk (m®*m™?)x 10** at0.86 ms*

10 0.75 -0.0051
20 1.25 0.22
30 3.05 0.20
40 4,98 0.21
50 11.92 0.51
Table 38 Wear rate of Ti pin and hardened steel disk against each other.
. 15
=)
= 10 /2
""E =¢=—\\ear rate of Ti at 0.86
w5 m.s-1
5 f
9 - == \Wear rate of gauge
g 01 = = plate at 0.86 m.s-1
E 0 20 40 60
3 5
Normal load (N)

Figure 104 Wear rate of Ti pins and hardened steel disks against each other.

6.2.4. Wear rate at 1.2m s'1 sliding speed for the range of normal loads
Table 39 and Fig. 105 show the wear rate of Ti pins and hardened steel disks against each

other at sliding speed 1.2 m s for the range of normal loads.

Normal load (N) Wear rate of Ti pin Wear rate of hardened steel disk
(M*m?)x10™ at1.2ms™ (M mMx 10 at1.2 ms™

10 0.54 0.005

20 0.88 0.019

30 6.38 0.024

40 8.08 0.027

50 22.36 0.222

Table 39 Wear rate of Ti pin and hardened steel disk against each other.
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Figure 105 Wear rate of Ti pins and hardened steel disks against each other.

6.2.5. Wear rate at 1.5 m s sliding speed for the range of normal loads
Table 40 and Fig. 106 show the wear rate of Ti pins and hardened steel disks against each

other at sliding speed 1.5 m s for the range of normal loads.

Normal load (N) Wear rate of Ti pin (m> m™?)x | Wear rate of hardened steel
107 at1.5ms™ disk (m*m?)x 10 at 1.5 ms™
10 0.76 0.005
20 0.63 0.004
30 6.46 0.10
40 9.25 0.36
50 36.71 0.25
Table 40 Wear rate of Ti pin and hardened steel disk against each other.
40
g /
i 30
x /
£ 20 =—¢—\\ear rate of Ti at 1.5
o’ m s-1
E 10
% == \\ear rate of gauge
- 0 > —a—u : plate 1.5 m s-1
(5]
()
= 20 40 60
Normal load (N)

Figure 106 Wear rate of Ti pins and hardened steel disks against each other.

6.2.6. Wear rate of Ti against hardened steel at constant sliding speeds and various

normal loads

Table 41 Fig. 107 show the wear rate of Ti pins against hardened steel disks at different

constant sliding speed and various normal loads.
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Normal Wear rate Wear rate Wear rate Wear rate | Wear rate

load (N) M*mY)x10 | (M* mHx 10 | (m* mY)x 10| (m*  mY)x | (m* mP)x 10
2a3t0.38ms | at0.5 ms | Pat 0.86 m | 10™at 1.2 | at1.5 ms™
1 1 S—l m s-l

10 2.23 1.13 0.75 0.54 0.76

20 1.63 1.28 1.25 0.88 0.63

30 3.6 2.60 3.05 6.38 6.46

40 6.16 2.87 4.98 8.08 9.25

50 9.88 4.42 11.92 22.36 36.71

Table 41 Wear rate of Ti pins against hardened steel disks.

=== At 0.38m s-1

efl= At 0.5m s-1

Wear rate

At 0.86m s-1

== At 1.2m s-1

eie= At 1.5m s-1

0 20 40 60
Normal load (N)

Figure 107 Wear rate of Ti pins against hardened steel disks.

6.2.7. Wear rate of Ti against hardened steel at constant normal loads and various sliding
speeds
Table 42 and Fig. 108 show the wear rate of Ti pins against hardened steel at different

constant normal loads and various sliding speeds.

Sliding Wear rate Wear rate Wear rate Wear rate Wear rate
speed M mY)x10 | (M mY)x 100 | (m*> mY)x | (M mHHx | (m®> mh)x 10°
(ms™) 2 at 10N 12 at 20N 10"at 30N | 10™*at 40N | **at 50N

0.38 2.23 1.63 3.6 6.16 9.88

0.5 1.13 1.28 2.60 2.87 4.42

0.86 0.75 1.25 3.05 4.98 11.92

1.2 0.54 0.88 6.38 8.08 22.38

1.5 0.76 0.63 6.46 9.25 36.71

Table 42 Wear rate of Ti pins against hardened steel disks.
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6.2.8. Wear rate of hardened steel against Ti at constant sliding speeds and various

Figure 108 Wear rate of Ti pins against hardened steel disks.

normal loads

Table 43 and Fig. 109 show the wear rate of hardened steel disks against Ti pins at different

constant sliding speed and various normal loads.

Normal Wear rate | Wear rate | Wear rate | Wear rate | Wear rate
load (N) m mh x| (mM mY) x| (MmHYx10| (M mYH x|mm?)x10
10"%at0.38 | 10" at0.5 | ?at0.86 10”at1.2 | "at1.5
ms™? ms*t ms*’ ms*t ms*t
10 0.64 0.19 -0.0051 0.005 0.005
20 0.15 0.15 0.22 0.019 0.004
30 0.64 0.18 0.20 0.024 0.10
40 1.70 0.22 0.21 0.027 0.36
50 2.73 0.73 0.51 0.222 0.25
Table 43 Wear rate of hardened steel disks against Ti pins.
3

4 25 2

S /

x 2 / 49— At 0.38m s-1

E s —B—At 0.5m s-1

£ 1 / ==le=At 0.86m s-1
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Figure 109 Wear rate of hardened steel disks against Ti pins.
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6.2.9. Wear rate of hardened steel against Ti at constant normal loads and various sliding

speeds

Table 44 Fig. 110 show the wear rate of hardened steel disks against Ti pins at different

constant normal loads and various sliding speeds.

Sliding Wear rate | Wear rate | Wear rate | Wear rate | Wear rate
speed (mM’m?) x| (Mm") x| (M’m?) x 10 | (m’m?) x 10" | (m*’m™)x 10"
(ms™) 10" 10" 2at 30N 2 at 40N 12 at SON
at 10N at 20N
0.38 0.64 0.15 0.64 1.70 2.73
0.5 0.19 0.15 0.18 0.22 0.73
0.86 -0.0051 0.22 0.20 0.21 0.51
1.2 0.005 0.019 0.024 0.027 0.222
1.5 0.005 0.004 0.10 0.36 0.25
Table 44 Wear rate of hardened steel disks against Ti pins.
3

%‘8 2.5 A

X 2 At 10N

:E 1.5 X\ At 20N

% 1 \\ At 30N

‘g o5 . =& At 40N
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Figure 110 Wear rate of hardened steel disks against Ti pins.

6.2.10. Total mass loss comparison
The table 45 and Fig. 111 show the total mass loss of the Ti pins and hardened steel disks at

each constant sliding speed for the range of normal loads i.e. at variable loads from 10 to

50 N, and increasing in 10 N increments for the total sliding distance 27,800 m.

Sliding speed | Total mass loss of hardened | Total mass loss of Ti pin (g)
(ms™?) steel disk (g)

0.38 0.2537 0.5891

0.5 0.0635 0.3083

0.86 0.0477 0.5503

1.2 0.0425 0.959

1.5 0.0348 1.3495

Table 45 The total mass loss of Ti pins and hardened steel disks against each other.
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Figure 111 The total mass loss comparison of hardened steel disks and Ti pins.

Tables 36-40 and Figs. 102-106 show the wear resistance of Ti pins is very lower against
hardened steel disks. Tables 41-42 and Fig. 107-108 show the wear rate of Ti against
hardened steel as function of sliding speed and normal load respectively. Fig. 107 shows
that wear rate increased sharply with the increase in applied normal load after 20 N. Fig.
108 shows there are low wear rates up to 20 N normal loads for the range of sliding speeds.
Moreover, for each normal load there is a minimum wear rate at an intermediate sliding
speed i.e. 0.5 m s in this case and with increase in normal load at this sliding speed the
minimum become more prominent. It is also observed that the wear rate of Ti is normal
load as well as sliding speed dependent as it increased with the increase in normal load and
sliding speed and abrupt increase in wear rate is found at the higher normal load Figs. 107-
108. Tables 43-44 and Figs. 109-110 show there are higher wear rates of steel against Ti at
lower sliding speed. Negative wear rate of hardened steel at sliding speed 0.86 m s™ and
normal load 10 N was found due to more pin material transfer rate to disk than that of
removal rate as wear products Table 38 and Fig. 104. Table 45 and Fig. 111 show that the
total mass loss of Tiis much higher than that of hardened steel. Moreover, the total wear of
Ti become prominent with increase in sliding speed and the total wear of hardened steel

decrease with increase in sliding speed.

6.2.11. Coefficient of friction of Ti pins against hardened steel disks
Table 46 and Fig. 112 show the trend of friction of Ti pins and hardened steel disks against

each other at different constant sliding speeds and various normal loads.
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Normal Coefficient of | Coefficient Coefficient of | Coefficient Coefficient
load (N) friction at of friction at | friction at of friction at | of friction at
0.38ms™ 0.5ms™ 0.86ms™ 1.2ms™ 1.5ms™
10 0.36 0.26 0.33 0.36 0.41
20 0.22 0.24 0.18 0.25 0.29
30 0.23 0.16 0.28 0.32 0.32
40 0.21 0.30 0.30 0.31 0.30
50 0.24 0.27 0.33 0.26 0.28
Table 46 Coefficient of friction of Ti pins against hardened steel disks.
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Figure 112 Coefficient of friction of Ti pins against hardened steel disks.

Table 47 and Fig. 113 show the trend of friction of Ti pins and hardened steel disks sliding

against each other at different constant normal loads and various sliding speeds.

Sliding Coefficient | Coefficient | Coefficient | Coefficient | Coefficient
speed ms | of friction at | of friction at | of friction at | of friction at | of friction at
! 10N 20N 30N 40N 50N
0.38 0.36 0.22 0.23 0.21 0.24
0.5 0.26 0.24 0.16 0.30 0.27
0.86 0.33 0.18 0.28 0.30 0.33
1.2 0.36 0.25 0.32 0.31 0.26
1.5 0.41 0.29 0.32 0.30 0.28
Table 47 Coefficient of friction of Ti pins against hardened steel disks.
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Figure 113 Coefficient of friction of Ti pins against hardened steel disks.
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6.2.12. SEM of Ti pins and hardened steel disks against each other

Fig. 114 shows the SEM micrographs of worn surfaces of Ti pins and hardened steel disks.
These micrographs have been selected from the 25 combinations of sliding speeds and

normal loads on the basis of wear mechanisms observed on the worn surfaces of the pins

and disks.

: ST
Electron Image 1

Spectrum 1

Electron Image 1

Spectrum 1
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Figure 114 SEM micrographs of the worn surfaces of pins and wear tracks on the disks, (a) at normal load 20N
and sliding speed 0.38m st (b) at 40N and 0.38m st (c)at 30N and 0.5m s (d) at 40N and 0.86m st (e) at 50N
and 0.86ms %, (f) at 10N and 1.2m stand (g) at 50N and 1.2m st

6.2.13. EDX analysis of Ti pins and hardened steel disks against each other
Fig. 115 shows the EDX analysis of the worn surfaces of Ti pins and hardened steel disks.

0,
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Figure 115 EDX analysis of the worn surfaces of pins and wear tracks of the disks, , (a) at normal load 20N and
sliding speed 0.38m s, (b) at 40N and 0.38m s, (c) at 30N and 0.5m s™, (d) at 40N and 0.86m s™, (e) at 50N and
0.86m s’ (f) at 10N and 1.2m stand (g) at 50N and 1.2m st
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The Ti pins material was transferred to hardened steel disks during sliding almost for all
combinations of sliding speeds and normal loads due to adhesion between mating surfaces,
SEM micrographs and EDX analysis Figs. 114-115 respectively. At sliding speed 0.38 m s™
comparatively less pins material was transferred to disks for the range of normal load
except 20 N Figs. 114(a-b)-115(a-b). For the rest of sliding speeds and normal loads
significant transfer of Ti pins material to the hardened steel counter body occurred as
evident from EDX analysis of the disks wear tracks Figs. 115(cdisk — edisk, gdisk). As clear from
the SEM micrographs of the pins worn surfaces, Fig. 114, that wear occurred by different
wear mechanisms i.e. adhesive wear, mild-oxidational wear, plastic deformation,
delamination and abrasive wear mechanisms. Up to sliding speed 0.5 m s wear occurred
by adhesive wear, oxidation of Ti pins mating surfaces and by abrasive wear mechanisms
with trace of disks material on pins worn surfaces at lower normal loads Figs. 114 (apin- Cpin) -
115(apin- cpin). In this range of sliding speeds medium wear at lower normal loads while
severe wear occurred at higher normal loads Table 41. At higher sliding speeds and lower
normal loads the wear of the Ti pins occurred by adhesive and oxidative wear mechanisms
with trace of disks material on the worn surfaces of the pins Figs. 114(fpin) -115(fpin). Mild
wear of Ti pins was observed at lower normal loads and higher sliding speeds Table 41. At
higher sliding speeds and normal loads severe wear occurred due to adhesive wear, plastic
deformation and delamination wear mechanisms Figs. 114(dpin-€pin, gpin)- 115(dpin-epin, gpin).
Mild wear mode to severe wear mode transitions occurred in this range of sliding speeds
and normal loads with abrupt increase in wear rates of Ti pins against hardened steel disks

Table 41.

For the hardened steel disk at sliding speed 0.38m s disks material transferred to Ti pin at
normal loads 40 & 50N Fig. 115(b) which result in medium wear of hardened steel disks
Table 43. Medium wear occurred due to adhesive wear as the SEM micrograph shows the
adhesive marks on the wear track, SEM micrograph Fig. 114(bdisk) with trace of pins
material and there was no trace of oxide, EDX analysis Fig. 115 (bdisk). For the rest of sliding
speeds and normal loads, the wear tracks were covered to a large extent with transferred
pins material Figs. 114(adisk, cdisk-gdisk) and 115(adisk, cdisk-gdisk). At higher normal loads there
was no trace of oxide on the wear tracks therefore the wear occurred by adhesive wear and
delamination wear dominated wear mechanisms Figs. 115(bdisk, edisk). Disks material was
also found on the pins worn surfaces Figs. 115(apin-gpin), which indicated that mix

mechanical layer formed and then loose wear fragments formed. These disks material
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particles seem to be generated in frictional process by pulling out of micro-volumes in
places of adhesive bonds from the hardened steel disks surfaces after local frictional
heating up and softening. But these particles were still hard enough and behaved abrasively
during sliding process in wear of mating surface of the titanium specimen Figs. 114(apin-
gpin). Moreover, the presence of Ti, Fe and O species on the worn surfaces of the Ti pins and
on the wear tracks indicates that wear occurred by the oxidation with more oxidation of

the pins material (Ti) Figs. 115(apin-gpin).

6.2.14. SEM micrograph of the wear debris
Fig. 116 shows the SEM micrographs of the wear debris of Ti pins and hardened steel disks

sliding against each other

ctrum 1
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i < Electron Image 1
1Tmm Electron Image 1

Figure 116 SEM micrograph of wear debris of Ti against hardened steel, (a) at sliding speed 0.38m stand
normal load 20N, (b) at 0.38m s and 50N, (c)at0.5m s™and 50N, (d) at 0.86m s and 30N, and (e)at1.2m st
and 50N, and (f) at 1.5m s™* and 30N.
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6.2.15. EDX analysis of the wear debris
Fig. 117 shows the EDX analysis of the wear debris from Ti pins and hardened steel disks

sliding against each other.
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Figure 117 EDX analysis of wear debris of Ti against hardened gauge (a) at sliding speed 0.38m s and normal
load 20N, (b) at 0.38m s and 50N, (c)at0.5m s and 50N, (d) at 0.86m s and 30N, and (e)at1.2m s and 50N,
and (f) at 1.5m s™* and 30N.

The composition of wear debris mainly consisted of Ti, O and Fe with high percentage of pin
material in all cases Fig. 117. This confirms that debris particles came from the hardened
steel counter body as well. The shapes of wear debris were different for lower sliding
speeds and for the higher sliding speeds irrespective of the normal loads. At lower sliding
speeds wear products consisted of fine compact particles, flake shape metallic particles
along with fine grey power of titanium oxide, SEM micrographs Figs. 116(a-c) and EDX
analysis Figs. 117(a-c); while at higher sliding speeds wear products, mainly, consisted of
larger flake-like metallic particles and fine grey power, mainly, of titanium and with trace of
ferrous oxide, SEM micrographs Figs. 116 (d-f), EDX analysis Figs. 117(d-f). The shapes of

the wear debris are depending on sliding speed i.e. the wear mechanisms are changed with
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the change in sliding speed. The wear modes are changed with the change in sliding speeds

and normal loads.

6.3. Discussion

6.3.1. Wear mechanisms and regimes

Due to lower value of hardness and poor sliding wear resistance, high wear rate of Ti was
found against hardened steel Tables 36-40 and Figs. 102-106. A few tests had to terminate
due to very high wear rate before covering total sliding distance i.e. 5,560 m. These
observations are in consistence with the previous work (Chapter 5) where 303SS showed
similar wear behaviour against alumina and in the others’ work found in literature [166].
The pins’ mating surfaces were extruded for all combinations of sliding speeds and normal
loads. Lower wear rate of the Ti pins against hardened steel disks up to 20 N normal load
for the range of sliding speeds, Figs. 107-108, was due to mild oxidative wear of the mating
surfaces. The presence of Ti, Fe and O on the worn surface of the Ti pins and wear tracks
suggest that the domination of the tribo-oxidation process in the high temperature contact
spots between mating surfaces, EDX analysis of the worn surfaces Figs. 115(a, f). This was
observed by S. Krol et al. as well that oxidative wear with lower wear rate of the system
occurred, typical for mating of metals of diversified mechanical properties at mild friction

conditions [50].

At higher normal loads i.e. from 30 to 50 N, severe sliding conditions observed, which was
due to adhesive, oxidational, plastic deformation and delamination wear mechanisms, SEM
micrographs Figs. 114(b-e, g) and EDX analysis Figs. 115(b-e, g). A transition in wear mode
from initial severe wear to a mild wear occurred, which had been widely found for sliding
wear of metals [11]. Such a transition is caused by different parameters, like low sliding
speed [162], lower normal load [13], and high rates of oxidation [14-15]. Wear mode
regimes transitions occurred from medium wear to mild wear at 10N with the increase in
sliding speed Table 42 and Fig. 108. The decrease in wear rate and transition in wear mode
regimes occurred due to tribo-oxidation process. With the increase in sliding speed more
frictional heat generated at the contact point due to increase of flash temperature that led
to more oxidation. These observations are in agreement with work of the others’ found in

the literature [6, 8-9, 174].
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With the increase in normal load, rapid increase in wear rate occurred for the Ti pins for the
range of sliding speed Table 41 and Figs. 107, 111. The very sharp increase in wear rate
suggests severe sliding conditions with plastic deformation and flow of the softer material
[50]. The same results were found for Ti and its alloys against hard metals in the
experimental work of the other authors [137, 175]. At higher normal load i.e. 30 to 50N for
range of sliding speeds mainly adhesive, delamination, wear mechanism was
predominated. With the increase in sliding speed the surface temperature and a
progressive increase in wear is induced because of thermal softening as soon as the yield
point of the material starts decreasing significantly. The effects of an increase in sliding
speed results an increased delamination wear [69, 174]. Comparatively lower wear rate of
Ti at 0.5 m s™ for the range of normal load, Fig. 111, was due to the mild oxidation of the
sliding surfaces contact at this sliding speed Fig. 114(c) and Fig. 115(c), [174]. An oxidative
wear can be less severe than that of adhesive, delamination, wear and can result in a
decreased wear rate [69]. Garbar explained that, as the normal load increases, tribo-

oxidation is accompanied by the mechanism of plastic deformation [40].

Table 46-47 and Figs. 112-113 show the values of the coefficient of frictions for Ti pins
against harden steel disks respectively. The coefficient of friction data and plots are on the
basis of average values that were observed for each combination of sliding speed and
normal load during sliding test. For the Ti and hardened steel tribo couple, Figs. 112-113
show the coefficient of friction was higher at 10 N for the range of sliding speed. A higher
coefficient of friction at this normal load might have been due to more actual areas of
contact and more adhesion between the mating surfaces. For the rest of the normal loads,
the values of p were found between 0.2-0.3 for the range of sliding speeds. The lower
values of u for those combinations of sliding speeds and normal loads might have been
because of more frictional heat at higher normal loads resulted in surface softening effects;
lower actual contact area due to rougher contact surfaces [188], poor adhesion between
the incompatible pins and disks material [55] and metallic debris trapped in mating surfaces
due to severe wear conditions. Moreover, lower coefficient of friction of the substrate
might have attributed to the poor frictional wear properties of the Ti. The fluctuation in
friction force might have resulted from the wear particles that trapped between the mating
surfaces during sliding and changed the contact conditions for various combinations of the

sliding speeds and normal loads [181].
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When in air, combinations of dissimilar metals i.e. titanium pins and hardened steel disks
occurred during the friction process domination of two processes prevailed: the adhesion
controlled transfer of the pins material to the disks surfaces and shearing off the adhered
titanium layer by the front edge of the moving specimen with accompanying adhesion
evoked detachment of small iron particles from the disk working surface and their abrasive
action between mating surfaces [50]. From the SEM micrographs of the worn surfaces, Fig.
114 and EDX analysis, Fig. 115, it is clear that a tribo-layer of mixed materials was formed
on the wear tracks. Rigney confirmed by the experiments that the sliding of metals can be
described by the following basic wear sequence: surface and sub-surface plastic
deformation, formation of debris and material transfer, reaction with the environment,
mechanical mixing and producing a tribological layer [30]. A transfer event is treated as
depending on interface separation and junction adhesion. The amount of material
transferred varied for each combination of sliding speed and normal load. The time taken
to reach the steady conditions is inversely proportional to the normal load. At steady state
the material transfer from the pin is equal to the wear rate. M. Kerridge observed this in his

experiment where annealed steel pin was rubbed against a hardened steel ring [42].

At a sliding speed 0.38 m s™ comparatively less pins material transferred to disks for the
range of normal load except 20 N Figs. 114(a), 115(a) and from the hardened steel disks
comparatively more material transferred to the Ti pins at 40 and 50 N normal loads which
resulted in medium wear of hardened steel disk Figs. 114(b), 115(b). This was due to
adhesive wear as the SEM micrograph shows that the wear track was not fully covered by
the transferred material Fig. 114(bdisk) and oxidation of disk mating surfaces and reasonable
percentage of disk material on the pins worn surfaces might be oxidised of iron Fig.
115(bpin). For the rest of sliding speeds and normal loads the wear tracks were covered to a
large extent with transferred material. Significant transfer of Ti pins material to the
hardened steel counter body suggest that severe adhesion took place between Ti and
hardened steel Figs. 115 (adisk, cdisk-edisk, gdisk). The same observation was found in the

study of “response of Ti-6Al-4V alloys to dry sliding wear against hardened steel” [137].

During continuous sliding, the initial transferred fragments are deformed, fractured and
blended, leading to formation of mechanically mixed material on the wear track. The
hardness of this mixed material formed is considerably higher than that of the soft pin

material due to the intense, localised, thermal effects which occurred during rubbing under
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unlubricated conditions. Typically sliding wear debris particles are made from modified
mixed layer [42, 132]. Wear debris at the end of test can be a very useful tool to give clue of
wear mechanisms occurred in a sliding system. The SEM micrographs of the wear debris,
Fig. 116, acted as a very useful diagnostic tool to confirm the dominated wear mechanism
of this dry sliding tribo-system. Various types and sizes of wear debris were found for the
range of sliding speed and normal loads which were created as a result of the adhered
titanium lumps detachment from the sliding wear tracks together with thin film of
counterpart material. EDX analysis Fig. 117 confirm this assumption that during dry sliding,
frictional heat generation results in high temperatures at the contact area leading to
oxidation of titanium for all combinations of sliding speeds and normal loads. With the
increase in temperature usually above 800 °C flake shape titanium deris particles may
contain rutile, TiO2, on their surfaces. Further the exceed in temperature above 1000 °C
between the mating surfaces leads to the formation of sub-stoichiometric oxides of general
formula TinO2n-1, known as Magnéli phases, which are characterised by extended planar

defects and crystallographic shear planes that accommodate the oxygen loss[196].

The wear debris collected after tests, at lower sliding speed 0.38 & 0.5 m s™, irrespective of
the normal load, consisted of fine compact particles and strip shape particles identified as
metallic titanium along with grey oxide powder Fig. 116(a-c) — 117(a-c), were resulted from
adhesive and oxidation wear [50]. At higher sliding speed 0.86-1.5 ms™ larger flake types
metallic wear particles indicate that severe adhesive and delamination wear occurred
during dry sliding [132]. The large quantity of Ti metallic particles in the wear debris
suggested that severe adhesive and delamination wear of Ti against hardened steel
occurred. Similar wear mechanisms were suggested by Straffelini and Molinari [174], Ohidul
Alam and Haseeb, [137], for the Ti-6Al-4V alloy against hardened steel and R. Sahoo et al.
for Ti-6Al-4V Alloy Consisting of Bimodal Microstructure, [189]. In this plasticity-dominated
wear mechanism, unidirectional sliding of the metal surfaces nucleates surface or
subsurface voids/cracks. These extend and link resulting in crack beneath and parallel to
the surface. When the crack is large enough, it breaks out to yield flaky debris [137]. At
severe conditions, material transfer, wear rate and surface damage are higher. Metallic
wear debris produced rapidly and the particles from the soft metals are large [43]. The
wear equation based on a delamination theory [118] predicts that wear rate increase as the

applied load increases, which is seem to being satisfied in this tribo system.
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6.3.2. Wear regimes and wear maps

The development of wear maps is a useful way to study and predict the wear behaviour of
metals sliding against each other at different sliding speeds and normal loads. The
generalized classification of wear rate into three distinct wear mode regimes, mild, medium
and severe wear are found in literature [11, 31, 32, 34, 165]. In this study, the wear mode
regimes, namely (a) mild wear (b) medium wear and (c) severe wear, are defined in
consistent with previous research work found in literature [34, 72], our previous work
(dealt with in Chapters 4 and 5), tests results, mass loss data, wear rate, physical

observations of the worn surfaces, SEM and EDX of the worn surfaces and the wear debris.

A tribo-system approach has been adopted to study the wear behaviour of Ti against

hardened steel. The wear modes regimes limits are as below:

a) Mild wear <[1.12x 102 (m® m™)]
b) [1.12x 10™(m?® m™)] < medium wear < [3.35x 10(m* m™)]

c) Severe wear >[3.35x 103 (m* m™)]

6.3.3. Wear mode maps
Fig. 118 shows the wear mode maps of the Ti pins and hardened steel disks against each
other.
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Figure 118 Wear mode maps (a) Ti pins against hardened steel disks and (b) hardened steel disks against Ti pins.

In the Fig. 118 the various wear mode regimes are identified for the Ti pins and hardened
steel disks, as a function of sliding speeds and normal loads. These maps show the
distinctive differences in the wear mode transitions, as addressed above. It can be clearly

seen in Fig. 118(a) that severe wear is more prevalent with respective to normal load for Ti
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pins (soft metal). Moreover, the medium wear dominates at lower sliding speeds and
normal loads and severe wear predominates at higher normal loads. For the hardened steel
disks sliding against Ti pins, wear mode map Fig. 118(b), mild wear is dominant for the
range of sliding speeds and normal loads due to the formation of transferred material layer
on the wear tracks, which protected the counterface from wearing. In Fig. 118(a-b), the
combination of the mild wear zone can be regarded as the safe operation zone for the Ti
and hardened steel against each other respectively for this range of sliding speeds and

normal loads [65].

6.3.4. Wear mechanism maps
Wear mechanism maps are useful tools for analysing the change in wear mechanism

regimes over a multi-parameter space. Fig. 119 shows the wear mechanism maps of the Ti
and hardened steel against each other that exhibits significant transitions in wear
mechanism regimes. The boundaries of the wear mechanisms regimes on the diagrams are
only approximate. The wear mechanisms regimes below are based on the experimental

observations as mentioned above.

These can be summarized as:
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Figure 119 Wear mechanism maps, (a) Ti pins against hardened steel disks and (b) hardened steel disks
against Ti pins.
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From Fig. 119(a), in the “adhesive-oxidative wear” regime, wear fragments were generated
due to adhesion between mating sliding surfaces. The mechanically mixed layer formed
which comprises oxidative- wear products, Figs. 114(c - d) and 115(c - d) respectively, with
the presence of oxide particles clearly in evidence. Analysis of wear debris shows fine
compact powder of titanium oxide and metallic particles of titanium, Figs. 116(c-d) - 117(c-
d) [50]. With the increase in sliding speed, frictional heat leads to further oxidation of the
surfaces in contact [6, 8, 9, 174]. In this regime, with the high contact temperatures, there

is more evidence of adhesion than abrasion.

For the “oxidative-adhesive wear” regime, Fig. 119(a), severe adhesive wear and plastic
deformation led to the higher wear rate of the titanium pins in this region, Figs. 114(e, g)
and 115(e, g), due to high contact temperatures at higher sliding speeds and normal loads.
The flake like shape of metallic wear debris Figs. 116(e-f) and the presence of higher
proportions of titanium and oxygen in the wear products, Figs. 117(e-f) indicate that
oxidative wear was followed by adhesive wear. In such severe sliding conditions, material
transfer, wear, and surface degradation rates are higher. Metallic wear debris are produced
rapidly and the particles generated from the wear process are larger in size [43]. Similar
wear mechanisms are suggested by Straffelini and Molinari [174] and Ohidul Alam and

Haseeb [137] for Ti-6Al-4V alloy against hardened steel.

For the “abrasive-oxidative wear” regime, Fig. 119, oxide scale together with metallic Ti
and Fe acts as an abradent on the surfaces, Figs. 114(a, f) and 115(a, f). Adhesion is less
evident due to the lower contact temperatures. The nature and shape of the wear debris
for this and the above regimes, Figs. 116(a-b) and 117(a-b), identify the major difference

between the interaction of oxidation with the abrasive and adhesive wear mechanisms.
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6.4. Wear mechanisms Comparison between Ti sliding against hardened
steel counterface and 303SS sliding against alumina counterface [Chapter 5]
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Figure 120 Wear mechanistic maps for 303 SS against alumina (taken from chapter 5).

Fig. 120 shows the wear mechanistic map for 303SS against alumina taken from chapter 5,
for comparison with the wear mechanism map of Ti against hardened steel Fig. 119(a). It is
clear through comparing (although against different counterface materials) that the

oxidative wear mechanism is more prevalent for titanium against the steel counterface.

Clearly, the wear maps developed above indicate many possible wear regime transitions
between titanium and steel. Further work will be to investigate the wear mechanisms of Ti
base TiC composite coatings against hardened steel to provide a basis for coating

optimization in such conditions.

6.5. Conclusions
1. For titanium sliding against steel, oxidative wear predominates for the range of normal

loads and sliding speeds and is associated with relatively high wear rates indicating the non-
protective nature of the oxide formed and decrease in yield strength with the increase in

temperature between mating surfaces.

2. The titanium/steel sliding couple results in severe sliding conditions with adhesive wear,

delamination, plastic deformation, material transfer and abrasive wear of the pins material.
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3. A mechanically mixed metal layer develops under various combinations of sliding
speeds and normal loads on the wear tracks. However, the protective role of this layer

depends on the oxide morphology, the contact conditions and crystallographic structure i.e.

rutile — type structure.

4. Due to poor tribological properties, the use of uncoated Ti in the wear-resistant situation

is unwarranted.
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Chapter 7

Titanium base titanium carbide composite coatings in tribological
contact

7.1. Introduction

The purpose of this study is to investigate the wear behaviour of titanium base TiC
composite coatings sliding against hardened steel in air with respect to change in sliding
speeds and normal loads. The integrity of the composite coatings was checked for tribo-
corrosion behaviour and wear modes and wear mechanistic maps were constructed to
understand and predict the wear behaviour for the both materials in dry sliding contact
under ambient conditions at room temperature. Titanium base titanium carbide coatings
was produced by TIG welding torch melting process. The tribo-corrosion behaviour of Ti
base TiC composite coatings has been compared with respect to 303SS base TiC composite
coatings produced by this method (dealt with in chapter 5) and coatings produced other

than TIG process.

7.2. Dry sliding wear tests results
Dry sliding wear tests were carried out on pin-on-disk sliding wear testing rig Fig. 34 for 25

combinations of sliding speeds and normal loads for TiC coatings against hardened steel as
per experimental conditions mentioned in Section 3.5, chapter 3. The sliding distance
5,560m and numbers of revolutions 30,000 were kept constant for all tests. The coatings
were carried out by TIG welding torch melting method as mentioned in Section 3.6, Chapter
3. The effects of change in sliding speeds and normal loads on wear behaviour of Ti base TiC
composite coatings against hardened steel (A.l.S.I. 0-1-Ground Flat Stock), were
investigated. At the end of each sliding tests worn surfaces of the disks and pins and wear
debris were examined to investigate the wear mode and wear mechanism regimes. SEM
micrographs and EDX analysis of the worn surfaces and wear debris were carried out. The

dry sliding wear results are as follows:

7.2.1. Wear rate at 0.38m st sliding speed for the range of normal loads
Table 48 and Fig. 121 show the wear rate of Ti base TiC composite coatings pins and

hardened steel disks against each other at sliding speed 0.38m s for the range of normal

loads.
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Normal load (N) Wear rate of Ti base TiC Wear rate of hardened steel
coatings pin (m*> m™) x 10" at | disk (m* m™) x10™* at0.38 m s’
0.38ms™ !

10 0.004 0.062

20 0.098 0.235

30 0.018 0.244

40 0.095 0.692

50 0.084 0.960

Table 48 Wear rate of Ti base TiC coatings pins and hardened steel disks.
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Figure 121 Wear rate of Ti base TiC composite coatings pins and hardened steel disks.

7.2.2. Wear rate at 0.5m s-1 sliding speed for the range of normal loads
Table 49 and Fig. 122 show the wear rate of Ti base TiC composite coatings pins and

hardened steel disks against each other at sliding speed 0.5 m s™ for the range of normal

loads against each other.

Normal load (N) | Wear rate of Ti/TiC coatings pin | Wear rate of hardened steel disk
(m*. m?)x10* at0.5 ms-1 (m>. m*)x10* at0.5 ms-1

10 0.011 0.131

20 0.040 0.302

30 0.102 0.400

40 0.885 0.404

50 1.641 0.120

Table 49 Wear rate of Ti base TiC coatings pins and hardened steel disks.
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Figure 122 Wear rate of Ti base TiC coatings pins and hardened steel disks.
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7.2.3. Wear at 0.86m s! sliding speed for the range of normal loads

Table 50 and Fig. 123 show the wear rate of Ti base TiC composite coatings pins and
hardened steel disks against each other at sliding speed 0.86m s™ for the range of normal

loads.

Normal load (N) Wear rate of Ti/TiC coatings Wear rate of hardened steel disk
pin (M*m™)x10™ at0.86m | (m®*m™)x10™ at0.86 ms™

-1
s

10 0.091 0.148
20 0.161 0.323
30 0.954 0.115
40 0.113 0.579
50 0.994 0.221

Table 50 Wear rate of Ti base TiC coatings pins and hardened steel disks.
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Figure 123 Wear rate of Ti base TiC coatings pins and hardened steel disks.

7.2.4. Wear at 1.2m s'1 sliding speed for the range of normal loads
Table 51 and Fig. 124 show the wear rate of Ti base TiC composite coatings pins and
hardened steel disks against each other at sliding speed 1.2m s for the range of normal.

Normal load | Wear rate of Ti base TiC coatings | Wear rate of hardened steel disk
(N) pin (m*m?)x10™ at1.2ms™ (mM*m*)x10™ at1.2ms*

10 0.022 0.219

20 0.307 0.184

30 0.146 0.272

40 0.252 0.445

50 0.285 0.401

Table 51 Wear rate of Ti base TiC coatings pins and hardened steel disks.
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Figure 124 Wear rate of Ti base TiC coatings pins and hardened steel disks.

7.2.5. Wear at 1.5 m s'1 sliding speed for the range of normal loads
Table 52 and Fig. 125 show the wear rate of Ti base TiC composite coatings pins and

hardened steel disks against each other at sliding speed 1.5m s™ for the range of normal

loads.
Normal load | Wear rate of Ti base TiC Wear rate of hardened steel disk
(N) coatings pin (m*m™*)x 10 at | (m*m™*)x 10" at1.5ms™
1.5ms™

10 0.048 0.120

20 0.095 0.182

30 0.475 0.108

40 0.786 0.157

50 0.753 0.302

Table 52 Wear rate of Ti base TiC coatings pins and hardened steel disks.
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Figure 125 Wear rate of Ti base TiC coatings pins and hardened steel disks.

Tables 48-52 and Figs. 121-125 show the wear rate comparison of Ti base TiC composite

coatings pins and hardened steel disks at different constant sliding speeds for the range of

normal loads. At sliding speeds 0.38 m s more wear rate of hardened steel was found as

compare to Ti base TiC coatings Fig. 121. For the rest of sliding speeds fluctuation in wear

rates of both materials were found Figs. 122-125. The fluctuation in wear rate of the tribo
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couple occurred due to the formation of mechanical mixes layer, high oxidation rate and
mechanical damages of the contact surfaces during dry sliding against each other.
Moreover low wear rate of Ti base TiC coatings observed up to normal loads 20 N against it
counterface for the range of sliding speeds, which was due to high oxidation rate and

material transfer from hardened steel.

7.2.6. Wear rate of Ti base TiC coatings against hardened steel at constant sliding speeds
and various normal loads
Table 53 Fig. 126 show the wear rate of Ti base TiC composite coatings pins against

hardened steel disks at different constant sliding speeds and various normal loads.

Normal Wear rate Wear rate Wear rate Wear rate Wear rate

load (N) | (m*m™M)x10 | (m*m™)x10" | (m* m™?)x (m*m™) x (m*m™) x
 at0.38m | at0.5ms | 10" at0.86 | 10™ at1.2 | 10" at1.5
st ! ms* ms™ ms™

10 0.004 0.011 0.091 0.022 0.048

20 0.098 0.040 0.161 0.307 0.095

30 0.018 0.102 0.954 0.146 0.475

40 0.095 0.885 0.113 0.252 0.786

50 0.084 1.641 0.994 0.285 0.753

Table 53 Wear rate of Ti base TiC coatings pins against hardened steel disks.
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Figure 126 Wear rate of Ti base TiC coatings pins against hardened steel disks.

7.2.7. Wear rate of Ti base TiC coatings against hardened steel at constant normal loads
and various sliding speeds
Table 54 Fig. 127 show the wear rate of Ti base TiC coatings pins against hardened steel

disks at different constant normal loads and various sliding speeds.
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Sliding Wear rate Wear rate Wear rate Wear rate Wear rate
speed (M*mY)x10 | (MM x10 | (m*m™)x (m*m™) x (m*m™) x
(ms™) | at1ON 2 at 20N 10" at30N | 10 at 10" at
40N 50N
0.38 0.004 0.098 0.018 0.095 0.084
0.5 0.011 0.040 0.102 0.885 1.641
0.86 0.091 0.161 0.954 0.113 0.994
1.2 0.022 0.307 0.146 0.252 0.285
1.5 0.048 0.095 0.475 0.786 0.753
Table 54 Wear rate of Ti base TiC coatings pins against hardened steel disks.
L 18
5 1.6 K
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Tables 53-54 and Figs. 126-127 show the wear rate of Ti base TiC composite coatings pins
against hardened steel disks at constant sliding speeds and constant normal loads
respectively. It is clear from Fig. 126 that there was very mild and mild wear for all the
combinations of sliding speeds and normal loads except sliding speed 0.5 m s™ and normal
load 50 N. Steady wear rate was found for sliding speed 0.38 & 1.2 m s™* mean no wear
mode transition occurred at these sliding speeds for the range of normal loads. At 0.5 m s™
wear mode regime transitions occurred from very mild wear to mild wear then to medium
wear with the increase in normal load. At 0.5, 0.86 & 1.5 m s, fluctuation in wear rates

were found for the range of normal loads Fig. 127. Overall very mild wear was dominated

Figure 127 Wear rate of Ti base TiC coatings pins against hardened steel disks.

for Ti base TiC coatings against hardened steel.

7.2.8. Wear rate of hardened steel against Ti base TiC coatings at constant sliding speeds

and various normal loads

Table 55 Fig. 128 show the wear rate of hardened steel disks against Ti base TiC coatings

pins at different constant sliding speeds and various normal loads.
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Normal Wear rate Wear rate Wear rate Wear rate Wear rate
load (N) | (m®> m™)x10" | (m*m™?)x10" | (m* m™)x (m*m™) x (m*m™) x
2 3t0.38m | at0.5ms | 10" at0.86 | 10™ at1.2 | 10" at1.5
st ! ms™ ms™ ms?
10 0.062 0.131 0.148 0.219 0.120
20 0.235 0.302 0.323 0.184 0.182
30 0.244 0.400 0.115 0.272 0.108
40 0.692 0.404 0.579 0.445 0.157
50 0.960 0.120 0.221 0.401 0.302
Table 55 Wear rate of hardened steel disks against Ti base TiC coating pins.
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Figure 128 Wear rate of hardened steel disks against Ti base TiC coatings pins.

7.2.9. Wear rate of hardened steel against Ti base TiC coatings at constant normal loads

and various sliding speeds

Table 56 Fig. 129 show the wear rate of hardened steel disks against Ti base TiC coatings

pins at different constant normal loads and various sliding speeds.

Sliding Wear rate Wear rate Wear rate Wear rate Wear rate
speed (MmN x10 | (M*mY)x10 | (M’ m?)x10 | (m*m™) x (m*m™) x
(ms™) 12 3t 10N 12 3t 20N 12 3t 30N 10" at 10" at
40N 50N

0.38 0.062 0.235 0.244 0.692 0.960

0.5 0.131 0.302 0.400 0.404 0.120
0.86 0.148 0.323 0.115 0.579 0.221

1.2 0.219 0.184 0.272 0.445 0.401

1.5 0.120 0.182 0.108 0.157 0.302

Table 56 Wear rate of hardened steel disks against Ti base TiC coating pins.
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Figure 129 Wear rate of hardened steel disks against Ti base TiC coatings.

Tables 55-56 and Figs. 128-129 show the wear rate of hardened steel disks against Ti base
TiC composite coatings pins at constant sliding speeds and constant normal loads
respectively. It is clear from Fig. 128 that there was mild wear occurred for all the
combinations of sliding speeds and normal loads. At sliding speed 0.38 m s™ wear rate
increased with the increase in normal load. Fig. 129 shows the fluctuation in wear rate and

wear rate of hardened steel was decreasing with increase in sliding speed for the range of

normal loads.

7.2.10. Total mass loss comparison of Ti base TiC coatings pins and hardened steel disks
Table 57 and Fig. 130 show the total mass loss of the Ti base TiC composite coatings pins

and hardened steel disks at different constant sliding speeds for the range of normal loads
i.e. at variable loads from 10 to 50 N, and increasing in 10 N increments for the total sliding
distance 27,800 m. At sliding speeds 0.38 & 1.2 m s the total mass loss of the Ti base TiC
coatings was lower than that of hardened steel and for the rest of the sliding speeds mass
loss of the hardened steel was lower. Moreover, the mass loss of the hardened steel was
decreasing with the increase in sliding speed. The fluctuation in the total mass loss of Ti
base TiC coating against hardened steel may be attributed to formation of mechanical
mixes layer, higher oxidation rate and mechanical damages of the contact surfaces during

dry sliding.
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Sliding Total mass loss  of | Total mass loss of Ti base TiC
speed (m s | hardened steel disk (g) x 10" | coatings pin (g) x 10°

1) 2

0.38 9.51 0.80

0.5 6.72 7.33

0.86 6.00 6.33

1.2 6.60 2.77

1.5 3.77 5.90

Table 57 The Total mass loss of Ti base TiC composite coatings pins and hardened steel disks.
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Figure 130 The total mass loss comparison of hardened steel disks and Ti base TiC coatings pins.

7.2.11. Coefficient of friction of Ti base TiC coatings pins against hardened steel disks
Table 58 and Fig. 131 show the trend of friction of the Ti base TiC pins and hardened steel

disks sliding against each other at different constant sliding speeds and various normal

loads.

Normal | Coefficient of | Coefficient Coefficient Coefficient Coefficient

load (N) | friction at of friction at | of friction at | of friction at | of friction at
0.38 0.5 ms™ 0.86 ms™ 1.2 ms” 1.5
ms™ ms™

10 0.61 0.50 0.33 0.50 0.27

20 0.28 0.35 0.26 0.27 0.34

30 0.35 0.34 0.25 0.28 0.29

40 0.27 0.31 0.34 0.33 0.29

50 0.44 0.24 0.25 0.31 0.24

Table 58 Coefficient of friction of Ti base TiC coatings pins against hardened steel disks.
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Figure 131 Coefficient of friction of Ti base TiC coatings pins against hardened steel disks.

Table 59 and Fig. 132 show the trend of friction Ti base TiC pins and hardened steel disks

sliding against each other at different constant normal loads and various sliding speeds.

Sliding | Coefficient of | Coefficient Coefficient Coefficient | Coefficient
speed friction at 10 | of friction at | of friction at | of friction at | of friction at
ms™* N 20N 30N 40 N 50N

0.38 0.61 0.28 0.35 0.27 0.44

0.5 0.50 0.35 0.34 0.31 0.24

0.86 0.33 0.26 0.25 0.34 0.25

1.2 0.50 0.27 0.28 0.33 0.31

1.5 0.27 0.34 0.29 0.29 0.24

Table 59 Coefficient of friction of Ti base TiC coatings pins against hardened steel disks.
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Figure 132 Coefficient of friction of Ti base TiC coatings pins against hardened steel disks.

7.2.12. SEM micrographs of Ti base TiC coatings pins and hardened steel disks worn
surfaces
Figs. 133-134 show the SEM micrographs and EDX analysis of the worn surfaces of the Ti

base TiC composite coatings pins and wear tracks on the hardened steel disks respectively.
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At a sliding speed of 0.38 m s™* and normal loads of 10, 30 & 50 N; 0.5 m s and 10 & 20 N;
0.86 m s and 10, 20 & 30 N and at 1.2 m s™ and 10 to 40 N high oxidation of the hardened
steel occurred. Iron oxide was transferred to the pins’ mating surfaces. The worn surfaces
of the pins are not completely visible as they are masked by the transferred iron oxides
Figs. 133(apin, Cpin) - 134(apin, Cpin). At 0.38 m s and 20 & 40 N; 0.5 m s™ and 30, to 50 N; 0.86
m s and 30 N and at 1.5 m s™ and 10 & 30 N higher oxidation rate of the pins occurred and
comparatively less iron oxide transferred to the worn surfaces of the pins. The worn
surfaces of the pins are showing adhesive and plastic deformation marks as well Figs.
133(byin, €pin) - 134(bgin, €pin). At 0.86 m s'and 50 N; 1.2 m s* and 50 N and at 1.5 m s™ and
20 & 40 N worn surfaces of the pins are showing marks of adhesive wear, plastic

deformation and abrasive wear Figs. 133(d,i,) - 134(dgin)-

On the other hand for hardened steel disks at 0.38 & 0.5 m s™ and 10 to 30 N; 0.86 m s™
and 10, 20 & 40 N and at 1.2 m s and 10 & 20 N adhesive wear and mild abrasive wear
were found Figs. 133(agis Caisk) - 134(adisks Caisk). At 0.38 & 0.5 m s™ and 40 & 50 N normal
load abrasive-oxidative wear occurred. At 0.5 m s™ and 40 & 50 N; 0.86 m s™ and 30 & 50 N;
1.2 m s* and 30 to 50 N and at 1.5 m s and 20 to 50 N adhesive, plastic deformation,
delamination and oxidative wear and little Ti transferred to wear tracks Figs. 133(bgisk, daisk,
egisk) - 134(bgisk, daisk, €aisk)- While at 1.5 m s sliding speed and 10 N normal load abrasive

wear occurred.

e
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e
Spectrum 1

(bpin)
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400pm Electron Image 1 Electron Image 1
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300pm Electron Image 1 r 300pm Electron Image 1

Figure 133 SEM micrographs of the worn surfaces of the TiC coatings pins and wear track of the hardened steel
disks, (a) at normal load 30 N and sliding speed 0.38 m s (b) at 50 N and 0.5 m s (c)at40N and 0.86 m st (d)
at50 N and 0.86 m s and (e)at50Nand 1.5 m st

7.2.13. EDX analysis of Ti base TiC coatings pins and hardened steel disks worn surfaces
Fig. 134 shows the EDX analysis of the worn surfaces of the Ti base TiC composite coatings
pins and wear tracks on the hardened steel disks.
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Figure 134 EDX analysis of the wear surfaces of the TiC coatings pins and wear track of the hardened steel disks,
(a) at normal load 30 N and sliding speed 0.38 m st (b) at 50 N and 0.5 m st (c)at40 N and 0.86 m s (d) at 50
N and 0.86 ms” and (e)at50Nand 1.5 m st

7.2.14. SEM micrographs of wear debris of Ti base TiC coatings pins against hardened
steel disks

Fig.135 shows the SEM micrographs of the wear debris of the Ti base TiC composite
coatings pins and the hardened steel disks sliding against each other.
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Figure 135 SEM micrographs of wear debris of Ti base TiC coatings against hardened steel, (a) at sliding speed
0.38 m s and normal load 30 N, (b) at0.38 m stand 30 N at high magnification, (c) at 0.5 m stand 40 N point
analysis, (d) at 0.5 m s'and 40N point analysis, (e) at 0.5 m s'and 50N, (f)at 0.86 m s'and 50N, (g)atl.2ms
'and 20N high magnification, and (h) at 1.5 m s and 50 N.

7.2.15. EDX analysis of wear debris of Ti base TiC coatings pins against hardened steel
disks

Fig. 136 shows the EDX analysis of the wear debris of the Ti base TiC composite coatings
pins and hardened steel disks sliding against each other.
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Figure 136 EDX analysis of wear debris of Ti base TiC coatings against hardened steel, (a) at sliding speed 0.38 m

s and normal load 30 N, (b) at0.38 m s'and 30 N at high magnification, (c) at 0.5 m s'and 40 N point analysis,

(d)at0.5m s'and 40N point analysis, (e) at 0.5 m stand 50 N, (f)at0.86 m stand 50 N, (g)at1.2m s'and 20
N high magnification, and (h) at 1.5 m s " and 50 N.

Figs. 135-136 show the SEM micrographs and EDX analysis of the wear debris respectively.
The composition of wear debris mainly consisted of Ti, O and Fe with high percentage of
disks material at lower sliding speeds and higher percentage of coated pins material at
higher sliding speeds Fig. 136. This confirms that debris particles came from the both

specimens and counterparts materials. The shapes of the wear debris were different for
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lower sliding speeds and for the higher sliding speeds irrespective of normal loads. The
wear mechanisms change with the change in sliding speeds and wear modes are dependent

on sliding speeds and normal loads.

From the SEM micrographs of the wear debris, the physical nature and shapes of the wear
debris are different for the range of sliding speeds Figs. 135(a-h). The shape of the wear
debris is changed with the increase in sliding speed. The compact brown powdery wear
debris came from counterface at lower sliding speeds for the range of normal loads Figs.
135(a-b) - 136(a-b) and at lower normal loads for the range of sliding speeds Figs. 135(, g) -
136(g). The grey oxide powdery products came from Ti base TiC composite coatings pins at
higher normal loads at sliding speeds 0.5, 0.86 and 1.5 m st Figs. 135(c, e-f, h) - 136(c, e-f,
h). The micro flake-like shape particles in wear products came from hardened steel disks
Figs. 135(d, g) - 136(d, g).The species of Ti, O and Fe in EDX analysis Fig. 136(a-h) are
evident that the oxides of both Ti and iron were present in the wear debris. The brown
powdery brittle wear products came from the iron oxide at lower normal loads and the grey
powdery wear products came from Ti oxide at higher normal loads for the range of sliding
speeds. As clear from the nature of the wear debris, the wear mechanisms for this tribo
couple were the combinations of micro abrasion, oxidative wear, iron oxide transfer, plastic
deformation, micro delamination, micro adhesive, micro abrasive and oxidative wear for

the range of sliding speeds and normal loads.

7.2.16. Optical micrographs of coatings layers on Ti pins
Fig. 137 shows optical micrographs of the cross sections of the Ti base TiC coatings pins’

coated surfaces thickness. Fig. 137(a) shows the thickness of the finish surface of the
coating prior to testing. Figs. 137(b-c) show the thickness of coatings left after the tests

carried out.
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Figure 137 Optical micrographs of Ti base TiC coatings pins, (a) thickness of the coatings layer after grinding the
surface of the coatings, (b) thickness of the coatings layer after test at sliding speed 1.2 m s and normal load 50
N and (c) thickness of the coatings layer after test at sliding speed 1.5 m s and normal load 40 N.

7.2.17 Experimental error
Table 60 and Fig. 138 show the mass losses at repeat tests and experimental error of this

tribo system respectively. The experimental error (repeatability) for Ti base TiC composite
coatings pins against hardened steel disks, calculated on the basis of repeat tests carried
out at sliding speed 0.5 m s™ and normal load 50 N (number of tests carried out = n =3). The
experimental error 8% was found for this tribo-couple on the basis accepted average value

of mass loss of the TiC pins for these tests [193, 194].

Number of Sliding speed | Normal load Mass loss of Ti | Experimental

experiment=n | (ms™) (N) base TiC error %
coatings pin (g)

1 0.5 50 0.0514 +5.33

2 0.5 50 0.0501 +2.66

3 0.5 50 0.0449 -7.99

Average 0.0488 -8to+8

Table 60 Mass loss of Ti base TiC composite coatings pins against hardened steel disks for repeat tests at and
experimental error.

2

3

n = Number of experiment

Figure 138 Experimental errors (8%) for the Ti base TiC coatings pins against steel disks.
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7.3. Discussion

7.3.1. Wear mechanisms and regimes

The dry sliding wear tests of TiC composite coatings on Ti substrate against hardened steel
were carried out. TiC composite coatings showed higher wear resistance against its
counterpart Figs. 121-125. The higher wear resistance of TiC composite coatings, which
resulted in very mild and mild wear against its counterpart Fig. 139(a), is attributed to its
high hardness, thickness of the coatings layer on the substrate, good internal (compressive)
stress level, load bearing capacity i.e. the ability of a coating-substrate system to withstand
load on the coated surface without spalling or cohesion failure and due to favourable
coefficient of thermal expansion of substrate and coatings materials [55]. The counterpart
also showed mild wear against Ti base TiC composite coatings due to its high hardness Fig.
139(b). When this hard metal rubbed against TiC composite coatings there was very low
chance of micro-welding taking place between mating surfaces which reduced the tendency
of adhesion between pins and disks contacts during sliding [122], which resulted in mild

wear of both materials Fig. 139.

The fluctuation in wear rates of Ti base TiC coating and hardened steel, against each other,
within the mild wear regimes for the range of sliding speeds and normal loads, Figs. 126-
127 & Figs. 128-129 respectively; because of the formation of mechanical mixed layer and
variation in temperature between contact areas. The increase in flash temperature and
frictional heating results in thermal softening effects and oxidation of the mating surfaces
during sliding for different combinations of sliding speeds and normal loads. Both materials
behaved differently under the ambient conditions when temperature changes occurred
between sliding contacts. The wear rate of Ti base TiC coatings increased with the increase
in normal loads for the range of sliding speeds Figs. 126-127. The same trend of wear was
found in the study of 303SS base TiC coatings dealt with in Chapter 5, by Tyler L et al. in the
study of sliding wear of TiC and Ti(C, N) cermet prepared with a stoichiometric Ni Al binder
[190] and in the work of the others researchers found in literature for the composite
coatings, where coatings were carried out by the different methods [55, 143, 171]. These
observations are in consistence with the previous studies that demonstrate the total mass

loss during sliding depends upon both the sliding time and applied load [29, 191].

The frictional behaviour of metals, when sliding in the air against one another, depends on

the composition and microstructure of the materials and on the tests conditions [62]. The
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coefficient of friction (u) data and plots are on the basis of average values that were
observed for each combination of sliding speed and normal load during sliding. Figs. 131-
132 show the coefficient of friction is higher at 10N for the range of sliding speeds. Higher
coefficient of friction at this normal load might have been due to more actual areas of
contact and lower frictional heat but for the rest of normal loads the values of p was found
between 0.25-0.35 for the range of sliding speeds. The lower values of p at those
combinations of sliding speeds and normal loads might have been because of higher
frictional heat that resulted in oxidation and surface softening effects. Generally the lower
coefficient friction for this tribo-system might have been because of poor adhesion
between the incompatible pins and disks material [55]. The fluctuation in friction force was
observed, either might have resulted from the wear particles that trapped between the
mating surfaces during sliding and changed the contact conditions or from oxidation, plastic
flow and adhesion effects for various combinations of the sliding speeds and normal loads

[161, 181].

From Fig. 140(a) for the wear mechanisms, ‘““micro-abrasion”, TiC coatings was not prone
to tribo-oxidation degradation due to the humidity in the environment for these
combinations of sliding speeds and normal loads. It may be possible that increased asperity
contact heating, arising from contact loads and sliding speeds, eliminates absorbed
moisture on the TiC surfaces and inhibits tribo-oxidation wear effects. The reduced tribo-
chemical oxidation of TiC in this regime suggested that wear in this regime was largely
controlled by micro-abrasion (mechanically) of TiC coatings by hard carbides in the
hardened steel or by brittle iron oxide particles, SEM micrographs of the worn surfaces Figs.
133(apin, Cpin) and EDX analysis of the worn surfaces 134(ay, cpin). The transferred Fe oxide
formed tribo-layers on the pins’ mating surfaces [190, 192], then the wear of that layers
occurred. The wear debris generated in this wear mechanisms regime was powder of iron
oxide had reddish brown appearance, brittle in nature and micro-flake-like shape iron
particles Fig. 135(a, b, g). EDX analysis of the wear debris showed dominance of Fe and O
Fig. 136(a, b, g) that changed the order of wear magnitude in hardened steel for these
combinations of sliding speed and normal loads due to abrasive and oxidative wear, Fig.
140(b), against the TiC composite coatings surface asperities which were less prone to
tribo-oxidation polishing effects. Same observations were found by S. Wilson, A. T. Alpas for

TiN coating against HSS [74]. Thus less wear rate of Ti base TiC composite coatings as
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compare to wear rate of hardened steel was found for these combinations of sliding speeds

and normal loads Tables 48-52, 57 and Figs. 121-125, 130, 139(a).

For the wear mechanisms, ‘“adhesive-oxidative wear *’, Fig. 140(a) higher wear rate of TiC
coatings than that of hardened steel was found in this wear mechanisms regime Figs. 122-
124, 130. Higher oxidation of the pins occurred and comparatively less iron oxide
transferred to the worn surfaces of the pins, EDX analysis of the worn surfaces Figs.
134(byi, €pin). The worn surfaces of the pins show adhesive and plastic deformation marks
as well, SEM micrographs of the worn surfaces Figs. 133(byin, epn). Analysis of the wear
products for these tests, suggest that the cause of wear of TiC coatings were mechanical as
well as by tribo-chemical (tribo-oxidation) degradations mechanisms, EDX analysis of the
wear debris Figs. 136(c-e). The micro (very small) flaky, metallic debris in wear products,
Figs. 135(c-e), indicates that adhesive, delamination wear occurred along with oxidation for
TiC coatings [137]. Rabinowicz E. [177] suggests that the size of the flaky wear debris is
linked with the severity of adhesive wear. The presence of micro size compact wear
products implies that coating undergone mild wear. The second type of wear mechanism in
this regime was thought to be tribo-oxidational wear. The presence of dark grey powdery
particles and compact scales in wear debris Fig. 135(e) and Fig. 136(e) are the evidence of
this wear mechanism. For the counterface Fig. 140(b), the presence of the micro flaky iron
debris Fig. 135(c-d) and composition of Ti, Fe and O in the wear debris Fig. 136(c) confirm
that wear occurred by adhesive, mild delamination and oxidative wear along with Ti

transfer in this wear regime.

For the wear mechanisms, “oxidative-adhesive wear”, Fig. 140(a), the increase in sliding
speeds and normal loads, resulted increase in mechanical effects and in bulk temperature
led to wear of Ti base TiC coatings pins by adhesive, plastic deformation and delamination
wear along with oxidation of pins mating surfaces in this wear regime. SEM micrograph of
the worn surface of the pin Fig. 133(d,,) shows marks of adhesive wear and plastic
deformation wear. EDX analysis Fig. 134(d,,) shows the absence of O on the worn surface
of the pin. The coatings surfaces damage was increased by adhesion, mild delamination
along with ductile deformation of the TiC coatings due to frictional heating effects. The
same observations are found in literature for the pin-on-disk experiment of TiN versus HSS
[171]. The increased frictional heating effects appear to introduce rapid ductile wear of the

coatings that result in transition in wear mechanisms [6]. The wear debris is consisted of
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comparatively bigger micro flakes and oxide powder from TiC coatings and counterpart,
SEM micrograph of the wear debris Fig. 135(f). EDX analysis of the wear debris Fig. 136(f)
shows the presence of Ti, Fe and O species with larger percentage of Ti and O; which
indicates that oxidation of the pins’ mating surface occurred as well at higher sliding speeds
and normal loads but the rate of removal of oxide was greater than that of the rate of
oxidation. The further transitions in wear mechanisms regime seemed to be occurring with
increase in sliding speed Fig 125 as the sizes of the micro flake in wear debris are smaller
than that of the former combination of sliding speed and normal load Fig. 135(h) and Fig
136(h).

On the other hand, for the hardened steel Fig. 140(b), the wear rate was lower than that of
the TiC coatings for these combinations of sliding speed and normal loads Table 57 and Fig.
130. The lower wear rate of counterface is attributed to the thermal softening effects on
the specimens mating surfaces that led to transfer of pins material to counterface Fig.
133(d-e) and Fig. 134(d-e). The transitions in wear modes and wear mechanisms of the
metals in sliding contact have been attributed to their increased sensitivity to the onset of
intense shear location phenomena, surface sliding temperatures and shear deformation

rates, in the wear contact zone [178].

7.3.2 Wear mode regimes and maps
The development of wear maps is a useful tool to study and predict the wear behaviour of

metals sliding against each other at different sliding speeds and normal loads. The wear
mode regimes, namely (a) very mild wear (b) mild wear (c) medium wear and (d) severe
wear are defined in consistent with the research work found in literature [34, 72],
experimental work carried out (dealt with in Chapters 4, 5 and 6), tests results, mass loss
data, wear rate (volume loss rate), physical observations of the worn surfaces, SEM and
EDX of the worn surfaces and the wear debris. The mild wear results in dark smooth worn
surfaces, lower wear rate and oxide powdery wear debris at the end of test due to
oxidation during sliding of mating surfaces. On the other hand, bright, rougher worn
surfaces and larger metallic wear debris at the end of sliding tests and higher wear rates

results in medium and severe wear [33]. The Wear modes regimes limits are as follows:
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a) Very mild wear <[0.1x10™ (m> m™)]

b) [0.1x10™** (m* m™)] < mild wear < [1.12x10™"? (m® m™)]

¢) [1.12x10% (m* m™)] < medium wear < [3.35x10™ (m* m™)]
d) Severe wear >[3.35x10? (m®* m™)]

Fig. 139, the various wear mode regimes are identified for pins and disks during dry sliding
contact as a function of sliding speeds, showing distinctive differences in the wear mode
transitions. It can be clearly seen that very mild wear is more prevalent with respective to
normal load for TiC coatings pins Fig. 139(a) whereas, mild wear is prevalent for the
hardened steel Fig. 139(b). It can be clearly seen that the medium wear occurred only for
one combination of sliding speed and normal load for TiC coatings and severe wear did not
occur for both specimen and counterpart. Moreover, in Fig. 139(a-b), the combination of
the very mild and mild wear zone can be regarded as the safe operation zone for the Ti
base TiC composite coatings and hardened steel against each other for this range of sliding

speeds and normal loads.
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Figure 139 Wear modes maps, (a) Ti base TiC coatings pins against hardened steel disks and (b) hardened steel
disks against Ti base Tic coatings pins.

7.3.3 Wear mechanism regimes and maps
Wear mechanism maps are useful tools for analysing the change in wear regime over a

multi-parameter space. Wear rates of Ti base TiC coatings pins and hardened steels disks

are represented in wear mechanisms maps form on the normal load versus sliding speeds
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axis Fig. 140. The wear mechanism regimes below are based on the experimental

observations and tests results as discussed above. These can be summarized as:

e Oxidative — adhesive wear
e Adhesive - oxidative wear
e Oxidative — abrasive wear
e Abrasive - oxidative wear
e  Micro-abrasion

e Abrasive wear

60 60
Oxidative - adhesive i
®) wear (a) Abrasive - Adhesive - oxidative wear
50 * [ | [ ] + 5o | oxidative g | o . . .
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Figure 140 Wear mechanisms maps, (a) Ti base TiC coatings pins against hardened steel disks and (b) hardened
steel disks against Ti base Tic coatings pins.

A tribo-system approach has been adopted rather than having to investigate Ti base TiC
coatings and hardened steel wear behaviour individually. Fig. 140 shows the wear
mechanisms maps of specimen and counterface; the boundaries on the diagrams are only
approximate. As clear from the Fig. 140(a) for the TiC coatings pins against hardened steel
disks micro-abrasion wear is predominated along with adhesive and oxidative wear. For
hardened steel disk against TiC coatings pins adhesive — abrasive - oxidative wear is

predominated, Fig. 140(b).
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7.4. Wear modes comparison between Ti base TiC coatings sliding against
hardened steel counterface and 303SS base TiC coatings sliding against
alumina counterface [Chapter 5]

12
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Medium wear

Normal load (N)
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o 2 4 6 8 10 12 14 16
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Figure 141 Wear mode map for 303stainless steel base TiC composite coatings disk against alumina ball (taken
from Chapter 5).

Fig. 141 shows the range of sliding speeds and normal loads dealt with in chapter 5 for
303SS base TiC composite coatings, involved in the present study, for comparison between
different substrate coated with the similar composite coatings by the similar coating
method i.e. TIG welding torch melting method. It is clear from these figures that the wear
rate of the 303SS base TiC composite coatings is higher than that of the Ti base TiC
composite coatings Fig. 139(a) for the range of sliding speeds and normal loads of the
previous work. The higher wear resistance of the Ti base TiC composite coatings is
attributed to the dense structure with low porosity of the coatings Fig. 137(a), [158] and
the absence of cracking as the substrate and coating system have closer/ favourable

coefficient of thermal expansion [55].

7.4. Conclusions
1. TiC composite coatings made by TIG process were found to be stable and sliding wear

resistant on Ti substrate. Hence TIG welding torch melting coating method is comparable

with the other coating process.

2. The sliding wear of TiC hard coatings can change significantly with variation of

parameters such as normal load and sliding speed.
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3. Significant levels of iron oxide were transferred to TiC coatings pins at lower sliding speed
while some transfer of pins material to disks occurred at higher sliding speeds and normal

loads due to increases in frictional heat.

4. The wear mechanisms involved in the wear of TiC coatings were included one or more of
the following: TiC micro-abrasion, Fe oxide transfer, adhesive, delamination and oxidative

wear.
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Chapter 8

Tribo-corrosion maps for titanium uncoated and coated with titanium
carbide composite coatings

8.1. Introduction
The use of titanium is limited in a number of industries with regards to sliding applications

because of its poor tribological properties and inability to form protective oxide layer. By
development and using the different methods and techniques of surface engineering the
potential applications of the treated titanium can be increased by improving its tribological
properties. In this chapter the wear behaviour of Ti uncoated and coated with TiC
composite coatings has been discussed in contents of improvement in tribological

properties due to surface treatment by using tribo-corrosion maps techniques.

8.2. Wear tests results
Dry sliding wear tests were carried out in a pin-on-disk sliding wear testing rig, Fig. 34, of Ti

(uncoated and coated with TiC coatings) pins against hardened steel disks as counterface;
25 combinations of sliding speeds and normal loads for each material; as per experimental
conditions mentioned in Section 3.5. The sliding distance 5,560 m and number of
revolutions 30,000 were kept constant for all tests. The pin surface coatings was carried out
by TIG welding torch melting method, as mentioned in Section 3.6, Chapter 3. The effects of
change in sliding speeds and normal loads on wear behaviour of Ti (uncoated and coated
with TiC coatings) pins against hardened steel (A.l.S.l. 0-1-Ground Flat Stock) disks, have
been compared to check the improvement in the wear resistance of the substrate after TiC
coatings. Tribo-corrosion maps have been constructed for both uncoated and coated
materials on the basis of wear rate, total mass loss, frictional behaviour, worn surfaces
analysis, wear debris analysis, wear mode and wear mechanisms against hardened steel.

Experimental data taken from chapter 6 and 7 is as below:

8.2.1 Wear at 0.38 m s'1 sliding speed for the range of normal loads
Table 61 and Fig. 142 show the wear rate of Ti (uncoated and coated with TiC coatings) pins

against hardened steel disks at sliding speed 0.38 m s™ for the range of normal loads.
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Normal load | Wear rate of Ti/TiC coatings | Wear rate of Ti pin (m>m™)
(N) pin (m*m™)x10™ at0.38 | x10™ at0.38 ms™
-1
ms
10 0.004 2.23
20 0.098 1.63
30 0.018 3.6
40 0.095 6.16
50 0.084 9.88
Table 61 Wear rate of Ti and Ti base TiC coatings pins.
12
° 9-‘1_, 10 /. =¢—Wear rate of TiC at
5% 8 0.38m.s-1
5T ©
§ E 4 —i—Wear rate of Ti at
E 5 0.38m.s-1
0 +—o——0o—o—¢ \
0 20 40 60
Normal load (N)

Figure 142 Wear rate of Ti and Ti base TiC coatings pins.

8.2.2. Wear at 0.5 m s'1 sliding speed for the range of normal loads
Table 62 and Fig. 143 show the wear rate of Ti (uncoated and coated with TiC coatings) pins

against hardened steel disks at sliding speed 0.5 m s™ for the range of normal loads.

Normal load | Wear rate of Ti/TiC coatings pin | Wear rate of Ti pin (m®*m™) x
(N) (M*m?)x10™ at0.5ms™ 10" at0.5ms*
10 0.011 1.13
20 0.040 1.28
30 0.102 2.60
40 0.885 2.87
50 1.641 4.42
Table 62 Wear rate of Ti and Ti base TiC coatings pins.
5

284 S

g x3 r/ ¢— Wear rate of TiC at

(R0 0.5m.s-1
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Figure 143 Wear rate of Ti and Ti base TiC coatings pins.
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8.2.3. Wear at 0.86 m s'1 sliding speed for the range of normal loads
Table 63 and Fig. 144 show the wear rate of Ti (uncoated and coated with TiC coatings) pins

against hardened steel disks at sliding speed 0.86 m s™ for the range of normal loads.

Normal load (N) | Wear rate of Ti/TiC coatings pin | Wear rate of Ti pin (m> m™) x
(m’m™*)x10™ at0.86 ms™ 10" at0.86 ms™
10 0.091 0.75
20 0.161 1.25
30 0.954 3.05
40 0.113 4,98
50 0.994 11.92
Table 63 Wear rate of Ti and Ti base TiC coatings pins.
15
&
£210 Vo
o 7
%’ E s o—Wear rate of TiC at
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== Wear rate of Ti at
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Normal load (N)

Figure 144 Wear rate of Ti and Ti base TiC coatings pins.

8.2.4. Wear at 1.2 m s1 sliding speed for the range of normal loads
Table 64 and Fig. 145 show the wear rate of Ti (uncoated and coated with TiC coatings) pins

against hardened steel disks at sliding speed 1.2 m s™ for the range of normal loads.

Normal load (N) Wear rate of Ti/TiC coatings pin | Wear rate of Ti pin (m*m™) x
(M m?)x10™ at1.2 ms-1 10" at1.2ms*

10 0.048 0.54

20 0.095 0.88

30 0.475 6.38

40 0.786 8.08

50 0.753 22.36

Table 64 Wear rate of Ti and Ti base TiC coatings pins.
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Figure 145 Wear rate of Ti and Ti base TiC coatings pins.

8.2.5. Wear at 1.5 m s'1 sliding speed for the range of normal loads
Table 65 and Fig. 146 show the wear rate of Ti (uncoated and coated with TiC coatings) pins

against hardened steel disks at sliding speed 1.5 m s™ for the range of normal loads.

Normal load (N) Wear rate of Ti/TiC coatings Wear rate of Tipin (m®>m™) x
pin(m*m™*)x10™ at1.5ms™ | 10 at1.5ms™
10 0.048 0.76
20 0.095 0.63
30 0.475 6.46
40 0.786 9.25
50 0.753 36.71
Table 65 Wear rate of Ti and Ti base TiC coatings pins.
40

2§ 30 7

g ; 20 / —0-—Wear rate of TiC at
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0 20 40 60

Normal load (N)

Figure 146 Wear rate of Ti and Ti base TiC coatings pins.

Tables 61-65 and Figs. 142-146 show the wear rate comparison of Ti and Ti base TiC
composite coatings pins against hardened steel disks at different constant sliding speeds for
the range of normal loads. It is clear from these figures that the wear rate of the substrate
was higher than that of the coatings for all combinations of sliding speeds and normal
loads. Moreover, the wear rate difference is prominent over the normal load 20 N for the

range of sliding speeds.
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8.2.6. Wear rate of Ti against hardened steel at constant sliding speeds and various

normal loads

Table 66 Fig. 147 show the wear rate of Ti pins against hardened steel disks during dry

sliding wear at different constant sliding speed and various normal loads.

Normal Wear rate Wear rate Wear rate Wear rate | Wear rate

load (N) (m* mM)x10" | (m®* m™)x10" | (m® m™)x10™ | (m? m | (m®* mM)x10
?at038m| " at 0.5 m|at 0.86 m | )x10"* at|** at 1.5 m
st st st 1.2ms* st

10 2.23 1.13 0.75 0.54 0.76

20 1.63 1.28 1.25 0.88 0.63

30 3.6 2.60 3.05 6.38 6.46

40 6.16 2.87 4.98 8.08 9.25

50 9.88 4.42 11.92 22.36 36.71

Table 66 Wear rate of Ti pins against hardened steel disks.

Wear rate
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=¢=—At 0.38m s-1
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=ie=At 1.5m s-1

Figure 147 Wear rate of Ti pins against hardened steel disks

8.2.7. Wear rate of Ti against hardened steel at constant normal loads and various sliding

speeds

Table 67 and Fig. 148 show the wear rate of Ti pins against hardened steel disks during dry

sliding at different constant normal loads and various sliding speeds.

Sliding Wear rate Wear rate Wear rate Wear rate Wear rate
speed (m* mM)x10 | (m* mY)x10 | (m* m™Y)x10" | (m* m™H)x10" | (m* m™?)x10°
(ms™) 23t 10N 2at20N 2at 30 N 2at 40 N 123t 50 N
0.38 2.23 1.63 3.6 6.16 9.88

0.5 1.13 1.28 2.60 2.87 4.42

0.86 0.75 1.25 3.05 4.98 11.92

1.2 0.54 0.88 6.38 8.08 22.38

1.5 0.76 0.63 6.46 9.25 36.71

Table 67 Wear rate of Ti pins against hardened steel disks.
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Figure 148 Wear rate of Ti pins against hardened steel disks.

8.2.8. Wear rate of Ti base TiC coatings against hardened steel at constant sliding speeds
and various normal loads
Table 68 Fig. 149 show the wear rate of Ti base TiC composite coatings pins against

hardened steel disks during sliding at different constant sliding speeds and various normal

loads.

Normal | Wear rate Wear rate Wear rate Wear rate Wear rate

load (N) | (m*m™Y)x10™ | (m*m™)x10" | (m® m™)x10" | (m* m™)x10" | (m® m™)x10°
at0.38 ms* 2 at0.5ms | ™ at0.86m | atl.2m 2 at1.5m

1 s-l s-l S-l

10 0.004 0.011 0.091 0.022 0.048

20 0.098 0.040 0.161 0.307 0.095

30 0.018 0.102 0.954 0.146 0.475

40 0.095 0.885 0.113 0.252 0.786

50 0.084 1.641 0.994 0.285 0.753

Table 68 Wear rate of Ti base TiC coatings pins against hardened steel disks.
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= == At 1.2 m.s-1
bor | g "
2 0 : - = At 1.5 m.s-1

0 20 40 60

Normal load (N)

Figure 149 Wear rate of Ti base TiC coatings pins against hardened steel disks.
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8.2.9. Wear rate of Ti base TiC coatings against hardened steel at constant normal loads
and various sliding speeds
Table 69 Fig. 150 show the wear rate of Ti base TiC coatings pins against hardened steel

disks due to dry sliding wear at different constant normal loads and various sliding speeds.

Sliding | Wear rate Wear rate Wear rate Wear rate Wear rate
speed (MM x10 | (M*mH)x10° | (M* m™*)x10° | (m* m’ (m*m
(ms™?) 12 at 12 at 12 at Hx10™ at | Y)x10™? at
10N 20N 30N 40N 50N
0.38 0.004 0.098 0.018 0.095 0.084
0.5 0.011 0.040 0.102 0.885 1.641
0.86 0.091 0.161 0.954 0.113 0.994
1.2 0.022 0.307 0.146 0.252 0.285
1.5 0.048 0.095 0.475 0.786 0.753
Table 69 Wear rate of Ti base TiC coatings pins against hardened steel disks.
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Figure 150 Wear rate of Ti base TiC coatings pins against hardened steel disks.

Fig. 147 shows that wear rate of substrate against hardened steel is increased sharply with
the increase in applied normal load after 20 N. Fig. 148 shows that there is lower wear rate
up to 20 N normal loads and then it begins to increase with the increase in sliding speeds.
Moreover, for each normal load there is a minimum wear rate at an intermediate sliding
speed i.e. 0.5 m s™ in this case and with increase in normal load the minimum became more
prominent at this sliding speed. It is also observed that the wear rate of Ti is increasing with
the increase in normal loads and sliding speeds. Abrupt increase in wear rate is found at the
higher normal load Figs. 147-148. Overall, severe wear is found for the substrate against
hardened steel. While, Fig. 149 shows that there was very mild and mild wear rate of the
coated material against hardened steel for all the combinations of sliding speeds and
normal loads except 0.5 m s™ and 50 N. Steady wear rate is found for sliding speed 0.38 &

1.2 m s, which meant that no wear mode transition occurred at these sliding speeds for
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the range of normal loads. At sliding speed 0.5 m s wear mode regime transitions occurred
from very mild wear to mild wear then to medium wear with the increase in normal load
due to greater removal rate of the oxide than that of the rate of oxidation. At sliding speeds
0.5, 0.86 & 1.5 m s, fluctuation in wear rate was found for the range of normal loads Fig.

150. Overall very mild wear is predominated for Ti base TiC coatings against hardened steel.

8.2.10. Total mass loss comparison
Table 70 and Fig. 151 show the total mass loss of the Ti and Ti base TiC composite coatings

pins against hardened steel disks at different constant sliding speeds for the range of
normal loads i.e. at variable loads from 10 to 50 N and increasing in 10 N increments for the
total sliding distance 27,800 m. Wear resistance of the titanium substrate is increased by
over 17 times because of surface composite coatings. The fluctuation in the total mass loss
of Ti and Ti base TiC coating against hardened steel may be attributed to the formation of
mechanical mixed layer or thermal softening effects and oxidation of the mating surfaces

during dry sliding contact.

Sliding speed | Total mass loss of Ti (g)x10? | Total mass loss of Ti base TiC
(ms™) coatings pin (g)x10™
0.38 58.91 0.8
0.5 30.83 7.3
0.86 55.03 6.3
1.2 95.9 2.8
1.5 134.95 5.9
Table 70 The total mass loss of Ti and Ti base TiC composite coatings against hardened steel.
160
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Figure 151 The total mass loss comparison of Ti and Ti base TiC coatings against hardened steel.
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8.2.11. Coefficient of friction during sliding of Ti pins against hardened steel disks
Table 71 and Fig. 152 show the trend of friction of Ti pins against hardened steel disks at

different constant sliding speeds and various normal loads.

Normal Coefficient Coefficient | Coefficient Coefficient | Coefficient

load (N) | of friction at | of friction of friction at | of friction of friction
0.38ms™ at0.5ms™ | 0.86ms* atl.2ms™® |atl.5ms*

10 0.36 0.26 0.33 0.36 0.41

20 0.22 0.24 0.18 0.25 0.29

30 0.23 0.16 0.28 0.32 0.32

40 0.21 0.30 0.30 0.31 0.30

50 0.24 0.27 0.33 0.26 0.28

Table 71 Coefficient of friction of Ti against hardened steel.
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Figure 152 Coefficient of friction of Ti pins against hardened steel disks.

Table 72 and Fig. 153 show the trend of friction of Ti pins against hardened steel disks at

different constant normal loads and various sliding speeds.

Sliding Coefficient | Coefficient | Coefficient | Coefficient | Coefficient
peed m of friction | of friction | of friction | of friction | of friction

st at 10N at 20N at30N at40N at50 N
0.38 0.36 0.22 0.23 0.21 0.24

0.5 0.26 0.24 0.16 0.30 0.27

0.86 0.33 0.18 0.28 0.30 0.33

1.2 0.36 0.25 0.32 0.31 0.26

1.5 0.41 0.29 0.32 0.30 0.28

Table 72 Coefficient of friction of Ti against hardened steel.
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Figure 153 Coefficient of friction of Ti pins against hardened steel disks.

8.2.12. Coefficient of friction of Ti base TiC coatings pins against hardened steel disks
Table 73 and Fig. 154 show the trend of friction Ti base TiC pins against hardened steel disks

at different constant sliding speeds and various normal loads.

Normal Coefficient of | Coefficient of | Coefficient of | Coefficient Coefficient
load (N) | friction at friction at 0.5 | friction at of friction at | of friction at
0.38ms* mst 0.86 ms™ 1.2 ms* 1.5ms™
10 0.61 0.50 0.33 0.50 0.27
20 0.28 0.35 0.26 0.27 0.34
30 0.35 0.34 0.25 0.28 0.29
40 0.27 0.31 0.34 0.33 0.29
50 0.44 0.24 0.25 0.31 0.24
Table 73 Coefficient of friction of Ti base TiC coatings pins against hardened steel disks.
__ 08
2
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Figure 154 Coefficient of friction of Ti base TiC coatings pins against hardened steel disks.

Table 74 and Fig. 155 show the trend of friction of Ti base TiC pins and hardened steel disks

sliding against each other at different constant normal loads and various sliding speeds.
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Sliding | Coefficient Coefficient | Coefficient | Coefficient | Coefficient
speed of friction at | of friction at | of friction | of friction | of friction
ms* 10 N 20N at30N at40 N at 50 N
0.38 0.61 0.28 0.35 0.27 0.44

0.5 0.50 0.35 0.34 0.31 0.24

0.86 0.33 0.26 0.25 0.34 0.25

1.2 0.50 0.27 0.28 0.33 0.31

1.5 0.27 0.34 0.29 0.29 0.24

Table 74 Coefficient of friction of Ti base TiC coatings pins against hardened steel disks
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Figure 155 Coefficient of friction of Ti base TiC coatings pins against hardened steel disks.

8.2.13 SEM micrographs of the worn surfaces of Ti and Ti base TiC coatings pins against
hardened steel disks
Fig. 156 shows the SEM micrographs of the worn surfaces of Ti and Ti base TiC coatings pins

against hardened steel disks.

Electron Image 1

Electron Image 1
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Figure 156 SEM micrographs of the worn surfaces of the Ti and Ti base TiC composite coatings pins against
hardened steel disk, (a) at normal load 30 N and sliding speed 0.38 m s (b) at 50 Nand 0.5 m s (c)at40N
and 0.86ms?, (d)at20Nand 1.2 m s (e)at50 Nand 1.5 m st and (f)at 50 N and 0.86 m st

Electron Image 1
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8.2.14 EDX analysis of the worn surfaces of Ti and Ti base TiC coatings pins against
hardened steel disks

Fig 157 shows the EDX analysis of the worn surfaces of Ti and Ti base TiC coatings pins
against hardened steel disks
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Figure 157 EDX analysis of the worn surfaces of Ti and Ti base TiC composite coatings pins against hardened
steel disk, (a) at normal load 30 N and sliding speed 0.38 m s (b)at50 Nand 0.5 ms™, (c)at40Nand 0.86 m's
L (d)at20Nand 1.2 m s (e)at50Nand 1.5m stand (f) at 50 N and 0.86 m st

It is clear from the SEM micrographs of the worn surfaces of Ti pins, Figs 156 Ti(apin - fpin)
that the wear of the substrate occurred by different wear mechanisms i.e. adhesive wear,
mild-oxidational wear, plastic deformation and delamination wear mechanisms for the
range of sliding speeds and normal loads. The presence of the counterface material on the
worn surfaces of the Ti pins is evident that during continuous sliding, the initial transferred
fragments were deformed, fractured and blended, leading to formation of mechanically
mixed material on the wear track Figs 157 Ti(ayin - foin). At lower normal loads for the range
of sliding speeds wear of Ti pins occurred by oxidative wear mechanisms with transfer of
disk material to the worn surfaces of the pins due to adhesion Figs. 156 Ti(din) - 157 Ti(dgin).
At higher normal loads for the range of sliding speeds, severe wear occurred due to
adhesive wear, oxidative wear, plastic deformation and delamination wear mechanisms

Figs. 156 Ti(apin - Cpin, €pin, fpin) - 157 Ti(apin - Cpin, €pin, Fpin)-

While, for Ti base TiC coatings, at a sliding speed of 0.38m st and normal loads 10, 30 & 50
N; 0.5 ms™and 10-20 N; 0.86 m s* and 10— 30 N and at 1.2 m s™ and 10 to 40 N higher
oxidation of the counterface occurred. Iron oxide transferred to the pins’ mating surfaces.

The worn surfaces of the pins were not completely visible as they are masked by the
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transferred iron oxides Figs. 156 TiC(apin, Cpin, Apin) -157 TiC(apin, Cpin, dpin). At 0.38 m stand 20
& 40 N; 0.5 ms* and 30 - 50 N; 0.86 m s* and 40 N and at 1.5 m s™* and 10, 30 N and 50 N
higher oxidation of the pins occurred and comparatively less iron oxide transferred to the
worn surfaces of the pins. The worn surfaces of the pins are showing adhesive and plastic
deformation marks as well Figs. 156 TiC(byin, €pin) - 157 TiC(bgin, €pin). At 0.86 m s*and 50 N;
1.2 ms'and 50 N and at 1.5 m s and 20 & 40 N worn surfaces of the pins are showing

marks of plastic deformation and abrasive wear Figs. 156 TiC(f,) -157 TiC(fyn).

8.2.15 SEM micrographs of wear debris of Ti and Ti base TiC coatings pins against
hardened steel disks
Fig. 158 shows the SEM micrographs of the wear debris from Ti and Ti base TiC composite

coatings pins against hardened steel disks.
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Figure 158 SEM micrograph of the wear debris of Ti and Ti base TiC coatings against hardened steel (a) at sliding
speed 0.38 m s and normal load 30 N, (b)at0.38 m s'and 50N, (c)at0.5m stand 50N, (d)at0.86 m s'and
30 N and (e)at 1.5m s and 50 N.

8.2.16 EDX analysis of wear debris of Ti and Ti base TiC coatings pins against hardened
steel disks
Fig.159 shows the EDX analysis of the wear debris from Ti and Ti base TiC composite
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Figure 159 EDX analysis of the wear debris of Ti and Ti base TiC composite coatings against hardened steel,(a) at
sliding speed 0.38 m s and normal load 30 N, (b) at0.38 m s'and 50N, (c)at0.5m stand 50N, (d) at 0.86 m
s'and 30N, and (e)at1.5m st and 50 N.

For the Ti pins sliding against hardened steel disks, the shapes of wear debris are different
for lower sliding speeds and for the higher sliding speeds irrespective of the normal loads.
At lower sliding speeds wear products consisted of fine compact particles, strip shape
particles and micro cutting chips along with fine grey power of titanium oxide, SEM
micrographs Figs. 158 Ti(a-c) and EDX analysis Figs. 159 Ti(a-c); while at higher sliding
speeds, wear products mainly consisted of flake-like metallic particles of Ti and fine grey
power of titanium oxide, SEM micrographs Figs. 158 Ti(d-e) and EDX analysis Figs. 159 Ti(d-
e). It is observed that shapes of the debris are dependent on sliding speed i.e. wear

mechanism changes with the change in sliding speeds. The composition of wear debris
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mainly consisted of Ti, O and Fe with higher percentage of debris from pins material in all
cases Figs. 159 Ti(a-e). This confirms that debris particles came from the hardened steel
counter body as well. The metallic flake types wear debris of Ti, in this tribo couple,

resulted from adhesive and delamination wear mechanisms.

On the other hand, generally from the SEM micrographs of the wear debris from Ti base TiC
composite coatings pins against steel disks, the physical nature and shapes of the debris are
different for the range of sliding speeds Figs. 158 TiC(a-e). The shape of the wear debris
changed with the increase in sliding speed. At lower sliding speeds, the compact reddish
brown brittle powdery wear debris came from counter face in shape of iron oxide Figs. 158
TiC(a-b) — 159 TiC(a-b). At sliding speed 0.5 m s and onward, wear debris came from Ti
base TiC composite coatings pins in shape of grey titanium oxide powder along with micro
strap-like shape particles of iron from hardened steel disks Figs. 158 TiC(c-e) — 159 TiC(c-e).
From EDX analysis Figs. 159 TiC(a-e), the wear products mainly consisted of Ti, O and Fe in
all cases, meant that the oxides of both Ti and iron are present in the wear products. At
lower sliding speeds, the brown powder came from the iron oxide and at higher sliding
speeds the grey powder in wear products came from Ti oxide. As clear from the nature of
the wear debris, the wear mechanisms for this tribo couple were the combinations of micro
polishing, oxidative wear and iron oxide transfer at the lower normal loads, while plastic
deformation, micro delamination, adhesive and abrasive wear at the higher normal loads

for the range of sliding speeds.

8.2.17. Optical micrographs of coatings layers on Ti pins
Fig. 160 shows cross sectional optical micrographs of the of the Ti base TiC coatings pins.

Fig. 160(a) shows the thickness of the finish surface of the coating prior to testing. Figs.
160(b-c) show the thickness of coatings left after the sliding wear tests carried out at sliding

speeds 1.2 m s™ and normal load 50 N and 1.5 m s™* and 40 N respectively.
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lmm °

Figure 160 Optical micrographs of Ti base TiC coatings, (a) thickness of the coatings layer prior to test, (b)
thickness of the coatings layer after 1.2 m st sliding speed and 50 N normal load, b) thickness of the coatings
layer after 1.5 m st sliding speed and 40 N.

8.3. Discussion

8.3.1 Wear mechanisms and regimes

The wear rate data of Ti substrate (uncoated and coated with TiC composite coatings) are
plotted in Figs. 142-146 for the range of sliding speeds and normal loads. It is clear from
these figures that the Ti showed very poor wear resistance than that of coated substrate for
all combinations of sliding speeds and normal loads against same counterface. Similar
results were found by A. Monfared et al. for these materials against cermet as counterface,
where coatings were done by TIG process with cored wire [158] and for the other coating-
substrate systems where coatings were carried out by different coatings methods [55]. In
the case of uncoated, the pins’ mating surfaces were extruded for all the combinations of
sliding speeds and normal loads. The lower wear resistance of the substrate is attributed to
the lower frictional wear resistance, tendency to seizure and inability to form protective
oxide layer during sliding [137, 174, 175] and severe adhesion between the contact surfaces
of Ti pins and hardened steel disks [158]. While higher wear resistance of the TiC coatings is
attributed to their higher surface hardness, internal stress level, thickness and load bearing
capacity [55]. When a coating is cooled from the high temperature of deposition, the
internal stress within the coating is generally compressive, which reduces the extent of
surface fracture results in increase of wear resistance of the coated surface [59]. The shear
stress is also induced between the coating and substrate, which promotes the spalling of
coating during sliding [56]. The ability of a coating-substrate system to withstand load on
the coated surface without spalling or cohesion failure of the coating is called its load
bearing capacity. A higher load bearing capacity increases the sliding wear resistance as

well [59-60].
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Moreover, in the case of coatings, different sliding wear behaviour was observed. It is
assumed that the wear occurs by abrading the matrix and pick and dig up matrix
continuously. This process gradually raises the hard TiC particles in the coated surface and
then these particles carry the load of the abrasive particles [179]. The matrix and hard
particles act differently during sliding process. The metal matrix offer the enough toughness
for the hard particles and the hard particles act as a barrier against indentation, grooving,
cutting of abrasive materials and reduces the contact area of the mating surfaces. Thus the
hardness, fracture toughness, the amount, size and distribution of the hard particles are

significant parameters in the resistance of material against sliding wear [180].

Different sliding wear behaviour of uncoated and coated substrate observed against
hardened steel Figs. 147-148 and 149-150 respectively. The higher wear rate of Ti against
hardened steel is in consistent with A. Monfared et al. observation for this material [158].
The significant pins material was transferred to counterface and a few tests did not
complete total sliding distance, the similar situation is evidence when Ti was slid in
unlubricated conditions against C45 steel and tool steel [50, 55] and for 303SS against
alumina Chapter 5. During continuous sliding, the initial transferred fragments are
deformed, fractured and blended, leading to formation of mechanically mixed layer on the
wear track. The hardness of this layer is considerably higher than that of the original pins
material due to the intense, localised, thermal effects which occurs during rubbing under
unlubricated conditions. Typically sliding wear debris particles are come from modified
mixed layer [42, 132]. Moreover, there was no fluctuation observed in wear rate of Ti for
the range of sliding speeds and normal loads except 0.5 m s, which appeared as an
intermediate sliding speed in the case of uncoated substrate Fig. 147. Mild wear rate of Ti
pins at higher sliding speeds up to normal load 20N, Figs. 147-148, is due to mild oxidative
wear and plastic deformation of the mating surfaces as evident from the SEM micrograph
of the worn surfaces of the Ti pins Fig. 156 Ti(d,). The presence of Ti, Fe and O species on
the worn surface of the Ti pins suggest that the domination of the tribo-oxidation process
occurred in the high temperature contact spots at the mating surfaces, EDX analysis of the
worn surfaces Fig. 157 Ti(d). S. Krol et al. observed that oxidative wear with very mild
wear rate of the tribo-system occurred, typical for mating of metals of diversified
mechanical properties at mild friction conditions [50]. At higher normal loads for the range
of sliding speeds, severe wear of Ti occurred due to abrasive, adhesive wear, oxidative

wear, plastic deformation and delamination wear mechanisms. Figs. 156 Ti(agin - Cpin, €pin - foin)
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show the marks of abrasion, adhesion, plastic deformation and delamination wear. Figs.
157 Ti(apin- Cpin) Show the presence of Ti, Fe and O species on the worn surface of the Ti pins,
which is evident that oxidative wear occurred as well with higher oxidation of pin material.
The absence of O in EDX analysis, Figs. 157 Ti(epin - foin) show that either no oxidation might
have occurred, or the rate of oxidation was lower than that of rate of removal of oxide at
higher sliding speed and normal loads. The similar results are found in the literature for Ti
and its alloys against hard metals [137, 175, 189]. At higher normal load i.e. 30 to 50N for
range of sliding speeds mainly adhesive wear mechanism was predominated. With the
increase in sliding speed the surface temperature and a progressive increase in wear is
induced because of thermal softening as soon as the yield point of the material starts
decreasing significantly. The effects of an increase in sliding speed at higher normal loads
results an increased delamination wear [69, 174]. The higher wear rate of Ti with the
increase in sliding speed and normal load is attributed to the low resistance to plastic
shearing, low work hardening and low protection provided by the surface oxide layers,

which can be formed when high flash temperature is induced by frictional heating [181].

While contrary to Ti, for the Ti base TiC composite coatings against hardened steel,
significant oxide of the counterface was transferred to coated pins’ mating surfaces and
formed tribo layer that result in very mild, mild wear rate Figs. 142-146, 156-157. These
observations are in consistent with the other studies which are found in the literature [190,
192]. There is a fluctuation in the wear rates within the mild wear regimes Figs. 149-150, for
the range of sliding speeds and normal loads. Table 68 and Fig. 149 show that the wear
trend of TiC coatings is increasing with the increase in normal load. The increase in wear
rate might be due to the increase in contact area, increase in tensile & shear stress,
increase in adhesive effect of cold welding, abrasive effect of wear debris, increase in
oxidation rate and plastic deformation with an increase in normal load [161]. The Table 69
and Fig. 150 show that the wear trend decreasing with the increase in sliding speeds. This
might be due to the increase in plastic flow of coating with decrease in shear strength,
oxidation and by local melting at high flash temperatures with an increase in sliding speed.
Moreover, it might be due to the fact that at low sliding speeds the wear debris generated
were not ejected from the wear track and contributed to wear process as abrasive particles,
resulted in higher wear rate at lower sliding speed. At higher sliding speeds, major part of
the wear debris generated were ejected out from the wear track, resulted in decrease in

wear rate with an increase in sliding speed [161].
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The very mild wear of the coatings occurred due to micro-abrasion of the coated surfaces
by the hard Fe oxide particles from the counterface, SEM micrographs of the worn surfaces
Figs. 156 TiC(apin, Cpin - dpin) @and EDX analysis of the worn surfaces 157 TiC(apin, Cpin- dpin), [74].
The wear products from these combinations of sliding speeds and normal loads are
consisted of brown brittle powder of Fe oxide and trace of Ti, SEM micrographs of wear
debris Figs. 158 TiC(apin - byin) and EDX analysis of wear debris Figs. 159 TiC(agi, - bpin). The
presence of the larger percentage of Fe and O species in the wear products shows that
higher oxidation of the counterface was taken place Figs. 159 TiC(apin - byin). The mild wear
of coatings occurred due to mild abrasion, adhesion, plastic deformation, oxidative and
mild delamination wear. SEM micrographs of the worn surfaces Figs. 156 TiC(bpin, €pin - foin)
and EDX analysis of the worn surfaces Figs. 157 TiC(bpin, €pin - foin) are evident of these wear
mechanisms. SEM micrographs Figs. 158 TiC(cpin - €pin) and EDX analysis Figs. 159 TiC(cyn -
epin) Of the wear debris show that wear occurred by plastic deformation, delamination wear
and oxidation of both coatings and counterface. The presence of the large percentage of Ti
and O species in the wear products shows that higher oxidation of TiC coatings was taken

place at higher sliding speeds and normal loads Figs. 159 TiC(cpin - €pin)-

The fluctuation in wear rates of Ti base TiC coating against hardened steel is attributed to
the variation in temperature between contact areas due to increase in flash temperature
and frictional heating result in thermal softening effects and oxidation of the mating
surfaces during dry sliding. Material behaved differently under the ambient conditions
when temperature changes occurred between sliding contacts. The wear rate of Ti base
TiC coatings increased at higher normal loads for the range of sliding speeds Fig.
149. The similar trend of wear was found in the study of 303SS base TiC coatings dealt with
in Chapter 5, by Tyler L et al. in the study of sliding wear of TiC and Ti(C, N) cermet prepared
with a stoichiometric Ni Al binder [190] and in the work of the others researchers found in
literature for the composite coatings, where coatings were carried out by the different
methods [55, 143, 161, 171]. These observations are in consistent with the others’ studies
that demonstrate the total mass loss during sliding depends upon both the sliding time and

applied load [29, 191].

The comparative total mass loss of Ti (uncoated and coated with TiC composite coatings)
pins is shown in Fig. 151 for a sliding distance of 27,800 m at various constant sliding speeds

for the range of normal loads. At each sliding speed the total mass loss of Ti is larger than
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that of the coatings, which is evident of improvement in surface hardness of the substrate
due to composite coatings as well. Similar findings are avaiable in the literature for the
wear of TiC-coated carbide tools in dry turning for flank and crater [65], observation of the
others authors for untreated and surface treated materials where surfaces were treated

other than TIG process [55, 181] and in our previous work Chapter 5.

The frictional behaviour of metals, when slide in air against one another, depends on the
composition and microstructure of the materials and on the tests conditions [62]. Figs. 152-
153 and 154-155 show the coefficient of frictions for Ti (uncoated and coated with TiC
composite coatings) pins against harden steel disks respectively. The friction curves are on
the basis of average values that were observed for each combination of sliding speed and
normal load during sliding. For the substrate, Figs. 152-153 show the coefficient of friction
was higher at 10N for the range of sliding. Higher coefficient of friction at that normal load
might be due to more actual contact areas and wear occurred due to adhesive wear
mechanism Fig. 162(a). For the rest of the normal loads, the values of pu were found
between 0.2-0.3 for the range of sliding speeds. The lower values of u at those
combinations of sliding speeds and normal loads might have been because of more
frictional heat due to increase in normal loads result in surface softening effects; lower
actual contact area due to rougher contact surfaces [188] and metallic debris trapped in
mating surfaces due to severe wear conditions. Moreover, lower coefficient of friction of
the substrate might have attributed to the poor frictional wear properties of the Ti. For the
coatings, Figs. 154-155 the same trend was observed at 10N; but for the rest of normal
loads, the values of p was found between 0.25-0.35 for the range of sliding speeds and
normal loads. A little higher values of u might have been due to more actual contact areas
and mild wear conditions. Overall both materials showed similar frictional behaviour in this
case because of poor adhesion between the incompatible pins and disks material [55]. The
fluctuation in friction force was observed, either might have resulted from the wear
particles that trapped between the mating surfaces during sliding and changing the contact
conditions or from oxidation, plastic flow and adhesion effects for various combinations of

the sliding speeds and normal loads [161, 181].

8.3.2 Wear mode regimes and maps
The development of wear maps is a useful tool to investigate and predict the wear

behaviour of metals in tribology contact. The generalized classification of wear rate into
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three distinct wear mode regimes, mild, medium and severe wear are found in literature
[11, 31, 32, 34, 165]. In this study, the wear mode regimes, namely (a) very mild wear, (b)
mild wear, (c) medium wear and (d) severe wear are defined in consistent with the research
work found in literature [34, 72], experimental work carried out (dealt with in Chapters 4, 5,
6 and 7), tests results, mass loss data, wear rate (volume loss rate), physical observations of

the worn surfaces, SEM and EDX of the worn surfaces and the wear debris.
The Wear modes regimes limits are as follows:

a) Very mild wear <[0.1x 10™ (m*m™)]

b) [0.1x10™ (m*m™)] < mild wear £[1.12 x 10 (m* m™)]

¢) [1.12x10™ (m* m™)] < medium wear £[3.35x 10™ (m* m™)]

d) Severe wear >[3.35x 10" (m* m™)]

Fig. 161 shows the various wear mode regimes that were identified for Ti (uncoated and
coated with TiC composite coatings) pins against hardened steel disks during dry sliding for
the all combinations of sliding speeds and normal loads. It can be clearly seen that severe
wear mode is prevalent for Ti pins Fig. 161(a), whereas very mild wear is prevalent with for
TiC coatings pins Fig. 161(b) against hardened steel disks. Moreover, in the case of coatings,
medium wear occurred only for one combination of sliding speed and normal load and no
severe wear occurred against its counterpart for the range of sliding speeds and normal
loads. Due to the coatings, mild wear regimes expanded to higher range of sliding speeds
and normal loads for substrate with a new wear mode regime i.e. very mild wear and
elimination of severe wear mode regime. In the Fig. 161 the combination of the very mild
and mild wear zone can be regarded as the safe operation zone for Ti and Ti base TiC
composite coatings and hardened steel for this range of sliding speeds and normal loads. As
mentioned above and revealed from the wear mode map Fig. 161(a) that due to poor
tribological properties, the use of uncoated Ti in the wear-resistant situation is

unwarranted.
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Figure 161 Wear modes maps, (a) Ti pins against hardened steel disks and (b) Ti base TiC coatings pins against
hardened steel.

8.3.3 Wear mechanism regimes and maps

Wear mechanism maps are useful tools for analysing the change in regime over a multi-
parameter spaces. Wear rates of Ti and Ti base TiC coatings pins against hardened steels
disks are represented in wear mechanisms maps form on the normal load versus sliding
speeds axis Fig. 162. The wear mechanism regimes are based on the experimental

observations and tests results, which can be summarized as follows:

e Oxidative — adhesive wear
e Adhesive - oxidative wear
e Oxidative —abrasive wear
e Abrasive - oxidative wear
e Micro-abrasion

e Abrasive wear

202



Normal load (N}

Tribo-corrosion maps for steels, titanium and titanium carbide materials

60 50
b (4) Dxidative - adhesive (A)
(a) ( ) wear
50 A [ | [ ] [ | 50 A [ | [ | A
Abrasive - _— .
et Oxidative - adhesive wear
0" ative i A © L 4 .
wear F3
T Adhesive -
30 A A ; 30 A oxidative A A
E wear
z
20 A A A A 0 A L
Adhesive - oxidative wear . .
1 Micro-abrasion
10 A A A A A 10 A
0 T T T T T T T 0 T T T T T
0 0.2 04 0.6 08 1 12 14 16 0 0.2 0.4 0.6 0.8 1 12 14 16
Sliding speed (m.s*) Sliding speed (m %)

Figure 162 Wear mechanism maps, (a) Ti pins against hardened steel disks and (b) Ti base TiC coatings pins
against hardened steel.

The wear mechanisms maps for uncoated and coated Ti exhibit significant transitions with
similar regimes at the higher load — sliding speed window but adhesive-oxidative wear
dominating the map for Ti material Fig. 162. The wear mechanisms regimes boundaries on
the diagrams are only approximate. Fig. 162(a) shows that overall the mechanical wear
mechanisms are predominated during dry sliding of Ti pins along with oxidative wear
against hardened steel disks, in this tribo-system, which result in severe wear conditions of
the uncoated substrate. While, for the TiC coatings, micro-abrasion by hard particles of iron

oxide from the counterface is the predominated wear mechanisms Fig. 162(b).

The TiC composite coatings proved to be very effective to increase the wear resistance of
the base materials. The increase in wear resistance occurred by several order of the
magnitude compared with that of Ti substrate Figs. 142-146, 151, 161. No spalling and/or
pulling of hard particles of TiC occurred during dry sliding against hardened steel Figs. 156
TiC(apin - foin), 160(b-c), which result in good protection of the substrate from wear. The
higher hardness of TiC particles and low adhesion of the coated surfaces to the counterface
are attributed to the high wear resistance of the coatings. The properties of the Ti,
especially the coefficient of thermal expansion, affected the Ti/TiC composite coating
system and resulted in no cracking of the coated surfaces Figs. 156 TiC(api, - fyin), 160(a). This
is evident by, as in the case of 303SS base TiC composite coatings (Chapter 5), though TiC
coatings showed higher wear resistance as compare to that of uncoated 303SS against
alumina but the spalling of coatings surface and pulling out of TiC particles are observed in

that case Fig. 91(a). The range of sliding speeds and normal loads were much lower in that
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case as compared to that of in Ti/TiC composite coatings system (Chapter 7) but higher
wear was observed in that case Table 35 & Fig. 97 and Table 57 & Fig. 130 respectively. The
total mass loss 0.023 g occurred for the 303SS base TiC coatings against alumina at sliding
speed 0.15 m s™ for the range of normal loads that were up to 10 N for the sliding distance
2,500 m; while in the case of Ti/TiC coating system, total mass loss 0.008 g occurred at
much higher sliding speed 0.38 m s™ for the range of normal loads which were up to 50 N
for the sliding distance 27,800 m. Wear resistance of the titanium substrate is increased by
over 17 times as compare to 7 times of 303SS substrate because of TiC composite coatings.
Further it is evident from the wear mode maps Fig. 99(b) (Chapter 5) and Fig. 139(a)
(Chapter 7) where very mild wear was found for Ti/TiC coatings as compare to that of
303SS/TiC coatings for the range of sliding speed and normal load. Moreover, it is cleared
from the Fig. 100(b), (Chapter 5) and Fig. 140(a), (Chapter 7) that for 303SS/TiC coatings,
adhesive, abrasive and oxidative wear were dominated, while for Ti/TiC coatings against
hardened steel micro-abrasion was wear mechanism for this range of sliding speed and

normal load.

8.4. Conclusion
1. For titanium sliding against steel, oxidative wear predominates at lower normal loads

for the range of sliding speeds and is associated with relatively high wear rates indicating

the non-protective nature of the oxide formed.

2. The titanium/steel sliding couple results in severe sliding conditions with adhesive wear,

delamination, plastic deformation, material transfer and abrasive wear of the pins material.

3. A mechanically mixed metal layer develops under various combinations of sliding speed
and normal load on the wear tracks. However, the protective role of this layer depends on

the oxide morphology and the contact conditions.

4. Due to poor tribological properties, the use of uncoated Ti in the wear-resistant situation

is unwarranted.

5. Ti substrate coated with TiC composite coatings by TIG welding torch melting method
and tested for dry sliding wear against hardened steel to investigate the change in wear

modes and wear mechanisms at various sliding speeds and normal loads.
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6. TiC composite coatings were found to be stable on Ti substrate and did not wear through
to the substrate for any combination of sliding speed and normal load. The coatings

protected the base material from wear.

7. The wear of TiC hard coatings can change significantly with variation of parameters such

as normal load and sliding speed.

8. Significant levels of iron oxide were transferred to TiC coatings pins at lower sliding speed
while some transfer of pins material to disks occurred at higher sliding speeds and normal

loads due to adhesion resulted from increases in contact temperatures.

9. The wear mechanisms involved in the wear of TiC coatings were one or more of the
following: TiC micro-abrasion, Fe oxide transfer, adhesive and oxidation of the contact

surfaces.

10. TiC composite coatings Increase the wear resistance of the substrate by over 17 times.
Mild wear regime expanded to higher range of sliding speed and normal load with a new

wear regime i.e. very mild wear and elimination of severe wear regime.
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Chapter 9

Conclusions and future work

9.1 Conclusions
In general, the following conclusions can be extracted from this experimental study:

For 303SS against 8620 low alloy steel in dry sliding contact, fluctuation in the wear of both
materials with increases in normal load and sliding speed is attributed to strain hardening,
thermal softening and oxidation effects of the mating surfaces due to frictional heating. For
highly alloyed material, 303SS, severe wear is more prevalent in the relatively high load and
speed regimes, whereas for the 8620 low alloy steel, medium wear is predominant than
mild wear for the range of speeds and normal loads. Such observations are interpreted in
the role of wear-oxidation mechanisms, material transfer, and the development of a
mechanically mixed layer in modifying the wear process in the tribological contact. The
differences of the tribo-oxidation area of the map for the stainless steel compared with the
low alloy steel are attributed to the role of Cr in reducing the oxidative wear process for the

latter material.

Uncoated 303SS exhibited poor wear resistance against alumina which was increased by
applying a TiC composite coating. The coating was applied with a TIG welding torch melting
process and it substantially increased the wear resistance of the substrate for the tested
range of sliding speeds and normal loads. Significant differences in wear regimes were
identified for both materials, with more evidence of oxidation for the coated material in
these conditions. Adhesive wear was predominated wear mechanisms for the steel, in
particular at higher normal loads and sliding speeds. Oxidation wear influenced the wear
mechanisms at intermediate normal loads and sliding speeds in each case. Wear maps are
indicating many possible wear regimes and significant differences in material degradation

mechanisms for the substrate and TiC coatings

Dry sliding wear tests were conducted for Ti pins against hardened steel disks. Wear maps
have been constructed for these materials based on the tests results. Significant differences
were observed for maps generated for the pin and disk materials. Oxidative wear was
predominated at lower load for the range of sliding speeds. Ti/hardened steel pair

suggested severe sliding conditions with adhesive wear, delamination wear, plastic
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deformation, material transfer and abrasive wear of the pins material. Adhesive and
delamination is suggested as the sole wear mechanism. A mechanical mixed metal layer
existed on wear tracks under various combination of sliding speed and normal load.
However, the protective role of this layer depended on intensity and the nature of the
oxide present in the layer. More oxides in tribo-layer may increase it protectiveness
property. Ti showed very poor wear resistance in this dry sliding system due to its inability
to form protective oxide layer during sliding. Thus the use of Ti under dry sliding condition

is unwarranted.

Ti base TiC composite coatings were tested for dry sliding wear against hardened steel to
investigate the change in wear modes and wear mechanisms at various sliding speeds and
normal loads. Wear maps have been constructed for these materials based on the tests
results. Significant differences have been observed for maps generated for the pins and
disks materials. TiC composite coatings found stable on the Ti substrate and did not wear
through substrate for any combination of sliding speed and normal load. The coatings
protected the base material well because no spalling of the coatings occurred during
sliding. The wear of TiC hard coatings can change dramatically with adjustments of
parameters such as normal load, sliding speed, contact geometry and humidity. Very mild
wear was predominated for the TiC composite coatings while mild wear was predominated
for the hardened steel counterpart against each other and no severe wear was found for
both materials under these experimental conditions. Significant iron oxide transferred to
TiC coatings pins at lower sliding speed for the range of normal load while some transfer of
pins material to hardened steel disks occurred at higher sliding speeds and normal loads.
The wear mechanisms involved in the wear of TiC coatings were one or more of the
following: TiC micro-polishing, Fe oxide transfer, adhesive and oxidative wear. The coating
integrity was maintained for the range of sliding speeds and normal loads. The significant
increase in wear resistance of the substrates (303SS and Ti) by TiC composite coatings
produced by TIG welding torch melt method suggests that this coating process is a

promising method to replace the other expensive coating methods.

9.2 Future work
The Tungsten Inert Gas (TIG) welding torch melting method, which was used for coating

substrates (303SS and Ti), has advantages over other coatings processes due to its simple

apparatus, ease of operation and low net cost. In the present work, the integrity and
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improvement in sliding wear resistance due to coatings have been found comparable to
that of the composite coatings carried out by different processes, found in the literature.
Tribo-corrosion maps have constructed on the basis of test results on sliding speeds versus
normal loads. A lot of research work is still required to check the integrity and tribo-
corrosion behaviour of the coatings produced by this method to replace the other coating

processes on commercial basis, a few of which are as follows:

(i) To investigate the wear mechanisms of coatings of varying such as volume fraction and

particle size to provide a basis for coating optimization in various conditions.

(ii) To tests above TiC coatings in different environments such as in vacuum, at high
temperature, in lubrication and corrosive conditions for the above range sliding speeds and

normal loads as well as for the higher range and construction of tribo-corrosion maps.

(iii) To test the coatings produced by TIG process for other than sliding application such as

wear by micro-abrasion-corrosion and erosion-corrosion.

(iv) To test the coatings produced by TIG process to study the synergy effects with respect

to different applications such as sliding, abrasive and erosive in corrosive environments.
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