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Abstract

Powder bed fusion (PBF) additive manufacturing (AM) or 3D printing, either laser based or
electron beam based, is a recent advanced manufacturing process and is being more widely
applied industrially. Ti-6Al-4V alloy is a printable alloy and is the most commonly used alloy in
PBF-AM for a wide range of applications. However, microstructures of the alloy manufactured
by different processes are different and properties including tribological properties relating to
the different microstructures need to be well understood. Furthermore, relevant to wear
resistance of PBF proceed Ti-6Al-4V alloy, applying physical vapor deposition (PVD) coating
and ion implantation surface treatment commonly applied to conventional processed Ti-6Al-4V
parts need to be evaluated for AM parts. Thus, through a comprehensive series of wear testing
and analysis, this study aims to understand the tribological behaviors of the Ti-6Al-4V samples

processed by PBF and further by surface treatments.

Dry linear reciprocating (sliding) wear tests were conducted to evaluate how wear rate (WR) of
the alloy samples processed differently by selective laser melting (SLM), electron beam melting
(EBM) and processed conventionally (CP) may differ under room temperature or elevated
temperatures. The tests were conducted with a wide range of test conditions using WC-Co as
counter material. Furthermore, dry sliding wear tests were conducted on PVD TiN coated and
nitrogen ion implanted samples processed either by SLM or by CP, also using WC-Co as
counter material. After wear testing, wear rates were measured and surface and cross-sectional

features of wear tracks were examined in detail.

Results have shown the expected increase in WR as applied normal load increases, but the
dependence of WR on sliding frequency has been found very weak. The major finding is that
WR is not affected by the alloy processed in different manufacturing routes having different
microstructures and hardness values. It will be shown that under a same wear test condition for
the three different samples, their deformation behaviors leading to fracture and thus wear loss
differ significantly. It will be reasoned that WR does not only depend on strength and thus

hardness, but also ductility of the alloy.



It has been observed that test temperature has not affected WR significantly, although it appears
that the wear debris layer has become richer in oxygen content as test temperature increases.
Thus, it will be suggested that although a higher testing temperature may soften the sample, a

more stable oxide layer as temperature increases is more wear resistant.

TiN PVD coating has provided a significant protection of wear for both SLM and CP samples.
It has been found that local fracturing of TiN coating after being thinned to 0.4-0.5mm in both
coated SLM and CP samples is similar. The major wear mechanism leading to a gradually rapid
increase in wear rate of the coated samples will be demonstrated through a wear process as
thinning and local fracturing of the coating before the widening of the wear track, while
substrate deformation underneath the coating for the case of the low hardness substrate will be

illustrated affecting little the overall wear rate.

Surface treatment by nitrogen implantation however has not provided a significant effect on
increasing wear resistance of SLM and CP samples. Nanoindentation test data have revealed
that, overall, the implantation has not resulted in a significant increase in hardness even in the
top layer of 200-300nm. Thus, it is suggested that the implantation treatment used in this study

has not resulted in forming a wear resistant layer and thus has an insignificant effect on WR.
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Chapter 1 Introduction

1.1 Titanium and titanium alloys

Titanium and titanium alloys, due to their high strength to weight ratio, biocompatibility, and
high corrosion resistance, are widely used in many areas such as aerospace, power generation,
transport industries, and biomedical applications [1-6]. Titanium alloys are specifically used in
applications where lightweight but high strength materials are needed or in corrosive

environments.

Pure titanium at room temperature has a hexagonal close packed (hcp) structure, which is called
a-phase. a-phase can transform to a body centered cubic (bcc) structure at elevated temperature
(around 900°C), called B-phase. Titanium alloys consist of alloying elements which can be the
stabilizers of either the a or B phases, resulting in changes in the phase for final parts.
Commercially available titanium alloys categories are divided by the contribution of the a- and
B-phases, this includes (i) o alloys, (ii) near-a, (iii) o—f (including Ti—6AI-4V), (iv) near-p, and
(v) B alloys. Sometimes when the alloy was cooled from above the B-phase transus temperature
(around 900°C) very fast, then B-phases undergo a diffusionless transformation to the
martensitic phase, o’ (hcp). o' martensitic is with great interest to scientists, because a part
containing o martensitic structure has higher hardness, but with the expense of ductility [7]. Fig.
1.1 shows the categories of titanium alloys by phases and Ms/Ms shows the quite close

martensitic start and finish lines.
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Fig. 1.1 Titanium alloys categories by phases [7].

Titanium and titanium alloys are produced in a wide variety of forms, including bars, billets,
sheets and plates [8]. For load bearing applications, titanium parts will be in contact with other
materials, resulting in friction and wear. Wear is a continuous damage process to the surfaces,
which happens when there is a contact and a relative movement at the same time, and it is the
inevitable result of friction. Wear is the largest factor (60-80%) of the three main mechanical
failures (wear, fatigue and corrosion) [9]. Tribology is the science and engineering of friction,

wear and lubrication in interacting surfaces in relative motion.

However, wear resistance of titanium alloys was proved to be poor due to their low shear
strength and low work hardening, as well as weak surface oxides protection due to friction heat
[10][11], and poor abrasion resistance [12]. For example, when titanium alloys are used in total
joint replacement prosthesis, the wear debris produced by the cyclic movement of the implant
might result in inflammation, pain and loosening of the implant. Also, their poor wear properties
limits their applications as bone fixation materials such as bone screws, plates and similar

applications [2][3]. However, if their tribological performance could be improved, they are
2



excellent candidates for implants inside body environment, due to their biocompatibility and
corrosion resistance. The most commercially used titanium alloy (Ti-6Al-4V) was proved to
have some Al and V ions released from the alloy when under wear and corrosive environment,
which are found to be associated with long-term health problems [13]. By the above concerns
about the tribological performance of titanium alloys, the service period when used for implants
is limited to 10 to 15 years [3], and the service life and their functions for other applications are

also crucially influenced by their poor tribology performance.

1.2 Powder bed fusion (PBF) additive manufacturing

Powder bed fusion (PBF) metal additive manufacturing (MAM), also known as 3D printing, is
increasingly being applied in industry. This is because of their ability for manufacturing parts

with highly complex shapes [14-18].

Due to the huge demands for alloy parts with complex and precise geometries, in the past
decade, there has been a rapid development in powder bed fusion (PBF) additive manufacturing
technologies [19]. During PBF, an energy beam fully and rapidly fuses the powder in a selective
path instructed by a program that interpret parts designer’s instruction in 3D CAD models
[20][21]. Through geometry optimization of the parts made by PBF techniques, lighter and
more complex precision parts can be produced [22]. In PBF, the energy beam can either be laser
or electron beam. Thus, there are two PBF processes: laser powder bed fusion, which is also
called selective laser melting (SLM) and electron beam powder bed fusion, which is also called

electron beam melting (EBM). The additive principle is the same for both SLM and EBM.

Fig. 1.2 shows the schematic of SLM process. A high energy laser beam scans the powder layer
based on a sliced model of a CAD file. This results in rapid melting and solidification of the
metallic powder. The fabrication bed will then move down by a certain distance, and another
layer of the metal powder will be deposited and the high-power laser beam scans continuously
layer by layer to achieve the final part. The non-fused metal powder remains in the build
chamber and can be collected and reused for the next manufacturing project. By using this laser

beam welding process, it is possible to achieve a fully dense structure [23].
3
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Fig. 1.2 The schematic of SLM process.

Fig. 1.3 shows the schematic of an EBM machine. EBM has the similar melting principle with
SLM by using an electron beam heating source, however, the thermal environments of their

chambers differ considerably. Table 1.1 lists the similarities and differences of these two PBF

techniques.
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Fig. 1.3 Schematic of an Arcam A2XX EBM machine [24].

Table 1.1 Similarity and difference of these SLM and EBM techniques.

Technique Heat source | Differences [25][26] Similarities

SLM Laser beam | 1. Lower preheat temperature (around 100°C) 1. Metallic powder
2. Super-fast cooling rate (10°K/s or even higher) melting.
3. With an inactive gas fill the chamber, final parts are easy to get 2. Heat source scanning the
porosity defect. metallic powder layer by
4. Due to the drastic solidified process, the final parts usually layer.
contain big residual stress. 3. The processing

EBM Electron 1. High preheat temperature (above 600°C in chamber) parameters (heat source

beam 2. Cooling rate is fast until reach the chamber temperature (above parameters, hatch space,

600°C), and the rest of cooling from chamber temperature to room
temperature is quite slow. (normally more than ten hours before
taking out the finished parts from the chamber)

3. More sensitive with the processing parameters, and more
processing parameters (such as beam power, beam scanning
velocity, beam focus, beam diameter, beam line spacing, plate
temperature, pre-heat temperature) than SLM

4. Vacuum atmosphere

5. Due to the very long cooling time in 600°C chamber, the

residual stress is almost eliminated from the final parts.

layer thickness) have big

effect on the final parts.




1.3 Powder bed fusion of Ti-6Al-4V

There are different types of titanium alloys suitable for specific applications; however,
Ti-6Al-4V alloy which contains 6% aluminum and 4% vanadium is the most commonly used
titanium alloy. Until now, with about 45% of the total weight of all titanium alloys shipped in
the second half of the twentieth century is Ti-6Al-4V [8]. Ti-6Al-4V can be highly weldable,
and the narrow freezing range of the alloy means the alloy is highly printable. Thus, AM
technologies are particularly suitable for Ti-6Al-4V parts manufacturing for a wide range of
applications. The combination of PBF and Ti-6Al-4V gives Ti-6Al-4V a huge application stage,
much more than before when titanium alloys where manufactured by conventional techniques

[6][27-30].

Ti-6Al-4V is an o-f alloy. As shown from Fig. 1.4, when liquid Ti-6Al-4V starts to cool down,
at above around 980°C (B transfer temperature), it consists of 100% [ phase (bcc), when the
temperature goes below 980°C, a phase (hcp) starts to transform from the previous f phase, and
the final alloy structure depends on the cooling speed from above the B transus temperature.
Conventional processed Ti—6Al-4V alloy is normally used in annealed condition, the annealed
temperature is below the P transus temperature which is in o + P phase region, the

microstructure consists of a mixture of equiaxed o and  phases [3].

It should be pointed out that for SLM technique, the cooling speed is around 10°K/s or even
higher [27][31]. During this extremely fast cooling process, vanadium in  phase cannot have
enough time to diffuse out of the cell, thus transform to o’ (hcp) martensite as the main structure
of SLMed Ti-6Al-4V [7][32]. While temperature goes up to around 600°C, o' martensite can
start to transform back to a+f structure, and the transform speed is increased with increasing
temperature [33]. Thus, as to the cooling speed for EBM and conventional processing (CP) of
Ti-6Al-4V, the main structure for both is o+p. However, EBMed Ti-6Al-4V usually has finer
grain size than CP samples. The hardness of Ti-6Al-4V alloy depends on the percentage of o’ in
its structure, thus in these three manufacturing methods, SLMed Ti-6Al-4V has significantly
higher hardness [34], followed by EBMed Ti-6Al-4V, and CP samples [35][36]. Table 1.2 shows

the structure of SLM, EBM and CP Ti-6Al-4V and their hardness values measured for our



samples. Fig. 1.5 are SEM images of their microstructures, and these pictures were taken from

the samples with their fabricated details introduced in Chapter 3.

1000
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10° 10t 102 108
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Fig. 1.4 Ti-6Al-4V continuous cooling transformation curve [7].

Table 1.2 The structure of SLM, EBM and CP Ti-6Al-4V and their hardness values measured from our samples.

Manufacturing process Structure Grain size HV Hardness
SLM o’ martensite Fine needle shape 428+17
EBM at+p laminar structure 359+16

CP at+p irregular B particles in a-matrix 32448

Fig. 1.5 SEM micrographs of (a) SLM sample showing o’ martensitic structure, (b) EBM sample showing laminar o+f3 structure,

and (c) CP sample showing fine and irregular 8 particles in o-matrix.

7



1.4 Aim of the research and thesis structure

With the rapid development of PBF additive manufacturing, there have been a number of
studies on tribological performance of both SLM and EBM processed Ti-6Al-4V alloy. It is
important to investigate whether PBF techniques can improve the tribological performance of
the Ti-6Al-4V alloy, as these manufacturing techniques produce samples with higher hardness

and finer structures.

Chapter 1 is the general introduction of Ti-6Al-4V alloy and its applications, followed by PBF
technique and its processing on Ti-6Al-4V alloy are introduced. And then in Chapter 2, recent
studies about the tribological performance of Ti-6Al-4V alloy including manufacturing routes
by both conventional processing and PBF technique are discussed. The subsections of Chapter 2
are correlated with the research topics presented in Chapter 4 to Chapter 7 respectively.
Research questions and research gaps are then introduced at the end of Chapter 2. After the
research methodology chapter (Chapter 3), the tribological performance of PBF Ti-6Al-4V alloy
compared with conventional processed at room and high temperatures is discussed in detail in
Chapters 4 and 5, followed by tribological performance of samples with PVD coating and ion
implantation in Chapters 6 and 7. Finally, the conclusion of this research are summarized in

Chapter 8.

This thesis will provide systematic tribological testing results based on the design of the tests
with samples manufactured by different routes, various test conditions, and different surface
treatments. The analysis of these results will thus shed light into the tribological performance of
PBF Ti-6Al-4V. Furthermore, the wear mechanisms are also going to be discussed in this thesis
to support the observed wear behaviors. This thesis will thus provide a contribution to the
tribology of SLMed and EBMed Ti-6Al-4V alloy by comprehensive analysis of sliding wear

tests results.



Chapter 2 Literature Review

As sliding wear is the focus of this thesis, the relevant studies of sliding wear testing and wear
mechanisms of metallic alloys in literature will first be briefly reviewed. The various
tribological studies of Ti-6Al-4V and other Ti alloys that are processed by additive
manufacturing (particularly powder bed fusion processes), as well as traditional manufacturing
techniques will then be reviewed in detail. The coverage of the review will start with the studies
on sliding wear testing at room temperature and the effect of increasing testing temperature on
wear rate and the associated wear mechanisms will then be discussed in detail. The review will
continue by examining the literature on the wear performance of coated Ti-6Al-4V alloy
manufactured by different process routes. This will then extend to reviewing the effect of
surface treatment by ion implantation on wear performance of Ti-6Al-4V alloy. The
comprehensive review will then be summarized for the knowledge gap in the literature to be

identified. This serves the base for the research questions to be asked and stated.

2.1 Wear, wear mechanisms and sliding wear testing of metallic alloys

Reciprocating sliding wear test is the method that has been used in this research to evaluate the
wear behavior and wear rate of PBF Ti-6Al-4V alloy, in comparison to CP Ti-6Al-4V alloy.
Thus, after a discussion on the commonly recognized wear and wear mechanisms of metallic

alloys in literature, widely used testing methods are discussed.

2.1.1 Wear and basic wear processes

Wear is continuous damage of surfaces, which are in contact with a relative movement and it is
the inevitable result of friction between the two surfaces. To better illustrate the wear
phenomenon, a schematic is drawn in Fig. 2.1 showing the process of a hard object under force
sliding against a softer body as well as illustrating the possible stresses, deformations, and

fractures leading to material loss (thus wear). As shown in Fig. 2.1, the hard object’s bottom



surface is embedded into the softer material by the softer material surface deformation and the
applied normal force. The two materials stick together and then have relative micro movement,
until the driving force is larger than the adhesive shear force, thus this relative movement will
cause abrasive wear. This embed and driving model causes a compressive area on the surface of
the softer material in front of the driving hard object, which results in mainly abrasive failure of
the surface, and a tensile area in the back due to the two materials’ adhesion, resulting in mainly

adhesive wear.

The amount of wear (volume loss) per unit sliding distance, which is commonly defined as wear
rate (WR), is the primary focus of most studies on wear and is also the major parameter to
quantify wear in this work. Coefficient of friction (COF), which is a measure of resistance to
motion is another important parameter to be considered in tribological studies and is the ratio of
shear (friction) force (Fsh) to normal force (Fn). WR is a complex function of test parameters
including applied normal load (Fn), sliding speed, hardness, ductility/toughness of the body,

type of motion, surface roughness, etc.

ﬂ(ﬁb\\

I/ Fsh
Adhesive \ F _H/
wear N
(fracture)

¢ NS i
Abrasive wear
Ti6A4V Tad—’yad (fracture)

Fig. 2.1 Schematic illustration of a hard object forcefully sliding against the surface of a body with lower hardness,

indicating various features of stress-strain leading to fracture and material loss.

2.1.2 Typical wear types

There are four basic types of wear: adhesive wear, abrasive wear, corrosion wear and fatigue

wear (by a cyclic loading during friction) [37].
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- Adhesive wear

Adhesive wear readily happens when asperities at the interface of the sliding pair stick and cold
welded together by the contact pressure, and then sheared (fractured) with one material
migrating from one surface to another causing material loss (Fig. 2.2). This adhesion normally
causes a deformed layer with a certain thickness beneath the surface. Archard proposed an
adhesion model to calculate adhesive wear rate as expressed by equation 2.1. In this model, V is
wear volume, s is sliding distance, dV/ds is wear capacity rate, W is the normal load, ;s is the
yield stress of the softer material, and ks is adhesive wear constant [9]. From equation 2.1, the

material with higher yield stress should have relatively lower wear loss.

A 4

2=k —
ds 30, 2.1)

Fig. 2.2 Adhesive wear.

- Abrasive wear

When a hard and rough material slides over a softer material, the asperities of the softer material
break and the presence of these particles at the contact interface causes progressive loss of
material, which is called abrasive wear (Fig. 2.3). Due to the presence of the particles beside the
two materials sliding over each other, this type of wear is usually called three-body abrasive
wear. A conical counterface sliding over a flat surface is used to develop an abrasive wear model.
The model is presented in equation 2.2, where V is wear volume, W is the normal load, H is
hardness, and ki is a constant determined by the hardness, shape and number of abrasive

particles at the interface. Based on this equation, a material with higher hardness should exhibit

11



better wear resistance [9].

2.2)

Fig. 2.3 Abrasive wear.

- Fatigue wear

Fatigue wear happens when materials are under cyclic loading during friction contact. The
material loss is usually not occurred immediately, but after a considerable number of loads
cycles. Fatigue wear usually causes crack initiation in sub-surface and then propagate to the
surface. The connection of these cracks would cause delamination and peeling of the surface
material resulting in wear loss (Fig. 2.4). The cracks initiated and propagated due to fatigue

wear are usually normal to the wear track.

Fig. 2.4 Fatigue wear.
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- Corrosive wear

Corrosive wear happens when the sliding mates operate in a corrosive environment, which
could be liquid or gas. Corrosive wear sometimes can accelerate the wear process under dry
contact, when the friction increases the surface temperature, which is in favour of the formation
of oxides. The rubbing surfaces would remove these oxides, which will make the underneath
layer of the material exposed to air and make the oxides formation continued. Corrosive wear
can also occur under lubricated condition, due to the presence of dissolved oxygen or corrosive

liquids.

When sliding wear happens, several types and mechanisms of wear occur together, resulting in
mass loss. Firstly, the abrasive and adhesive actions cause plastic deformation on the surface
which makes the material surface hardened and brittle; or cause elastic deformation when
fatigue damage takes place. Secondly, friction heat will increase the temperature at the interface
and high friction temperature can soften the contact surfaces. Thirdly, the ambient environment

causes surface oxidation and other chemical reactions [37][9].

Fig. 2.5(b) shows a typical wear surface. Traces of ploughs and deep grooves along the sliding
direction are the typical indications of abrasive wear, while the cracks perpendicular to the
rubbing direction were caused by fatigue wear. The adhesion wear is usually combined with
other wear mechanisms and not easy to be identified, but the composition of wear debris can
help to define adhesive wear clearly from other types of wear. As shown from Fig. 2.5(a), large
flake shape debris with chemical composition similar to the base material (Fig. 2.5(c)) is
produced by peeling from the surface, which was caused by adhesive wear. Wear debris with
high oxygen level shown in Fig. 2.5(d) indicates the oxygen in air caused oxidation of the

surface of wear track.
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Fig. 2.5 SEM images of a wear test for Ti-6Al-4V alloy (a) wear debris and (b) wear track; EDX spectrum and

inserted XRD patterns of two locations indicated in (a) are shown in (c) and (d), respectively [24].

2.1.3 Methods of evaluating wear

Sliding wear tests can be conducted by different sliding mates, different loads, temperatures,
and sliding speeds. It gives you a convenient way to systematically study and analyse the wear
happened between specific sliding materials under specific wear conditions. The results from
the wear tests can evaluate the wear performance of sliding mates by analyzing the material loss,
wear products on wear surface and wear morphology etc. after a series of wear tests, thus give

constitutive guideline for wear couple selection and wear control [9].

Wear tests can be carried out on a sliding wear tester. These equipment, some of them are
multi-functional under dry condition, some can do tests with liquid environment, some can be
connected to electrodes to do tribocorossion tests, but from the literature review, the sliding

wear test is mainly from two ways -linear reciprocating and rotatory.

Fig. 2.6 shows a schematic of linear reciprocating tribometer. During wear tests, the sample is

14



fixed tightly into the sample bed, the counter material is fixed by the holder, and is applied on
the sample surface with a specified normal load. The sample bed is normally connected to a
heater that the test temperature can also be elevated. There is a motor connected to the counter
material holder, draw and pull the counter material rubbing against the sample surface linearly
forward and backward. The sliding frequency, stroke length, and temperature can be controlled
through a software, and at the same time, the computer will record the necessary real time data

like COF, bed temperature, friction force etc. [38-42].

Reciprocating movement

Counter material

Sample
Fig. 2.6 The schematic of ball-on-plate linear reciprocating sliding wear test.

Fig. 2.7 is the schematic of rotatory tribometer, compared with the linear reciprocating
tribometer, the wear couple are usually a disk and a pin, the sample or the counter material
rotate, resulting in a relative sliding movement on the other material surface. The relative

movement is through a single direction [43-47].
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Fig. 2.7 Schematic diagram of rotary pin-on-disk wear tester.

After wear tests, wear performance of different materials should be evaluated. Comparing wear
rate (WR) which is the material loss per sliding distance is a numerical way to evaluate wear
performance of materials with same wear test conditions. Material loss usually is calculated by
weight loss or volume loss [43-45]. Sometimes, specific wear rate which is WR divided by

applied normal load is also used to evaluate wear loss [24].

2.2 Wear behaviors of PBF and conventional processed titanium alloys

This section is going to discuss relevant published papers about wear performance of
conventional processed Ti alloys and PBF Ti-6Al-4V alloy at room temperature. Wear
performance of conventionally processed Ti-6Al-4V alloy is discussed in section 2.2.1, followed

by the wear performance of PBF Ti alloy in section 2.2.2.

2.2.1 Wear behaviors of conventional processed titanium alloys under room

temperature

Titanium and titanium alloys are high strength and high corrosion resistant materials, but as

reviewed by Budinski [11] and Dong [12], their tribological properties are known to be poor due
16



to their poor abrasion resistance. Table 2.1 shows the wear volume loss of pure Ti and
Ti-6Al-4V after dry sand-rubber wheel abrasion tests followed by ASTM G65. It is clear that
both Ti and Ti alloy show poor abrasive wear resistance, which is almost 7 times volume loss
than that of 1080 carbon steel. In Budinski’s [11] study, the incongruous of Archard’s law which
predicts the wear loss inversely proportional to material hardness is also been noticed, since the

soft stainless steel showed better wear resistance than those material with higher hardness.

Dong [12] also cited the results from Budinski’s [11] study, but he still points out the
well-known softness of Ti alloys (200-350 HV) to be the reason for their poor abrasive wear

resistance. Dong [12] also points out the good ductility of Ti alloys as c/a ratio of hexagonal Ti

being less than the closest value making prismatic {1010} and pyramidal {1011} slips easy to

operate. Dong [12] further points out that high plasticity and good junction bonding at high
temperatures due to low thermal conductivity of Ti result in the poor adhesive wear resistance of

the Ti alloys.

Table 2.1 Volume loss of various materials compared with Grade 2 pure titanium and Ti-6Al-4V [11].

Material Hardness Volume loss(mm?®)
6061 T6 aluminium alloy 60HRB 1220

Ti-6Al-4V 36HRC 650

Grade 2 Ti 90 HRB 550

316 austenitic stainless steel (SS) 90 HRB 260

17-4 precipitation hardening SS 43 HRC 220

1080 carbon steel 24 HRC 67

D2 tool steel 60 HRC 33

Since Dong’s comprehensive review, there have continuously been tribological studies on Ti
alloys, particularly on Ti-6Al-4V alloy. Sharma and Sehgal [48] conducted dry sliding wear
tests to evaluate the effects of sliding speed and loading on the coefficient of friction (COF) and
wear loss. Their study did not explain the reason of their results but show a series of plots to
demonstrate that loads, speed have considerable influence for wear rate, Fig. 2.8 is one of their
pictures for the lower loads up to 40N, the wear rate decreases with increasing velocity, however,
for the load of 50N, wear rate decreases first until the velocity goes to 1.25m/s, and then, the
wear rate increases abruptly and reach to its peak value at velocity of 2.1m/s, after that, the wear

rate decreases as the velocity goes to 2.6m/s.
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Fig. 2.8 Wear rate versus sliding speed for Ti-6Al-4V alloy sliding against EN31 steel under different loads with dry

condition [48].

Niu et al. [38][39] and Fellah et al. [49] conducted sliding tests comparing COF in dry and
water environment and under different applied loads. In their studies, wear surfaces were
carefully examined and wear has been suggested to be in various forms of abrasion, adhesion
and their combination. Fig. 2.9 shows the wear track of Ti-6Al-4V when sliding against WC ball
from the study of Niu et al. [39]. Deep grooves left by ploughing and tiny particles showing

sever abrasive wear can be seen in Fig. 2.9.
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Fig. 2.9 SEM images of the Ti-6Al-4V worn surfaces under different wear conditions (a) dry sliding condition, (b)

water lubricated condition, (c) dry sliding condition but the location is at the ends of the worn track [39].

2.2.2 Wear behaviors of PBF Ti-6Al-4V alloys under room temperature

Powder bed fusion AM technique can change the cooling process from traditional processed
Ti-6Al-4V, which can lead to different microstructures of Ti-6Al-4V alloy and can also increase
the hardness of the alloy. Thus, understanding the wear performance of Ti-6Al-4V made by AM

technique is very important.
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With the rapid development of PBF additive manufacturing, there have been a number of
studies on tribological performance of both SLM and EBM processed Ti-6Al-4V alloy. On SLM,
the early study by Kumar and Kruth [40] explained that samples were not fully dense by SLM
and suggested that wear resistance may increase in fully dense samples. That denser SLM
samples performed better in terms of lower wear volume has later been confirmed in Gu et al.’s
study [50]. The major defect relating to lowering density is the lack of fusion for both SLM and
EBM. Thus, for EBM, less dense parts should also be expected to result in lower wear
resistance. For both SLM and EBM, with proper selection of processing conditions, nearly fully
dense parts can now be readily produced, thus the wear performance of PBF alloys are expected

to have better wear resistance if they can show higher hardness.

Two wear studies on SLM Ti-6Al-4V [51][52] were later reported, showing contradictory
results. In Bartolomeu et al.’s work [51] of Ti-6Al-4V / Al;Os sliding pairs, a higher hardness
value (390 HV) results in a significantly lower wear rate (WR) compared to that of CP materials
with hardness values of ~340HV and ~360HV (Fig. 2.10). They suggest that this is largely the
result of wear resistance following Archard’s linear relationship that wear volume being
inversely proportional to hardness. However, Palanisamy et al. [52] produced SLM samples and
hardness values of the samples vary from 310HV to 405HV. Their dry sliding tests with three

different loads show no dependence of wear volume on hardness as shown in Fig. 2.11.
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s} (b)
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Casting HP SLM Casting HP SLM

Fig. 2.10 Vickers hardness of Ti-6Al-4V specimens obtained by casting, HP (Hot Pressing) and SLM (a); the specific

wear rates of these samples when sliding against Al2O3 ball (b) [51].
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Fig. 2.11 Microhardness (a), and wear volume (b) of horizontal and vertical built specimens at different loads [52].

Comparing performance of EBM to cast Ti-6Al-4V in dry sliding wear tests, the relationship
between hardness and wear rate is also not clear. Toh et al.[24] showed the normally observed
inversely proportional relationship of hardness and wear volume shown from Fig. 2.12 (a). This
relationship is however not followed when test was conducted with Hank’s solution, as
demonstrated by Khun et al. [53] in Fig. 2.12 (b). Furthermore, Ryu et al. [54] also showed that
hardness (450HV) of mill-annealed (conventional) Ti-6Al-4V is higher than the hardness
(400-410HV) of EBM samples, but WR is lower for the EBM samples in dry sliding test. More
recently, data of Ti-6Al-4V rotation wear test from Zhang et al. [55] showed forged/annealed
samples (~370HV) worn more than SLM (~400 HV) and EBM (~380HV) samples, while EBM
samples worn less than SLM samples (Fig. 2.13). The better performance of EBM samples were
simply linked to horizontal cracking and delamination of the tribo-layer in SLM samples (Fig.
2.14). How continuous the layer is and what the mechanism is for cracking to result in less wear

loss are however not clear and these studies are not providing detailed mechanistic explanations.
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Fig. 2.12 Specific wear rates and Vickers hardness of EBMed and conventional processed Ti-6Al-4V samples (a)

[24] ; specific wear rates of conventional processed and EBMed Ti-6Al-4V samples tested under the same conditions

(b) [53].
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Fig. 2.13 Hardness and wear rate of Ti-6Al-4V samples fabricated by forging, SLM and EBM [55].
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Fig. 2.14 Cross-sections of Ti-6Al-4V alloy produced by (a) forging, (b) SLM and (c) EBM [55].

More recently, Zhu et al. [56] conducted extensive testing comparing wear rate of SLM
Ti-6Al-4V alloy samples to that of conventional processed (CP) Ti-6Al-4V alloy samples with
wear mechanism explanation. Hardness of the SLM alloy samples was 450HV comparing to
350HV for the CP alloy samples. Wear rate of SLM alloy samples was significantly lower than
that of CP alloy samples when counterface material was brass, but was only slightly lower when
the contact was with 38CrMoAl (Fig. 2.15). For the test with 38CrMoAl, their data show a
hardened layer of ~100um in thickness with hardness of ~530HV for SLM samples and a
hardened layer of ~40um with hardness of ~410HV for CP samples shown from Fig. 2.16.
However, the cross sections of their test samples do not show thick wear
interaction/deformation layers as shown in Fig. 2.17 correlated with the hardened thickness they
demonstrated before. It is known that Ti alloys do not work harden significantly and thus Zhu et

al.’s hardness data may be seen unexplainable.
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Fig. 2.15 Wear rate results for the Ti-6Al-4V samples in contact with brass (a) and 38CrMoAl (b) [56].
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Fig. 2.16 Vickers hardness distribution away from the worn surface of Ti-6Al-4V in contact with 38CrMoAl [56].
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Fig. 2.17 SEM images of cross sections of (a) CP, (b) as prepared SLM, and (c) heat treated SLM samples in contact

with 38CrMoAl [56].

It could be seen from the studies above that wear rate inversely follows hardness trend
(Archard’s law) or the trend is not clear and there is also a lack of wear mechanism explanation
for Ti-6A-4V samples made by PBF techniques. Besides, it has widely been demonstrated that
the cooling rate during SLM is sufficiently high and therefore the solidified cubic B phase
largely transforms to martensitic o’ phase [7]. Hardness should normally be >400HV. From the
articles above, various hardness of Ti-6Al-4V are reported, SLM samples could be 390HV [51],
310HV to 405HV [52], 345-355HV [57], 450HV [56], 400HV [55], and EBM samples could be
300 to 365HV [24], 376HV [53], 400 to 410HV [54], 380HV [55].
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2.3 Wear of titanium alloys at elevated temperatures

In some industries such as aerospace, automotive, and power generation, depending on the
applications, the operating temperature may reach up to 500°C or even higher [58][59]. These
elevated temperatures can have detrimental effects not only on the mechanical properties of the
materials, but also their surface morphology. This in turn can affect the wear performance of
each component [60]. High temperature tribological processes are common phenomena in these
applications. For example, apart from the significant effect on fuel economy, high temperature
wear loss is considered to be one of the most critical barriers that restricts engines’ reliability
and service life [14][58], because the geometry change due to wear influences the workability

and reliability of components working in a system.

In high temperature tribo-systems, the elevated temperature causes material softening, thus will
influence the mechanical strength of the material, leading to higher wear rates. Besides, high
temperatures will cause higher level of surface oxidation, affecting the wear process. Therefore,
limited workability of titanium alloys at elevated temperatures is one of the main concerns of
the designers and engineers [8][61][62]. There have been some previous studies on wear
resistance of titanium alloys at high temperatures under different working conditions that will be

reviewed in this section.

2.3.1 Wear behavior of conventional processed titanium alloys at elevated

temperatures

Cui et al. [63] and Mao et al. [44] conducted dry sliding Ti-6Al-4V pin on GCrl5 steel disk
wear tests under 50-250N applied load and measured the volume loss of the pins. Their results
showed that at 400°C and 500°C and in the mid-range of loading (100-200N), the average WR
is only up to ~5x10°mm?3mm, while at room temperature, average WR=(15-35) x10°mm?3mm.
This is a considerable reduction in WR when temperature increases to 400°C and 500°C. Also,
at these temperatures, as shown in Fig. 2.18, a significant reduction in WR is observed at higher

applied loads (100-200N) compared to the WR at 50N load, which is very different from the
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general trend of increasing WR with increasing applied load.
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Fig. 2.18 Wear rates of Ti-6Al-4V alloy as a function of temperature and load [44].

During dry sliding of metallic alloys, tribo-layers are usually formed on the worn surface. Table
2.1 evaluates the hardness of tribo-layer and base material, under 400-500°C temperatures and
100-200N applied loads. A significant difference in hardness was observed, and a significant
amount of oxygen was found in the tribo-layers. Fig. 2.19 shows the surfaces and cross sections
of some test samples from Mao et al.’s work [44]. In Fig. 2.19(a), which is the test with 200°C
and 100N load, the wear tracks mainly show abrasive wear with furrow and ridge along sliding
direction, while its cross section image in Fig. 2.19(c) shows there is only a thin tribo-layer. On
the other hand, the sample tested under 100N load at 400°C shows relatively smooth wear
surface with delaminated wear regions (Fig. 2.19(b)). The correlated cross-section morphology

(Fig. 2.19(d)) also shows the presence of a thick and dense tribo-layer.

Cui et al. [63] and Mao et al. [44] pointed out that only a tribo-layer with enough amount of
oxygen and high hardness can prevent metal-metal adhesion at the contact interface and possess
self-lubrication function, thus providing good protection from wear. That is the reason that

100-200N load tests have lower wear when under high temperatures of 400 to 500°C.
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Table 2.2 Thickness, hardness and oxide level of tribo-layer in Ti-6Al-4V alloy under various test conditions [44].

Testing conditions 25°C 200°C 400°C 500°C
50N 100-200N 50N | 100-200N 50N 100-200N 50N 100-200N
Thickness of the 3-6 20-25 5-8 15-20 15-20 | 20-30 10-15 | 10-15

tribo-layer (mm)

Hardness of the tribo-layer | 325 410-440 330 385-440 375 520-570 225 325-475
(HV)
Hardness of the tribo-layer | 280 340 320 340 350 320-360 175 175-210
(HV)
Hardness difference of the | 45 70-100 10 45-100 25 200-210 50 150-265

tribo-layer and the

substrate

Amount of tribo-oxides no No trace | Trace No more trace More

Fig. 2.19 SEM images of worn surfaces of Ti-6Al-4V alloy sliding under various conditions: (a) 200°C, 100N, (b)

400°C, 100N; (c), (d) are their cross-sections respectively [44].

Zhang et al. [43] conducted dry sliding Ti-6.5Al-3.5Mo-1.5Zr-0.3Si pin on AIS152100 steel disk
tests and measured the wear volume of the pins. They showed an increase of WR from
15x10mm?mm to 65x10°*mm?3mm when load increases from 50N to 250N for tests conducted
at room temperature. For tests conducted at 600°C, WR is close to zero for the whole range of
loading (50N-250N). Furthermore, they conducted sliding wear tests at a starting temperature of
600°C and then the same sample was kept being tested, but the temperature was lowered to
room temperature. Their data showed that wear resistance in this condition is similar to the
single temperature sliding test at 600°C, with WR values close to zero (Fig. 2.20). Their results
suggest that exposing the sample to the elevated temperature of 600°C prior to or during sliding
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tests has basically prevented wear to occur.
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Fig. 2.20 Wear rate versus applied load for titanium alloy under various test temperature conditions [43].

Fig. 2.21 shows EDS and XRD results of the study carried by Zhang et al. [43]. In (c) and (e)
(which are the tests with 600°C or first with 600°C), the green lines which indicate the amount

of oxygen in the tribo-layer region are both higher than the substrate material, which shows the

tribo-layers are with higher oxygen content.

Fig. 2.21 Morphology, EDS line analysis and XRD patterns of tribo-layers under sliding wear tests: at room

temperature (a, b); at 600°C (c, d); first sliding at 600°C and then sliding at room temperature (e, f) [43].
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Fig. 2.22 also shows the plastically deformed layers beneath the tribo-layer (red arrow lines
show the deformed layers). These deformed layers appear to be associated with the load-bearing
capacity of tribo-layers. In Fig. 2.22(a) and (b), which are for 150N and 200N tests under room
temperature, in which the tribo-layers have very tiny oxides, the deformed layer thickness is
around 30 and 80um, respectively. On the other hand, oxide layers which are compact and
continuous, can be seen in Fig. 2.22(c) and (d), which are for 150N and 200N tests under 600°C
temperature and the thickness of the deformed layers beneath them are less than 10um for both.
Thus, Fig. 2.22 can show that hard tribo-layer would possess high load-bearing capacity, and the
force was prevented to transfer to the substrate material underneath the tribo-layers. So, a thin
plastically deformed layer was presented when there is a hard oxide layer on top of it (Fig.

2.22(c) and (d)).

Fig. 2.22 Tribo-layers typical status of: (a, b) sliding at room temperature, 150 and 250 N, respectively; (c, d) sliding

at 600°C, 150 and 250 N, respectively [43].

Thus studies [43][44][63] concluded that high temperature results in high level of oxygen in the

tribo-layer, which can act as a protective layer and improve wear resistance.

Kumar et al. [64] conducted dry sliding Ti-6Al-4V pin on SS316L stainless steel disk linear
reciprocating wear tests in vacuum to filter out the effect of oxidation due to increasing
temperature and measured the volume loss of the pins. Their results also show a rapid decrease
in WR as temperature increases from room temperature to 200°C and at 400°C, WR is close to

zero (Fig. 2.23).
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Fig. 2.23 Wear rate versus temperature of Ti-6AI-4V alloy pin when sliding against SS316L disk in vacuum

condition [64].

Kumar et al. [64] presented mechanically mixed layer (MML) as can be seen in Fig. 2.24. MML,
which is the term they used for tribo-layer, was formed by tribo-chemical reactions during the
sliding wear tests. They stated that this layer is surface oxides layer and its thickness increased
with increasing temperature. However, they didn’t test the oxygen amount of the layers, and due
to their tests being conducted at vacuum environment, it is not clear how oxygen is present in
the MML layer. They concluded that a thicker tribo-layer with high oxygen is better as it can

prevent adiabatic shear band and thus reduce wear loss.
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Fig. 2.24 SEM images of mechanically mixed layer (MML) when the tests were conducted at 25°C (a), 100°C (b),

200°C (c), 300°C (d), 400°C (e) [64].

More recently, Liang et al. [65] conducted pin-on- disk rotatory testing with WC-6Co as pin and
Ti-6Al-4V as the disk at temperatures up to 900°C and traced the 3D wear tracks to convert to
wear volume rate. Fig. 2.25 shows that increase in temperature from room temperature to 320°C
slightly increases the wear volume from ~5x10*mm?%s to ~7x10°mm3/s. By further increasing
the temperature to 600°C, wear volume increased significantly to ~17x10°mm?3s. Increasing the
temperature to 900°C resulted in a considerable increase in wear volume to ~42x10°mm?%s (Fig.
2.25). Thus, the effect of increasing T on increasing WR by Liang et al. is strong when T>320°C
and is completely opposite to the observations by Cui et al. [63], Mao et al. [44] (Fig. 2.18),

Zhang et al. [43] (Fig. 2.20) and Kumar [64] (Fig. 2.23).
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Fig. 2.25 Volume wear rate and depth of wear profiles versus temperature when WC-6Co pin slides against

Ti-6Al-4V disk [65].

Further to measuring wear rates, Liang et al. [65] conducted EDS/SEM analysis and observed
that oxidation phenomenon increased as the temperature increased (Fig. 2.26). The contents of
element O reached up to 20%-30% in contact surfaces at the high temperature of 920°C. Thus,
unlike research [43][44][63][64], study [65] gives an opposite relationship between temperature

and wear loss.
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Fig. 2.26 Elemental composition profiles of cross-sectional view of Ti-6Al-4V, (a) 320 °C, (b) 920 °C [65].

2.3.2 Wear behavior of PBF Ti-6Al-4V at elevated temperatures

Due to increased applications of AM techniques, many load bearing parts working at elevated
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temperatures are produced by PBF manufacturing methods [15]. However, limited data are
available on high temperature tribological performance of PBF Ti alloy in literature, and only
one article was found. Alvi et al. [66] conducted ball-on-disk rotary sliding wear experiments
with EBM Ti-6Al-4V as disk and steel or alumina as ball materials at temperatures up to 500°C.
Their wear rate was determined based on track volume, taking the product of average depth and
area of track. Their results showed that wear rate at room temperature to be
(7.046.5)x10*mm?*Nm and (8.346.8)x10“mm?*Nm sliding against steel and alumina balls,
respectively. However, as can be seen in Fig. 2.27, standard deviation values were very high. At
200°C and 400°C, deviation values were lower and average wear rate values were within
(0.4-0.9)x10*mm3Nm. At 500°C, the average values were (3.5-4.5)x10*mm?%*Nm with a
medium level of standard deviation at ~4x10“mm?3/Nm for the case of alumina ball experiments
(Fig. 2.27). They conducted two tests for each condition, and it is thus unclear how standard
deviation values were obtained. With this uncertainty but the very large deviation values for
some tests, the effect of temperature on wear rate from Sajid et al.’s study [66] may be difficult

to ascertain.
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Fig. 2.27 Wear rate versus temperature when steel or alumina counter ball sliding against EBM Ti-6Al-4V disk (error

bars represents standard deviations) [66].

By summarizing the studies above, the current understanding on the effect of temperature on

wear rate from literature may be viewed contradictory from different studies. A number of
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studies measured the volume loss of the Ti alloy pins from pin-on-disk experiments have shown
that wear rate generally decreases as temperature increases, although it depends also on the level
of load applied [43][44][63][64]. On the other hand, study [65] based on directly measuring the
wear volume of the wear track in the Ti-6Al-4V disk clearly shows that wear rate is directly
proportional to test temperature. The effect of the formation of the tribo-oxide layer to reduce
wear rate also seems unclear from the literature data. Besides, tribological data for PBF Ti

alloys are very limited.

2.4 Wear performance of PBF Ti-6Al-4V alloy surface treated by PVD coating and

ion-implantation

This section is going to introduce several papers about the wear performance of surface treated
Ti-6Al-4V. The wear performance of TiN PVD coating is introduced in section 2.4.1 and

ion-implantation surface treatment is in section 2.4.2.

2.4.1 Wear performance of PBF Ti-6Al-4V alloy surface treated by PVD coating

As mentioned in section 2.2.1, wear resistance of titanium and Ti alloys are known to be poor
primarily due to the low hardness values (200-350 HV) of the alloys, thus applying surface
coating to CP Ti-6Al-4V for improving wear resistance is a natural way. It has been commonly
recognized that PVD coating can prevent the base material from wear and is widely used in
industry for improving tribological performance, particularly for tooling [67][68]. Several
studies have been conducted on PVD coating and how it affects the wear resistance of the base

Ti alloy.

Though PVD coating can prevent the base material from wear, under some test conditions PVD
coating could fail. Studies have revealed that the failure of coating can cause abrupt change of
COF or rapid increase in wear volume. Liu et al. [69] conducted dry “multi-scratch test” to

investigate tribological performance of PVD TiN coating on Ti-6Al-4V samples against a
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hemispherical diamond as counter material [69]. It was shown in this study that there is a certain
value of load, when the applied load is bigger than that value, there is a sharp increase in
coefficient of friction (COF) after a certain number of passes, which indicates the time of
coating failing. As shown in Fig. 2.28, where the coating failure happened at around 390

traverses.
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Fig. 2.28 Friction coefficient versus traversals during multi-scratch test on TiN coated Ti-6Al-4V; a SEM image

inside showing worn surface morphology with micro cracking and delamination of TiN films after 400 passes [69].

Cassar et al. [70] conducted dry reciprocating sliding wear tests to investigate the tribological
performance of TiN and CrAIN PVD coating sliding against WC-Co ball. These coatings were
with different nitride bias potential: low voltage (LV) and high voltage (HV), or different
triode-plasma diffusion process: nitrided (TPN) or oxidized first then nitrided (TPON). Fig. 2.29
shows PVD TiN coating provides a high resistance to wear up to the sliding distance of 300m

and beyond this distance, wear volume rapidly increases.
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Fig. 2.29 Wear volumes measured for untreated Ti—-6Al-4V and TiN-coated TPN and TPON samples, tested against

WC-Co at a normal load of 13.5N [70].

Previous studies also tried to discuss the reasons PVD coating fails. Martini and Ceschini [71]
examined the worn surfaces of PVD coated Ti-6Al-4V after testing using dry rotatory
flat-on-cylinder configuration with bearing steel as the cylinder material. They investigated
different types of PVD coating, including CrN single layer, CrN/NbN alternative nanolayers and
WC/C multiple layers coatings. Fig. 2.30 shows the worn surface of CrN/NbN coating, they
reveal that there is a high level of iron oxides, which is from the counter material surface, in the
worn surface. They predicted that the higher hardness of coating caused abrasive action when
contacted with steel counter material and made the steel debris, then the steel debris turned to
iron oxides and were pressed on the coating surface by the friction heat and contact pressure
forming a compact oxide transfer layer. Under higher load, this unstable oxide transfer layer is

non-protective, it was delaminated and broke with cracks been observed.
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Fig. 2.30 SEM image of the wear track (a) and corresponding X-ray maps of elemental distribution (b) to (f) for the

wear test of CrN/NbN-coated Ti-6Al-4V sliding against SAE52100-EN100Cr6 steel under 40N applied load [71].

Recently, Lepicka et al. [72] analyzed the completely worn surface more closely after dry rotary
ball-on- disk testing with PVD TiN coated Ti-6Al-4V disk and WC-Co ball. Fig. 2.31 shows the
thickness of the PVD coating is about 2um. Fig. 2.32 shows the surface has been completely
worn out after the sliding wear test. The worn surface shows the abrasive ploughing grooves,
oxygen intensive debris, adhesive cracks which are perpendicular to the sliding direction and

tensile cracks which are along the sliding direction.

[ e g R

Fig. 2.31 Cross-section of the TiN PVD coated Ti-6Al-4V sample [72].
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Fig. 2.32 Optical microscope (a) and SEM (b)—(e) images of wear track obtained for TiN coated Ti-6Al-4V alloy after

263.7m sliding distance in dry condition [72].

Applying surface coating to PBF Ti-6Al-4V alloy should also be naturally extended from
improving wear resistance of CP Ti-6Al-4V, due to their not significant difference on wear
resistance from Li et al.’s study [73]. Li et al. [73] explained that whether hardness higher than
350 HV may result in an increase in wear resistance is unclear, though hardness of SLM
Ti-6Al-4V being mainly in martensitic form is above 400 HV. In their study of sliding wear of
SLM, electron beam powder bed fusion (EBM) and conventional processed (CP) samples, Li et
al. [73] showed no significant difference in wear rate (WR) amongst SLM, EBM and CP

Ti-6Al-4V samples.

Study on applying coating to improve tribological improvement of MAM Ti-6Al-4V alloy has

only started recently and published work is still rare in the open literature. Kao et al. [74]
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applied CN (carbon nitride) and Ti-doped DLC (Ti-C:H) thin films on SLM Ti-6Al-4V which
was first nitrided at 900°C before depositing the thin films. A total of six different samples were
prepared, namely Ti-6Al-4V alloy (3DT), nitrided Ti-6Al-4V alloy (N3DTs), CN-coated
Ti-6Al-4V alloy (CN-3DT), CN-coated nitrided Ti-6Al-4V alloy (CN-N3DTs), Ti-C:H coated
Ti-6Al-4V alloy (DLC-3DT), and Ti-C:H-coated nitrided Ti-6Al-4V alloy (DLC-N3DTs). Fig.
2.33 shows the nitride layer is around 8um, and CN or DLC coatings are around 1um on top of
nitride layers if such coating were applied. Wear tests using a reciprocating sliding wear tester
against 316L stainless steel ball, Ti-6Al-4V ball and SizN4 ball were conducted. Fig. 2.34 clearly
shows applying the thin films have reduced the wear depth. Fig. 2.35 gives the examination and
appearances of surfaces of DLC-3DT and DLC-N3DTs worn samples. Fig. 2.35(a) and (b) show
the wear surface of the DLC-3DT sample. A scooped out surface appearance in Fig. 2.35(a) has
indicates the occurrence of severe adhesion wear, and the O content is 30.5 at.% and 38.9 at.%
which shows the wear mechanism is one of the severe adhesion wear accompanied by oxidation
wear. As seen from Fig. 2.35(c), the wear surface of the DLC-N3DTs sample is smooth and
contains only mild scratches, and the main wear mechanism is abrasion wear. Circles 1 and 2 in
Fig. 2.35(d) have C contents of 14.2 at.% and 26.1 at.% respectively which is significantly
lower than that of the unworn surface (97.7 at.%). Besides, the nitrogen contents in Circles 1
and 2 are 10.6 at.% and 6.9 at.%, respectively which is from the nitride layer. Thus, it is inferred
that the DLC coating is broken and the wear scar penetrates almost all of the way through the
coating to the underlying substrate (wear depth 1.17 pm bigger than 1um DLC layer). However,

the wear mode(s) leading to failure of the coating has not been clearly explained.
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Fig. 2.33 SEM cross-sectional micrographs of: (a) 3DT, (b) N3DTs, (c) CN-N3DTs and (d) DLC-N3DTs [74].
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Fig. 2.34 Wear depths of all specimens when sliding against 316L, SisN4 and 3DT balls. (S.D. denotes standard

deviation) [74].
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Fig. 2.35 SEM images for wear surfaces on: (a) DLC-3DT, (b) DLC-3DT (1000x), (c) DLC-N3DTs and (d)
DLC-N3DTs (1000x) when sliding against 3DT ball, and the EDS analysis results for the regions marked in the

corresponding figures (labelled 1 or 2), respectively [74].

By summarizing the studies above, though some of them have noticed the final worn of the
PVD coating, and has analyzed the worn surface morphology and chemical contents to try to
know the wear process of the PVD coating, however, these studies are all based on the final
worn surfaces, not a study until now has well and clearly shown the wear process of PVD

coating, since it starts to break to its ultimate failure.

2.4.2 Wear behavior of nitrogen ion implanted Ti-6Al-4V alloy

Apart from PVD coating as the protection method to increase the wear resistance of Ti-6Al-4V
alloy, ion implantation is also an important way of improving surface hardness and wear
resistance [75][76]. lon-implantation is usually used to improve the wear resistance of sensitive
medical components such as surgical tools and load bearing implants. Unlike the PVD coating
that creates a discontinuous layer on top of the base material, ion implantation can provide a
gradual transition layer (typically less than l1um thickness) by altering the chemical and
mechanical properties of the near surface material. This can reduce the risk of delamination of

the discontinuous layer resulted from the poor adhesion strength [76][77].

lon-implantation is a low temperature process that energetic ions are accelerated to the surface
of the substrate material and change the surface chemical and physical properties to enhance the
wear resistance. At first, a dosage of accelerated ions, which usually contain several KeV to few

MeV energy, will pass through the -15 ‘C beam line with raster scanners (Fig. 2.36). These
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raster scanners are applied voltage with vertical and horizontal directions to trap the ions in
order to obtain a uniform implanted region. When the ions pass through the beam line and lose
all their energy and at the same time incorporated into the substrate material, the surface is

implanted [77].

During ion implantation process, the substrate surface will be undergoing changes, some
incident ions penetrate a certain depth of the surface material and be implanted, and other ions
scatter away (Fig. 2.37). Besides, some substrate material ions can be sputtered by the collision
cascade of the incident ions [78]. The type, dosage and energy of the ions are the most important

parameters influencing the properties of the implanted surface and ion concentration.

Implanted surface R\\ //f

Substrate Beam scanner plates

Fig. 2.36 lon implantation beam scanner [77].
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Fig. 2.37 Schematic of ion-solid interactions [77].

Titanium ion implantation can be conducted by Ca, P, C, CO, O, N, Na, Mg, Ag ions and inert
ions such as He and Ar. By these types of ions implanted into the titanium alloy surface, the
material surface stability, wear and corrosion resistance can be improved. Due to the abundance
in nature and the ability to improve surface properties, nitrogen ion implantation has been
studied most extensively. There are several articles discussing the ion implantation of Ti-6Al-4V
and its influence on wear performance, where the relationship between the dosage of N* and

wear is discussed in detail.

In the comprehensive review by Rautray et al. [77], it is generally believed that a significant
improvement of wear resistance can be achieved by nitrogen ion implantation on Ti-alloys. In
this review, a particular example from Boampon et al. [79] on the effect of ion implantation on

improving wear resistance has been detailed.

Boampon et al. [79] applied a dose of 2x10%* N* ions/m? to Ti-6Al-4V alloy and conducted
sliding wear tests on the ion implanted samples with ultra-high molecular weight polyethylene
(UHMWPE) pins as counter material. Fig. 2.38 shows the Knoop hardness of ion implanted
Ti-6Al-4V compared with as built samples, and it can be observed that ion implantation results

in up to two-fold increase in hardness. The wear weight loss also showed that ion implanted
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Ti-6Al-4V samples have better wear resistance than the as built Ti-6Al-4V samples (the wear
weight loss of ion implanted and as built Ti-6Al-4V samples are 81 + 0.06ug and 214 + 0.08 pg

respectively, when they slide against UHMWPE pin).
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Fig. 2.38 Knoop surface microhardness of Ti-6Al-4V alloy with and without ion implantation [79].

Fig. 2.39 is the comparison of the wear tracks of unmodified and implanted Ti-6Al-4V plates
tested against UHMWPE pins. It can be seen from Fig. 2.39(a) that random severe scratches
and grooves are the main features of the wear track morphology which shows severe abrasive
wear. It could be because of the strong adhesion between UHMWPE and the titanium oxide film,
which is in favor of three-body abrasive wear [80-82]. In contrast, testing with UHMWPE/N*
ion implanted Ti-6Al-4V couple showed almostno damage in the wear tracks of the
Ti-6Al-4V plates as shown in Fig. 2.39(b). It is known that TiN precipitate formed on
the Ti-6Al-4V surface can stabilize the outer oxide layer and thus reduce the removal of oxide
particles from the surface, which can reduce the wear of both Ti-6Al-4V plate and UHMWPE
pin [79]. However, the precise mechanism that retards the onset of abrasive wear is not yet clear

[81][83].

Fig. 2.39 AFM image of worn Ti-6Al-4V surface (a) and N * ion-implanted Ti-6Al-4V surface (b) [79].
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The original work where the dose of 2x102!N*ions/m? was found optimal is from the study of
Fabre et al. [84], while Fabre et al.’s work has not been cited particularly when wear resistance
was discussed in Rautray et al’s [77] review. Fabre et al.[84] have conducted Ti-6Al-4V
/UHMWPE wear testing based on a range of N* dosage, and by their simulation, the maximum
concentration was reached at the depth of 70nm from the surface for different N* dosages. Fig.
2.40 is the adhesion work measurements. Adhesion work is the free energy change when two
surfaces adhere to each other, and it can be used to evaluate the adhesive behavior and strength.
In this study, they used heptane liquid, which is an organic liquid, simulating UHMWPE pin to
obtain the adhesion work between Ti-6Al-4V and UHMWPE. Fig. 2.40 shows the minimum
value is obtained when the N* dosage is 2x10%, besides, the measurement of UHMWPE pin

wear loss further showed the minimum wear loss value was with the 2x10?* N* dosage test.
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Fig. 2.40 Adhesion work variation of implanted Ti-6Al-4V [84].

It should be noted that the conditions (particularly the accelerating voltage) in Fabre et al.’s
work [84] are different from that used in Boampon et al.’s [79] work (Boampon et al.
used Zymet Z-100 device and 100KeV voltage, while the device in Fabre et al.’s [84] work
is Varian DF4 and the voltage is 40KeV). Besides, [79] and [84] used UHMWPE and ion
implanted or unmodified Ti-6Al-4V as wear couple in their sliding wear tests; however, the

material properties for ceramic or metal is quite different to polymer material, adhesive and
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abrasive wear behaviors during wear tests of Ti-6Al-4V /ceramic or Ti-6Al-4V /metal should be
very different from those of Ti-6Al-4V /polymer wear test [73]. Whether Boampon et al. [79]
or Fabre et al [84]’s findings could be extended to the current Ti-6Al-4V /WC-Co condition may
be viewed uncertain. A further confusion may need to be pointed out that in a recent overview
[85] of the topic on surface modification of Ti-alloys, the condition of the dose of
1x10%'N*ions/m? has been referred to as the best condition, citing Rautray et al.’s review [77].
This dose is half the dose mentioned in [79][84] which was stated as the best N* ions dose

condition.

Three studies about sliding wear testing of pure Ti /ceramic or Ti-6Al-4V /metal couples have
also been published and the tests conditions and results are listed in table 2.3. In the study of
Budzynski et al. [86] and Kaminski et al. [87], the wear was measured by a cross-sectional area

of the track as shown in Fig. 2.42 and 2.43.

Table 2.3 Papers about ion implanted Ti or Ti-6Al-4V samples wear tests.

Paper Dosage, Accelerating Sample Counter Wear test Results
N*ions/m? voltage material
[88] 1x10% 5x | 150KeV high purity | Al,O3 ball Liner The worn area of a dose of
10%, 1x10% titanium (10mm reciprocating, 5 x 10!N*ions/m? is
diameter) 0.49N, 6mm | narrower than other
stroke, dosages (Fig. 2.41)
1.67mm/s, 50
cycles
[86] 1x10% 1x | 120 KeV Ti-6Al-4V | Bearing Rotatory ion implantation improved
102, 1 x 10% steel  ball | ball-on-disk, wear resistance with a
(2mm 2000 cycles rapid reduction of wear
diameter) rate when dosage increase
from1x10%to 1x
10%2N* ions/m? (Fig. 2.42)
[87] 1x10% 60 KeV Ti-6Al-4V | steel  ball | Rotatory a slightly higher wear
(2mm ball-on-disk, resistance for the
diameter) 500mN load, | implanted samples, but the
10000 cycles standard deviation values
of their data are
significantly higher than
the difference in wear
resistance (Fig. 2.43)

44




Wear (um?)

(]
[=]

na
o

Wear volume (x10° um®)
o

=3

0
[Substrate]

1x109 5x10°" 1x10%
(N="/m?)
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Fig. 2.43 Mean wear of Ti Grade 5 samples with standard deviations [87].
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The limited studies and data available, as discussed above, may have suggested that nitrogen ion
implantation should provide wear resistance, but when a dosage of < 1x10%!N*ions/m? is applied,
the effect is not significant. A dosage of significantly higher than 1x10%*N*ions/m? should result
in a significant effect on increasing wear resistance. Our samples both “6x10% at/cm? of
nitrogen”, meaning 6x10%!N*/m? supposed to provide wear resistance, but under such dosage,
the wear resistance under nitrogen ion implanted Ti-6Al-4V/metal couple should be further
investigated and discussed. Besides, not a paper until now has discussed the wear performance

of ion-implanted PBF Ti-6Al-4V.

2.5 Summary of the literature review and research questions

The above review of the relevant literature has shown the following:

e Recent data in literature are unclear on whether higher hardness may result in an increase in
wear resistance of Ti-6Al-4V, following Archard’s linear relationship. Recent development
of both SLM and EBM has shown fully dense parts can be produced by these processes.
Although hardness values of parts produced by these powder bed fusion processes are
higher than 350 HV, whether these parts are more wear resistant than parts produced by
conventional processed and annealed parts is highly uncertain. A further confusion from
data of recent wear studies is the hardness values lower than 400 HV reported for SLM

processed Ti-6Al-4V alloy in some studies.

e The current understanding on the effect of temperature on wear rate from literature may be
viewed contradictory from different studies. A number of studies based on measuring
volume loss of the Ti-6Al-4V pin from pin-on-disk experiments have shown that wear rate
generally decreases as temperature increases, although it depends also on the level of load
applied. On the other hand, a study based on directly measuring the wear volume of the
wear track in the disk clearly shows the wear rate is directly proportional to the test
temperature. The suggestion of trio-oxide layer to reduce wear rate also seems unclear from

the literature data.
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Two aspects of wear of coated Ti-6Al-4V samples have not been fully understood. The first
is the detail of wear mode of the coated samples (coating fracture and detaching or gradual
wear), although applying hard coating is generally understood to reduce wear rate in the
tested conditions reported. The second is the lack of understanding, comparing SLM
samples to the more conventionally processed Ti-6Al-4V samples with the latter
considerably lower in hardness, on how the coating performance is affected by the
substrate hardness and how the coating may fail as wear testing progresses. Furthermore,
although ion implantation is a well-established surface engineering process, wear testing of

ion implanted Ti-6Al-4V samples have seldom been conducted.

The above summary shows that wear rate and wear modes of powder bed fusion Ti-6Al-4V

alloy are currently insufficiently understood. Considering that powder bed fusion additive

manufacturing technology has been advanced considerably in recent years and the powder bed

fusion Ti-6Al-4V will be more widely applied, and considering the above identified knowledge

gaps, the following research questions are necessary to be addressed:

Under a representative wear condition, how does the wear rate of martensitic and thus
harder Ti-6Al-4V samples of SLM compare with the a+B forms of Ti-6Al-4V processed
by EBM and CP and what are the deformation and fracture mechanisms contributing to the

respective wear rate?

Following on the above question, what is the effect of temperature on the respective wear
rate corresponding to each form of Ti-6Al-4V, what are the surface products and wear
debris that may form and how do these products/debris affect wear rate during sliding wear

testing at various temperatures?

How does the martensitic harder Ti-6Al-4V substrate affect the wear process of a hard
coating in comparison with the coating on the softer CP substrate and, in general, how does

the coating wear or fracture contribute to the measured rate as wear testing progress?

Given that the SLM Ti-6Al-4V is martensitic which is considerably harder than CP

Ti-6Al-4V in o+p form, what difference would it be in the nitrogen ion implanted layer in
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terms of hardness values and how this implanted layer may affect wear process and wear

rate?

Experiments and analyses have been conducted to answer these questions. Detailed description
and explanation on the experimental and analytical procedures are given in Chapter 3. Results
and discussion are reported from Chapter 4 to Chapter 7, accordingly, following the above

research questions.

48



Chapter 3 Research Methodology

Research methodology is going to be stated in detail in this chapter. By introducing the wear
tests environment including the counter material, test equipment and wear conditions for
as-built samples, PVD coated and ion-implanted samples, the different manufacturing routes of
PBF and CP samples are going to be stated. The PVD coated layer is discussed in this chapter,
and the ion implanted dosage and the nitrogen distribution after ion implantation will also be
described. Besides, the material structure observation equipment, physical and surface

parameters detecting equipment are also going to be introduced.

3.1 Samples, counter material and wear test equipment

Additively manufactured samples of Ti-6Al-4V alloy were made using a SLM machine (AM400,
built by Renishaw, UK) and an EBM machine (Q20, built by ARCAM, Sweden). These samples
were produced using machine parameters normally for achieving nearly fully dense parts.
Parameter values are shown by table 3.1 and 3.2. When the SLM or EBM printers are under
working condition, the chamber gas for SLM machine is Ar, while for EBM machine, the
chamber is vacuum. The SLM and EBM samples are as-built samples without any post heat
treatment. CP samples were sectioned from an annealed titanium grade 5 plate following ASTM
B265 according to supplier (Baoji Really Metals and Alloys Co., China). The conventional
processed samples were made by annealing after casting and rolling. Their microstructures are
shown in Fig. 1.4, showing the typical martensite a’ acicular structure in SLM, a+p lamellar
structure in EBM and structure of “short fibrous” B in a matrix in CP samples. Hardness tests
were conducted on these polished samples using a Leco LM-800AT microhardness tester (Fig.
3.1) using a load of 1kgf. Hardness values were determined to be 428+17HV for SLM samples,
359+16HV for EBM samples and 324+8HV for CP samples, based on 10 measurements for

each type of samples. Table 3.3 lists the 10 measurements values.
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Table 3.1 SLM process parameters.

Parameter Value
Laser beam radius 35um
Layer thickness 60um
Hatch distance 120pum

Laser powers

300W, 400W, 500W (at 800mm/s)

Scan speeds

1000mm/s, 800mm/s, 660mm/s (at 400W)

Table 3.2 EBM process parameters.

Parameter Value
Number of contours 3
Outer contour offset 0.27mm
Contours Inner contour offset 0.18mm
Contour current IMmA
Contour speed 550mm/s
Line offset 0.22mm
Max current 28mA
Hatch
Focus offset 45mA
Speed function 33
Table 3.3 Micro-hardness test results.
Test 1 2 3 4 5 6 7 8 9 10 Average
SLM | 4435 | 4259 | 411.4 | 418.8 | 415.7 | 4295 | 423.9 | 425.1 | 4443 | 437.6 427.57
EBM | 368.4 | 365.7 | 370.2 | 359.2 | 374.9 | 358.2 | 347.5 | 343.2 | 350.9 | 353.8 359.2
CP 317.3 | 323.2 | 319.8 | 3249 316 333.2 | 3314 | 337.3 | 3148 | 3245 324.24
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Fig. 3.1 Micro-hardness tester.

When conducting the sliding wear tests under room and high temperature, as well as tests for
PVD coated and ion implanted samples, the counter ball material was WC-Co (WC: 92%, Co:
8%, 90-92 HRC) and the ball diameter was 10 mm. This counter material has been commonly
used for studying the performance of Ti-6Al-4V alloy under sliding wear conditions

[38][39][89][90].

A Linear Reciprocating Tribometer (Ducom TR-282, USA) was used and ball on plate
configuration was selected to conduct the dry sliding wear tests as shown by Fig 3.2. The
sample is tightly fixed into the equipment sample bed, the counter material is grasped by the
holder and be driven by a motor to reciprocally move on the sample surface. The normal load is
applied on the counter material holder by a cantilever, its value can be changed by the weight in
the bottom box of the tribometer which is dropped down through the vertical rob that connected
to the cantilever. The real time coefficient of friction (COF) was automatically recorded by the
device during the tests. By observing the COF curve, it is convenient to identify the wear

surface changes during the wear tests, especially for PVD coated and ion-implanted samples.
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Fig. 3.2 Liner reciprocating tribometer.

3.2 Sample preparation and nanoindentation

All the samples were made or sectioned into 40mmx40mmx5mm in size in order for the
samples to fit into the sample holder of the tribometer, and make sure multiple wear tests can be
conducted on each sample. Before wear tests or surface treatment (PVD coating or
ion-implantation), all wear samples were ground by SiC grinding papers until grit-2400 to
achieve an average surface roughness (Ra) of ~0.05um measured using a Taylor Hobson

Talysurf profilometer.

If tests need samples coated with physical vapor deposition (PVD), polished samples were then
coated using PVD process (Surface Technology Coatings, Melbourne, Australia) with a TiN
coating. As shown in Fig. 3.3, the thickness of the coating (hcoating) 1S ~2.4um and the coating
has densely and evenly covered the SLM sample with martensitic structure or CP sample with

o+f phase structure, respectively.
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Fig. 3.3 Cross sections of PVD TiN coated on: (a) SLM martensitic and (b) CP a+f Ti-6Al-4V samples.

For ion-implantation surface treatment, polished samples were cut into 12mmx10mmx5mm
pieces in order for them to be ion-implanted by GNS Science. The N* ions distribution from the
top most surface is shown by Fig. 3.4. There are two different implantation processes (N1 or
N2), samples under both processes have a total dosage of 6x10' N*/cm2 of nitrogen. After

ion-implantation, these ion-implanted samples were tightly fixed into a holder with 40mm

length before they were ready for wear tests.
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Fig. 3.4 Simulated nitrogen concentration vs. depth for the two implantation processes.

To test the difference of the two ion-implanted methods, as well as to have a comparison with

the PVD coating surface treatment, nanoindentation was used. Nanoindentation was conducted

by a Tl 950 Triboindenter, five test places evenly distributed on the sample surface were

selected for each test sample. For each place, six loads were applied (1000uN, 2000uN, 4000uN,

6000uN, 8000uN, and 10000uN) on six points, respectively. How hard a material is measured
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by how deep (hs-i) the indenter penetrates under a specific maximum load (Pmax). The average
value of h,.iby 5 times tests under each applied Pmax Was obtained for each test sample. Fig 3.5

present the curves during nanoindentation for a SLM N2 ion-implanted sample.
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Fig. 3.5 Curves for nanoindentation test of a SLM N2 ion-implanted sample.

3.3 Tests conditions

Tests were conducted using a range of test conditions, as listed in Table 3.4. Duplicate tests were
conducted for each condition. Though we used multiple tests conditions for room temperature
tests for samples without surface treatment, it must be pointed out that, for high temperature
tests, the load and frequency were fixed at 6N and 5Hz, thus the variable is only the temperature.
For PVD coated samples tests, the load and frequency were 2N and 5Hz as for the surface
treatment samples tests, we are going to focus on the surface coating failure mechanism and not
the various wear conditions. Besides, serious wear had occurred using 2N loading for only a
short wear distance/time when doing tests for ion-implanted samples. Thus, all tests using ion
implanted samples were conducted using 1N load, 2Hz and 40m total wear distance with the

sliding stroke of 10mm.
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Table 3.4 Sliding wear conditions.

Loads (Fn) 1N, 2N, 6N, 10N
Frequency (f) 2Hz, 5Hz, 8Hz

Sliding stroke 10mm

Sliding distance 500m, 40m

Temperatures 25°C, 200°C, 400°C, 600°C

Different from other tests that run over for their whole sliding distance, tests for PVD coated
samples had additional tests after duplicate tests of 500m sliding distance. These tests were
conducted to estimate the distance within which the coating is effective in preventing wear loss
of Ti-6Al-4V, thus these tests were stopped when the coating was broken. By this monitoring
conducted by examining the wear tracks of samples tested for various times, how the coating

itself wears and deteriorates was monitored so that the failure mechanisms can be understood.

3.4 Wear measurement

After testing, the samples were first checked by an Olympus SZX9 stereomicroscope (Fig. 3.6),
to roughly know the shape of the track or the coating status, and then wear volume (WV) was
estimated. This was done by first determining 15 cross sectional profiles evenly distributed
along each wear track using a stylus profilometer. The cross-sectional profiles were then
converted to cross-sectional areas using ImageJ software. The software can also measure the
depth and width of a profile at the same time. The average value of these areas was then
multiplied by the track length to yield the wear volume of the track. The conventionally used
wear rate (WR) is then taken as the wear volume divided by the sliding distance (500m). For
example, Fig. 3.7 is a sectional profile near an end of a wear track from a CP sample after
testing under 200°C and 2N load. The area of this profile is 0.024mm?, and after gathering all
15 areas of this track, the average area is 0.0496mm?, thus wear volume is 0.0496 mm? x10mm
(wear track length)=0.496mm?, wear rate is 0.496 mm3®500m=9.92E-4mm?m. The depth and

width of the profile have been marked in the figure, and the depth and width of a wear track can
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help evaluate the shape of the wear track is regular or not (Chapter 4), or consider the coating is

failed or not (Chapter 6).

Fig. 3.6 Olympus SZX9 stereomicroscope.
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Fig. 3.7 A sectional profile for a CP sample wear track tested under 200°C and 2N load.
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After testing and measuring, wear tracks were examined using a Hitachi SU-70 field emission
scanning electron microscope (FE-SEM) (Fig. 3.8). For microstructure observation, cross
sectional samples of wear tracks were made first by carefully sectioning along the center line in
longitudinal direction of each track. However, for examining how the PVD coatings have been
thinned during wear testing, cross sectional samples of wear tracks were prepared by cutting

normal to the wear track sliding direction.

Fig. 3.8 Hitachi SU-70 field emission scanning electron microscope (FE-SEM).

Samples were then mounted using a Struers LoboPress and ground manually with 180, 500 and
1200 grit SiC papers before the final fine polishing using a Struers TegraPol 21 automatic
polisher down to 0.03um using colloidal silica suspension (OP-S). Polished samples were then
etched using the Kroll solution (2%HF, 5%H2NO3, 93%H20). Examination of microstructure

of the as-received and tested samples was conducted using the FE-SEM.
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Chapter 4 Dry Wear Behavior of SLM, EBM and CP Samples

Results and discussion of this thesis starts with the wear behaviors of the alloy processed by
SLM, EBM and CP, representing the martensitic and a(hcp)+p(bcc) structures and three levels
of hardness, during tests at room temperature. Wear rate affected by wear load and frequency
(speed) have been determined. Examination of track surface appearance and cross-sectional
features of tracks to explain the reasons of wear rate data under various conditions have been
conducted. Furthermore, the known mechanical properties of the alloy in various forms of
structure have been qualitatively considered to explain how they may have behaved and to have

resulted in the various wear rates under the current wear test conditions.

4.1 Wear rate

4.1.1 Wear rate as a function of applied load
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Fig. 4.1 Values of WR plotted as a function of test load.

Values of WR for wear tests with conditions listed in Table 3.4 for as built samples under Trm in
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Chapter 3 are plotted as a function of Fy in Fig. 4.1. Each data point is the average of the WR
measurements from the duplicate tests in one test condition. In Fig. 4.1, zero load which should
result in zero WR has been included so that the trend of WR change as a function of the increase

in Fn can be better evaluated. It is clear that the trend is not linear, meaning:

where n=1. This trend is the similar for the three different types of samples although these
samples differ in microstructure and hardness. In the plot of WR vs. Fn, n values for the plots
differ significantly from 0.51 to 0.88 determined by regression analysis. This variation can be
shown not to be the result of the difference in manufacturing route (i.e., SLM, EBM or CP), but
may result from not having more tests for each alloy condition in different Fy values, although
in each Fy condition duplicate tests were conducted. However, as the primary aim of the present
work is to evaluate the comparative performance of the alloy in different microstructural states,

the more accurate determination of n values is not considered.

4.1.2 Wear rate as a function of sliding frequency
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Fig. 4.2 Values of WR plotted as a function of test frequency.
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Values of WR for wear tests with conditions listed in Table 3.4 for as built samples under Trm in
Chapter 3 are plotted as a function of f, as can be seen in Fig. 4.2, the effect of f on WR is
overall weak. This can be further understood by examining WR values of 6N loading, as an
example. A linear regression indicates an increase in WR from 2.7x10°mm®/m at 2Hz to
3.4x10°mm3/m at 8Hz (for Fn=6N). This means that,
AWR/Af=[(3.4x103-2.7x10*)mm?3/m]/6Hz=1.2x10*(mm?/m)/Hz. Thus, overall, as f increases,

WR increases but at a low rate.

This dependency of WR on f can be compared to how the change of Fy affects WR. It is readily
observed in Fig. 4.1 that AWR/AF~3.2x10*(mm?3/m)/N over the range of Fn from 2 to 10N,
although the increase is not exactly linear. This means that over the range of AFy (=8N) used,
AWR could be 2.6 x10°3mm3/m (>>7.0x10“*mm?®m). Thus, the effect of increase in every N
causing the increase of WR [=3.2x10*(mm?3/m)/N] is stronger than the effect of increase in

every Hz [=1.2x10*(mm®m)/Hz].
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Fig. 4.3 COF values plotted as a function of time for test conditions: (a) 6N at 5Hz and (b) 10N at 2Hz.

Fig. 4.3 shows COF plotting as a function of testing time for two different test conditions.
Values of COF appear not to vary significantly for the three different samples. Examining all
COF values conducted in this study has confirmed that COF varies as Fy or f varies, but for each
testing condition, COF values of the three samples have not varied significantly. As the primary
aim of the present study is to investigate the WR that may be affected by the alloy in different
forms of microstructure and thus hardness, not the detailed mechanics of wear, the more
extensive COF data are not presented here. Rather, wear tracks and shear deformation relating

to WR are examined in more detail, as presented below.
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4.2 Wear track surface appearance

Fig. 4.4 shows four selected track surface images of samples tested at various conditions. Tracks
can be quite uniform in width for some cases, as can be seen in Fig. 4.4(a) and Fig. 4.4(b). The
image in Fig. 4.4(a) for a SLM sample is however seen smoother with less wear debris smeared
on the track comparing to the CP sample in Fig. 4.4(b). The edges of the CP sample wear track
(Fig. 4.4(b)) are seen to be decorated intermittently with small flown out pieces and these pieces
are largely absent in the SLM sample (Fig. 4.4(2)). In some cases, irregular shape of the track
could be observed where the width varies along the length of the track. Fig. 4.4(c) and Fig.
4.4(d) display two wear tracks of highly irregular shapes. This irregularity in track shape has
been reported by Niu et al. [4, 5] who present wear tracks in their entirety. As this irregularity is
not confined in a particular kind of sample (SLM, EBM or CP), the reason for it is not studied

further.
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(d)

Fig. 4.4 Appearances of selected wear tracks showing various track features, (a) SLM sample tested at 2Hz and 6N -

straight track, (b) CP sample tested at 2Hz and 6N - straight track with edge pieces, (¢) SLM sample tested at 5Hz and

2N — width variation, and (d) EBM sample tested at 8Hz and 6N — width and height variations.

Take Fig. 4.4(d) as an example to discuss further the track width (W) and its variation.
Observing from top, the lower W in the mid location of the track in the longitudinal
direction should mean a less wear track depth (h), as is also observable in the cross sectional
view, which indicates h=60um in mid-track location in the cross section. The values of h
increase on both sides of the mid-track location and the maximum hx~150um. This means
Ah~150-60=90um, which is much higher than the value of h in mid-track location (60um), and
means that this wear track is very “bumpy” along the track length. From the measured sectional
profiles, the averaged h and Wrr.ck can be obtained and data for all tested samples are plotted in
Fig. 4.5. The scatters of the data are quite small and the regression line is quite close to the
calculated curve of h-Wrrck based on the diameter of the ball used. This suggests that debris on

track surface has not affected the wear volume and thus WR estimation.
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Fig. 4.5 Measured depth, calculated depth and calculated wear volume plotted vs. track width.

Numerically, the measured Wrac Values and one standard deviation (owr) of all samples are
plotted in Fig. 4.6(a) and Fig. 4.6(b) as a function of Fy and f, respectively. The trend of
increasing Wrrack as Fn increases in Fig. 4.6(a) is similar to the trend of WR-Fy in Fig. 4.1. The
rate (AWR/dFy) of increase in Fig. 4.1 appears high and the rate (dWraa/dFn) in Fig. 4.6(a)
appears low. This is the result of the more rapid increase in dAWR/dWrrack when Wraek increases,
particularly when Wra>1.5, as shown in Fig. 4.5. The trend of Wk change as f increases in
Fig. 4.6(b) is also similar to that in Fig. 4.2. The major features that have been described for the
images in Fig. 4.4 can now be explained for all samples in Fig. 4.6(b). Consistent with Fig.
4.4(a) and Fig. 4.4(b), all samples tested at 2Hz (for 9 conditions in Fig. 4.6(b)) have resulted in
low owr, meaning a low variation of track width. On the other hand, for all samples tested at a
high f (8Hz), owr values are generally high. The combination of low Fy at 2N and medium f at
5Hz also results in high owr values in Fig. 4.6(b) and an examples is illustrated in Fig. 4.4(c), as
have already been explained. The combination of mid-high Fn (6N-10N) and medium f at 5Hz

has yielded mid-levels of owr.
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Fig. 4.6 Average measured width and standard deviation values plotted as a function of (a) test load and (b) test

frequency.

4.3 Cross sectional features of wear tracks and shear layer

4.3.1 Cross sectional features

Selected cross sectional images are shown in Fig. 4.7, each corresponding to the respective one
in Fig. 4.4 taken in the mid-length location of the track. These images reveal that the thickness
of the debris is uneven and discontinuous. As observed in Fig. 4.4, the SLM sample tested at
2Hz has less wear debris smeared on the track comparing to the CP sample. This is consistent
with what can be observed in the cross sections in Fig. 4.7(a) and Fig. 4.7(b) that wear debris
can readily be observed to have been smeared on the surface of the CP sample while little can
be observed in the SLM sample. The images in Fig. 4.7(c) and Fig. 4.7(d), where debris layers
are not continuous and are not seen to be thick, are taken in hump locations shown in Fig. 4.4(c)
and Fig. 4.4(d). This suggests that a hump is locally less worn, but does not strongly relate to the

amount or form of debris.
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© o

Fig. 4.7 Cross sectional SEM micrographs showing: (a) SLM sample tested at 2Hz and 6N - little debris, (b) CP
sample tested at 2Hz and 6N — discontinous debris layer, (c) SLM sample tested at 5Hz and 2N — uneven and

discontinous dibris layer, and (d) EBM sample tested at 8Hz and 6N - uneven and discontinous dibris layer.

4.3.2 Shear layer

Higher magnification micrographs shown in Fig. 4.8 display a local layer of shear deformation
in each sample. The thickness of the shear layer (hs,) can be estimated based on observing the
traces of how the shape of the microconstituents have changed. For SLM samples, as has been
explained referring to Fig. 1.5(a), primary (long), secondary (short) and even tertiary
o’-martensite of acicular shapes (needles in 2D micrograph plane) can be observed. If bending
of the needles due to plastic flow has occurred after wear test, deformation during wear test can
be inferred. Fig. 4.8(a) is for a tested sample corresponding to a low amount of shear. The dotted
lines represent the local orientations of the primary o’-martensite needles. Near the sample

surface, needles can be seen to have been bended towards the right. Distance between the
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starting point of bending, although it is difficult to locate accurately, to the sample surface is hs.

In Fig. 4.8(a), hsn varies from 4 to 6pum. This is a low amount of shear (for low f).

Fig. 4.8 Examples of surface cross sections of tested samples (a) SLM sample tested at 2Hz and 6N, (b) EBM sample

tested at 5Hz and 6N and three EDS spectra of points as indicated and (c) CP sample tested at 5Hz and 2N.
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Fig. 4.8 Cont.

On average, significantly higher (hs»>>6m) amounts of shear were found for all other samples
(f#2Hz). In EBM samples, shear deformation causing the elongated -phase particles bending
can be readily identified (Fig. 4.8(b)). Deformation causing particle thinning can also be readily
seen in these samples. From the observation of how particles have bent and thinned, a shear
field can be suggested. It can be seen from Fig. 4.8(b) that hs, is up to 15um. The shear layer is
characterized by the increasingly thinner 3 phase particles due to increasingly more extensive
shear. Within ~3um from the surface (or the interface with debris), where shear deformation has
been very extensive, B-phase particles can no longer be seen. For CP samples, the shorter
-phase particles may have led to some uncertainty in the measurement of shear layer, but the
distinctive shear formation can be seen as displayed in Fig. 4.8(c) and hs, can also be

approximately estimated.

EDS analysis in Fig. 4.8(b) has indicated that the debris is primarily the original Ti-alloy
material with a certain degree of oxidation having taken place and some fragmented WC
particles distributed. No 3 phase particles can be identified in debris, and this is expected as the
debris is a highly deformed Ti-alloy material with very small grain/particle sizes. Thus, hardness
of debris could be higher. Furthermore, extra fine WC particles distributed in the debris may
have further increased the hardness of the debris. It is thus reasonable to have observed debris
filled pits (an example shown in Fig. 4.7(b)) as the pressing of a small amount of the harder
debris under the WC-Co ball during sliding test may have caused debris locally to have indented

deep into the Ti-alloy material underneath.
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Selected wear debris collected outside the wear tracks are shown in Fig. 4.9, which are quite
similar in appearance to debris of tests from other conditions. These debris particles are in a
wide range of size. EDS analysis shown in Fig. 4.9(b) on these particles is consistent with that
on the debris remained on sample surface shown in Fig. 4.8(b). The particles are primarily
Ti-alloy material (top and bottom spectra in Fig. 4.9(b)) and fragmented WC particles have been

embedded in the debris (mid spectrum in Fig. 4.9(b)).

v

10.0kV 17.1mm x1.00k SE(M)

Fig. 4.9SEM images of wear debris from tests conducted at Fn=6N and with f=5Hz using (a) SLM, (b) EMB and

three EDS spectra of points as indicated, and (c) CP samples.

(b)
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Fig. 4.9 Cont.

For further understanding of the shear deformation leading to wear, as an example, the
suggested shear field locally in the sample illustrated in Fig. 4.8(b) is considered for indicating
shear strain. Shear distances within the shear layer have been approximately traced using
B-phase particles as tracers. However, as has already been explained, within that ~3um heavily
deformed shear layer, the shear distance can only be suggested based on the moving direction of
B-phase particles outside the heavily deformed thin layer. The estimated/suggested distances are
given an x-y coordinate, shown in Fig. 4.10(a) where further measurements can be made to

determine the engineering strain (e) values:

\(Ax)" + (4y)* — 4y

Ay

e =

(4.2)

Values of e are also given in Fig. 4.10(a) and replotted versus the distance from where e=0 in
Fig. 4.10(b). The strain has increased to ~2 in the region where deformation of 3 phase particles
can be approximately traced and increased more rapidly towards the surface (or the interface
with debris) estimated to almost 3.9 (true strain £=1.6). This is a very high amount of

deformation. Clearly, a high hs, value indicates a high amount of strain (deformation).
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Fig. 4.10 An illustration of shear strain in shear layer, (a) shear distance in the shear field measured in the micrograph

in Fig. 4.8(b) and (b) increase in shear strain towards the Ti-6Al-4V/debris interface.

Measurements of hs, have been conducted for samples tested under various Fy values at 5Hz

and at various f values under 6N. For each sample, measurement was made by measuring 20

points along the track length under SEM. Values of average hs, and one standard deviation are

plotted against Fy and f in Fig. 4.11(a) and Fig. 4.11(b), respectively. A significant feature of the

data is that standard deviation values are high, indicating the highly uneven amounts of shear

deformation along the wear track. As has already been indicated in Fig. 4.8, in general, average

hsh of SLM samples is lower than those of EBM and CP samples. This is clearly shown by the

measured values in Fig. 4.11. The figure also shows that hs value for EBM samples in each

condition is generally comparable to that of CP samples in the same condition. Also, in general,

increase in either Fy or f tends to slightly increase hsh.

Shear layer thickness, mm

20

15

10

20

20

70

‘ — O — SLM ‘ _— a0 — EBM — < —- cCP

15 15

- -
— -
10 _— 10 /
T / /
e i O R N s{ /
- /
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Load, N Load, N Load, N
(a)




20 20 20

E —O— SLM —=— EBM —— CP
G 151 15 15 4
%]
[}
<
=)
£ 10 10 10 4
g
ks -
E 5 — - 5 54
7] %)///

0 T T T T T 0 0

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7

Frequency, Hz Frequency, Hz Frequency, Hz

(b)

Fig. 4.11 Values of shear layer thickness (hsn) plotted as a function of (a) Fn with f=5 Hz and (b) f with Fn = 6N, for

SLM, EBM and CP samples as indicated.

4.4 Wear mechanisms governing the measured wear rates

Data in Fig. 4.1 have clearly shown the expected overall trend of increasing WR as Fy increases,
although the trend has been found to be non-linear. On the other hand, the effect of f on WR has
been shown to be weak, as shown in Fig. 4.2. The major finding in this work, however, is that
the three different manufacturing routes of Ti-6Al-4V alloy have resulted in a very similar wear
resistance under the wide ranges of Fyand f. This is clearly shown in both Fig. 4.1 and Fig. 4.2
and is despite the significant differences in their hardness (on average 324HV for CP, 359HV
for EBM and 428HV for SLM samples) values. As has been explained in Chapter 2 (section 2.2),
how hardness relating to the wear resistance of the alloy is an aspect having been evaluated in a
number of studies [7][24][51-55][57] and there are disagreements on the relationship. In the
present experiments, Archard’s equation, where WR decreases as hardness increases, has not
been obeyed. The high hardness above 400HV offered by martensite structure in SLM samples

has not resulted in a reduction in WR of the alloy. The reason for this is suggested below.

Quantitative treatment cannot be made and only a qualitative discussion may be attempted.
Hardness is a measure of resistance to plastic deformation without fracture under a hard indenter
and, during wear test, wear originates from deformation and fracture under a moving and hard
object. Thus, strength (resistance to deformation) and deformation behavior relating to the two

tests need to be considered. This can be aided by a schematic illustration of wear, as shown in
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Fig. 4.12(a), where wear is commonly known to be dominantly the combination of adhesive
wear and abrasive wear [91]. The contribution of each cannot be estimated but, fundamentally

in both adhesive and abrasive wear, wear results from deformation and fracture.
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Fig. 4.12 Schematic illustration of (a) sliding wear test with forces, shear stress-strain (tad-yad) field causing adhesive
wear, shear layer thickness (hsn), and stress-strain (cap-ab) causing abrasive wear indicated, (b) stress-strain curves of

Ti-6Al-4V alloy, and (c) stress (on) corresponding to hardness value of the alloy.

The amounts of strain either under wear test loading as indicated in Fig. 4.12(a) or under
hardness test loading should relate to the stress-strain (c-g) behaviors, as suggested in Fig.
4.12(b). There has been a large amount of tensile testing on SLM and EBM Ti-6Al-4V samples
and data are presented in a recent review by Liu and Shin [25]. It is clear that strength (cy and oy)
and fracture strain () of SLM samples are higher and lower than the strength and fracture strain,
respectively, of EBM samples. However, of and &t depend on the amount of defects (lack of
fusion and porosity). It is reasonable to assume that when e>7%, ultimate tensile strength (UTS)
has almost been reached. Then from the referred review [25], average oy, UTS and er values for
SLM and EBM samples are listed in Table 4.1, together with data from manufacturer for CP
samples. Fig. 4.12(b) is thus drawn to schematically illustrate these data, although scale is not in

proportion.

Table 4.1 Average tensile strength and elongation values from literature [25] and from manufacturer.

oy (MPa) UTS, ~ot, (MPa) ef (&f)
SLM 1038 1172 8.7% (0.08)
EBM 938 1012 12.3% (0.12)
CP 890 1005 14.0% (0.13)
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During loading in hardness test, the alloy sample deforms under the indenter with & ranging
from &, (maximum elastic strain corresponding to yield strength, o,) around the top of
indentation to a value emax (corresponding to a stress, omax) at the lowest point of indentation. In
hardness testing of Ti-6Al-4V alloy, no cracks are observed in the indentation. Thus, gmax is l€ss
than er (fracture strain, corresponding fracture strength, o). Then, the hardness value measured
should correspond to an “average” value (on) between oy and omax, as schematically illustrated

in Fig. 4.12(c), and o, can be approximately taken as:

¥

[ o(e)de
o, = B —
Emax — Sy (43)

It is known that work hardening is low in Ti-6Al-4V alloys, as is indicative in oy and UTS data
in Table 4.1, and thus o, should not be considerably higher than oy. For SLM Ti-6Al-4V alloy,
martensite is the dominant form as shown in Fig. 1.5(a) and thus both yield strength (cy1) and
fracture strength (or.) are higher and fracture strain (ern) is lower than those of EBM and CP

samples. This means, as illustrated in Fig. 4.12(b), 61>02>0s.

During wear test, WR greater than zero means emax in the strain field (near the top surface)
reaches & and means that fracture has occurred. Fig. 4.8 and Fig. 4.10 suggest that esn (Strain in
adhesive wear region) values on track surfaces can be from 1 to >3 (ex>1.4) and are
significantly greater than er (meaning ean>gs) values of the alloys listed in Table 4.1. During
tensile testing, there is no more deformation when ¢s is reached meaning breaking; but during
wear testing, crack initiation does not mean immediate fracture and wear loss. In compression,
effective strain (eerr) Of Ti-6Al-4V can be more than 3 [92]. Thus, the amounts of deformation
(ean>3 or ea>1.4) during wear testing of Ti-6Al-4V as seen in Fig. 4.8 and Fig. 4.10 are
regarded reasonable. Strength values of the alloy, however, should remain similar and flow
stress (oriow1) for SLM samples should be higher than that (crow2) 0f EBM samples and that

(oiows) Oof CP samples.

As shown in Fig. 4.11(a) and illustrated in Fig. 4.10, hs, indicates e. The mean values of hg, in
Fig. 4.11(a) indicate indirectly ea as illustrated approximately in Fig. 4.10 for an example.

Values of e in the front deformation zone causing abrasive wear cannot be evaluated but a high
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ductility of a material causing high hs, should also cause a high ea before fracture in the
abrasive wear zone. Thus, it may be reasonable that a high hs, meaning a high ea to cause
adhesive wear also means a high s to cause abrasive wear. Significantly lower amounts of hs,
for SLM samples than those of EBM and CP samples, as shown in Fig. 4.8 and Fig. 4.11, is
consistent with the higher strength and lower ductility of the alloy in martensite form. This is
also consistent with the low amount of debris in wear tracks as shown in Fig. 4.4 and in Fig. 4.8
for SLM samples. A high amount of debris in a track may mean good ductility and sticking of
the worn material to the track but is not directly related to WR. For the higher strength/hardness
SLM samples, lower ductility means the deformed material fractures and breaks off more

readily, leaving less debris to stick to the track, but WR can still be high.

The effect of increasing Fn on hg, can be examined with data in Fig. 4.11(a). For SLM samples,
dhsp/dFy is high at 1.5um/N initially (from 0 to 2N), low at 0.5um/N for Fy from 2 to 6N, and
close to zero from 6 to 10N. In comparison, in the initial stage of increasing Fn (from 0 to 2N),
dhsp/dFy at 4.3um/N is very high for EBM samples and even higher at 5.5um/N for CP samples.
The subsequent dhs/dFy values are all very low as Fy increases from 2N, being 0.5 and
0.3um/N for EBM and CP samples, respectively. Wear loss measured as WR is the result of
deformation and tiny pieces fracturing off along the wear track. Thus, the high or very high
values of dhs/dFy initially as Fn increases should be the major reason for the steep increase in
WR as Fyincreases from zero load, as is shown in Fig. 4.1. This also means that application of
2N load has caused extensive shear deformation under the WC-Co ball during the current wear
test. Increasing Fn increases Wrrack (Fig. 4.6(a)) and thus WR (Fig. 4.1), but fundamentally the

process of deformation to fracture should remain the same.

Examples of shear fields illustrated in Fig. 4.8 and Fig. 4.10 can now be qualitatively extended.
For this, average hsy without considering the deviations is discussed. For SLM samples, overall
hsh=B5um, then ean~0.5 and ea, can be suggested low. For EBM samples, overall hg=11um, then
ean~2.2 and eqp can be suggested mid-high. For CP samples, overall hsw=12um, then ex=2.6 and
€ab Can be suggested high. Combining these data and the o-¢ behaviors illustrated in Fig. 4.12(b),
it can be reasoned that a low hsy meaning low ¢ to reach &r can cause a significant amount of

wear loss. This is for the case of SLM samples. On the other hand, for the case of low strength
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(lower hardness) if the ductility of the alloy is high, a significantly higher hsy meaning higher ¢
is needed for fracturing and wear loss. This is for the case of EBM and CP samples. The reason
why WR being inversely proportional to the hardness of the alloy for both adhesive wear and
abrasive wear [91] has not been obeyed in this work is because the suggested relationship has

not taken ductility into consideration.

The weak effect of f on WR shown in Fig. 4.2 is now discussed. An increase in f means an
increase in the heat generation from friction and deformation per unit time, thus, track
temperature should increase with f increase. An increase in temperature means lowering the
strength (hardness) but also means increasing the ductility. Lowering strength should mean
larger contact area and higher hsy (thus €) under the same loading, thus promoting wear. But a
higher ductility allows higher hs, (thus higher €) before fracturing and wear loss. Thus, on
balance, the effect of f on WR is not strong. As has been pointed out in the beginning of Chapter
2 (section 2.2), Dong’s comprehensive review [12] has suggested that the softness and good
ductility of Ti-6Al-4V are the reason for the low resistance of the alloy to both adhesive and
abrasive wear. This is, however, not supported by the major finding in this study that WR of the
higher strength and hardness (SLM) samples is similar to that of lower strength (EBM and CP)
samples of the same alloy. The better ductility of EBM and CP samples, in comparison to SLM
samples, has not resulted in a low wear resistance of the alloy. The measured hardness values,
strength and ductility following Table 4.1, the present observations and suggested wear
behaviors are summarized in Table 4.2. These observations and explanations have contributed to
the fundamental understanding of the tribological behaviors, without a specific application, of

the alloy processed through the three routes.

Table 4.2 Summary of mechanical properties, and the suggested behavior during wear test.

Hardness, Strength as . . -
Ductility | During wear test under a same condition
HV (oytoin)/2,
MPa

SLM 428 1105 Low | Wear rate similar as a lower strength & a
EBM 359 974 Mid higher ductility mean a larger amount of

— deformation without fracture & vice versa
CP 324 948 Mid-high
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Thus, the wear mechanisms governing the measured wear rates for all three differences in the
route of the alloy manufacturing: laser powder bed fusion (SLM), electron beam powder bed
fusion (EBM), and conventional processing (CP) can be concluded. For all three types of
samples, as expected, increasing Fn increases WR although the rate of increase is non-linear.
But the rate of increasing WR as f increases is very low. It has been found that despite the
significant differences in their microstructure and hardness, there is no significant difference in
WR among the three types of samples when they are tested in the same condition over the wide
ranges of loading and frequency. Thus, WR is not inversely proportional to hardness, which
varies due to the difference in the three manufacturing routes of the alloy used in this study:
high hardness (428HV) in SLM samples, mid-level hardness (359HV) in EBM samples and low
hardness (324HV) in CP sample. The reason for WR being not affected by hardness can
qualitatively be suggested to be the result of the inverse relationship between strength and
ductility of the alloy. Lower hardness and thus lower strength of the alloy has resulted in a larger
deformation zone, but higher ductility of the alloy allows for a higher amount of the

deformation without having a higher amount of fracture and wear loss.
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Chapter 5 Effect of Temperature on Wear Behavior

Continuing on the study based on wear tests of SLM, EBM and CP samples conducted at room
temperature (Trm) reported in the previous chapter, in this chapter, the study on the effect of
increasing test temperature (T) on wear rate (WR) is reported. WR data for various tests at a
wide range of temperatures will first be presented to identify the trend of WR change as T
increases. Deviations of track width (Wrrack) measurement indicating shape irregularly of track
will also be presented and discussed. The shape irregularity will then be evidenced by
presenting SEM images of wear tracks and the reason for this irregularity will be further
discussed. Presentation of the analyses on surface layer to show how increasing T may affect the
surface oxide layer and debris will follow. Based on these analyses, the reason will be suggested

to explain the observed effect of increasing T on WR.

5.1 Wear rate at various test temperatures

In a similar way to present data of WR values affected by Fy and f in the previous chapter (Fig.
4.1), WR values affected by Fn ranging from 2N to 10N and affected by T from Trm to 600°C
are plotted in Fig. 5.1. Frequency (f) at 5Hz has been the same in this series of test and data for
Trm have been taken from the previous series of study at Trm. The trend of increasing WR when
Fn increases as identified for tests at Trm (Fig. 4.1) is similar for tests conducted at 200, 400 and
600°C, as is clearly shown in Fig. 5.1(a). Thus, the clear effect of increasing Fn on increasing
WR has not been affected by T in the range from Trm to 600°C. Each range of WR values at a
Fn level in Fig. 5.1(a) is not very different but may be seen slightly wider compared to the
corresponding range at the same Fyn level in Fig. 4.1. This is an indication of either a slight
effect by test T or a large scatter at higher T. Also, the lack of a clear difference in WR among
the three different material states (SLM, EBM and CP) as identified for Trm appears to be the

same for tests at all temperatures.

The effect of T on WR is better examined in Fig. 5.1(b). For 2N testing, in general, it could be

suggested that there is a weak effect and increasing T reduces WR slightly. There is an
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observable effect of T when Fy increases from 2N to 6N that WR is higher at 200°C, but the
increase is low. At 10N, the peak WR at 200°C is clear, although the increase in WR is only
about 20% compared to the average WR at other temperatures. For Fn=2N, the ratio of the
highest WR over the lowest WR is < 2. This ratio decreases as Fy increases. As will be shown
(in Chapter 6), for the same testing condition, applying a wear resistance coating reduces WR
considerably that an uncoated sample wears 17-33 times faster than one with a coating. Thus,
the effect of T on WR as shown in the data in Fig. 5.1b is very small. It may be suggested that T
affects the SLM samples slightly differently than it affects EBM and CP samples but, the overall

effect may also be viewed weak.
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Fig. 5.1 Values of WR plotted as a function of test loads (a) and test temperatures (b).
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The finding of the insignificant effect of T on WR in the present study is not consistent with the
results presented in literature on wear studies of Ti-6Al-4V alloy, although testing conditions
differ. As has been described in Chapter 2, the effect of T on WR presented in a number of
studies in literature differs from one study to another. Furthermore, as has also been explained,
the very large deviation values for some tests in the recent study of Alvi et al. [66] could suggest
the effect of temperature on WR to be highly uncertain. In the following, an attempt is made to
examine the shape features of the wear tracks and to analyze the wear debris affected by
increasing T. These examinations are for identifying the reason for the observed insignificant

effect of T on WR determined in our experiments.

Measured values of track depth (h) and track width (Wrwck) are plotted against T, as shown in
Fig. 5.2(a) and Fig. 5.2(b), respectively. Deviation values are provided in the plots of Fig. 5.2(b)
for Wrack to be referred to when observation on track surface is made using SEM images. Not
only the trends of Wrack as T increases in Fig. 5.2(b) follow closely those for WR in Fig. 5.1(b),

the shape of each curve in Fig. 5.2(a) follows closely the shape of each corresponding curve in
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Fig. 5.1(b). The trend of Wk and the shape of each curve plotting Wrack against T in Fig.

5.2(b) are not the same as those in Fig. 5.1(b) but the trends and shapes of the curves for each

pair (one in Fig. 5.1(b) for WR and the corresponding one in Fig. 5.2(b) for W) are still

similar. In Fig. 5.2(b), many of the deviation values of Wrr,ck are close to 0.5mm, which should

be considered high, as max Wrack is ~2.5mm. This suggests a high irregularity of track shape.
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Fig. 5.2 Measured (a) track depth and (b) track width plotted as a function of test temperature. In (b) standard

deviation values are also plotted.
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5.2 Wear track appearance and wear debris on track surface
The high irregularity in track shape can be directly shown by SEM images of tracks. An

example is given in Fig. 5.3 for the SLM sample tested at 400°C and at 6N, showing Wryack to
have varied significantly along the track. There are 4 “necks” crossing the track, dividing the
track into 5 sections and each with reduced Wrack. There appear bands of debris darker in
appearance crossing the track transversely. A small area marked “A” in Fig. 5.3(a) is further
magnified and shown in the image in Fig. 5.3(b), for which two surface features can be
described: one being the smeared debris covering the most of this “A” area, and the other being
the freshly worn grooves that are not covered by debris. Two debris smeared points (point 1 and
point 3) and one freshly cut (worn) location (point 2) have been EDS analyzed and their EDS
spectra are also given in Fig. 5.3(b). A clear different of point 2 to either point 1 or point 3 is the
lack of an O peak. The use of the 20kV accelerating voltage resulted in light element peaks to be
weak, but the O peak in spectra 1 and 3 are clear. Semi-quantitative analysis has indicated a
high oxygen content ~50at% in the debris smeared area, as listed in Table 5.1. Thus, the debris

smeared is primarily oxide and the freshly cut location is the Ti-6Al-4V workpiece material.

@

Fig. 5.3 SEM images and EDS spectra of the SLM sample tested at 400°C and 6N: (a) the whole wear track with area

outlined/shown in a higher magnification and a further high magnified area marked ‘A’ selected for EDS analysis and

(b) EDS spectra from points (1, 2, and 3) marked in the SEM image (of area “A’).
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Table 5.1 Compositions (at%) from semi-quantitative analysis of the three points in the SEM image and based on the

EDS spectra in Fig. 5.3(b).

) Al Ti \% W
Point 1 51.70 4.55 41.90 1.85 0.00
Point 2 0.00 10.82 85.42 3.76 0.00
Point 3 47.78 7.08 43.15 1.97 0.02
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The example given in Fig. 5.4 is for the EBM sample tested at 400°C and at 6N, showing also
Whrack to have varied significantly along the track also with 4 “necks” dividing the track into 5
sections and with bands of debris darker in appearance crossing the track transversely. A
longitudinal cross section is also given to show the corresponding depth irregularity along the
track. Similar to the feature that has already been discussed in the previous chapter (Fig. 4.4),
the deepest location is ~140um and the smallest depth corresponding to the narrowest neck is
~40um. This is consistent with the average depth value of ~90um measured and plotted in Fig.

5.2(a) for this sample tested at 400°C and at 6N.

80um  140um

mmoo T

Fig. 5.4 Whole wear track SEM images of EBM sample tested at 400°C and 6N observed from top (top image) and

mid cross section (bottom image).

The example given in Fig. 5.5 is for the CP sample tested at 400°C and at 6N, similar to SLM
sample shown in Fig. 5.3 and EBM sample in Fig. 5.4, showing also a 4 “necks” track with
bands of debris also apparent. The average width of SLM, EBM and CP track measured and
plotted in Fig. 5.2 of ~2mm or slightly less with the variations of 0.4-0.5mm are consistent with
the tracks observed in Fig. 5.3 to Fig. 5.5. Thus, as has already been explained, the differences
in Ti-6Al-4V processing, SLM, EBM or CP, affected little wear track appearance and size. The
track shape irregularity has basically been observed in all the tracks at tested temperatures of

200°C, 400° and 600°C under all loads, as can be seen in Appendix 1.
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Fig. 5.5 Whole wear track SEM images of CP sample tested at 400°C and 6N, observed from top.

Two further whole track images are presented, one in Fig. 5.6 for the widest track and in Fig.
5.7 for the smallest track, respectively. Clearly, despite of the size difference, shape irregularity
and debris bands, some clear and some less clear, in the wider track (Fig. 5.6) or smaller track
(Fig. 5.7) are the same as those tracks with mid width values (Fig. 5.3 to Fig. 5.5). The
difference in size, comparing the track in Fig. 5.6 to the track in Fig. 5.7 is due to the test load,
not due significantly to test temperature, as is proved by all the measured values shown in Fig.
5.2(b). Test load significantly and test temperature does not significantly affect the width, depth

and thus the WR and the effect is the same for SLM, EBM and CP samples.

Fig. 5.6 Whole wear track SEM images of EBM sample tested at 200°C and 10N, observed from top.

20.0kY 16.4mm x30 SE(M) 1.00r 20.0kY 16.4mm %30 SE(M)

Fig. 5.7 Whole wear track SEM images of SLM sample tested at 600°C and 2N, observed from top.
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5.3 Further analysis on wear debris and oxide in cross sections

EDS spectra shown in Fig. 5.3 have indicated the debris in wear tracks tested at a high
temperature (400°C) to be high in oxygen content and to be oxide (Table 5.1). More reliable
EDS analysis on debris using cross sectional samples have been conducted and data are
presented in Fig. 5.8, Fig. 5.9 and Fig. 5.10 for SLM, EBM and CP samples tested at various
high temperatures, respectively. The analytical results are however semi-quantitative as no oxide
standard samples are available and standard calibration for quantitative analysis could not be
thoroughly conducted. The spectra in Fig. 5.8 to Fig. 5.10 for analyses on the debris in cross
sections are similar to the spectra shown for point 1 and point 3 in Fig. 5.3 for analyses on the

debris from the surface, all showing a definite intensity peak of oxygen.
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Fig. 5.8 SEM cross sectional images and EDS spectra from analysis of points (1, 2 and 3) marked in the SEM image

of SLM samples tested at (a) 200°C, (b) 400°C and (c) 600°C, and under the test load of 6N.
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Fig. 5.9 SEM cross sectional images and EDS spectra from analysis of points (1, 2, and 3) marked in the SEM image

of EBM samples tested at (a) 200°C, (b) 400°C and (c) 600°C, and under the test load of 6N.
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Fig. 5.10 SEM cross sectional images and EDS spectra from analysis of points (1, 2, and 3) marked in the SEM

image of CP samples tested at (a) 200°C, (b) 400°C and (c) 600°C, and under the test load of 6N.
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EDS spectra in Fig. 5.8 to Fig. 5. 10 are also similar to the spectra for point 1 and point 2 in Fig.
4.8, which debris present in the cross section of a sample tested at room temperature, showing
the common oxygen peak in debris. The oxygen peaks Fig. 5.8 to Fig. 5.10 have indicated an
increase in oxygen peak intensity as text temperature increases, for SLM, EBM and CP samples.
The increase in oxygen peak intensity may not be linear and there seems significantly stronger
peaks at 600°C. The compositions of the EDS points based on the semi-quantitative analysis are
listed in Table 5.2 and the data of oxygen content as a function of test temperature are plotted in
Fig. 5.11. Clearly, the increase in oxygen content in the debris is in a faster rate as temperature

increases from 400°C to 600°C than the increase at lower temperatures.

Table 5.2 Compositions (at%) from semi-quantitative analysis of the points in the SEM images and based on the EDS

spectra in Fig. 5.8 to Fig. 5.10.

Test cond. & point @] Al Ti \Y W
SLM 200°C Point 1 Fig. 5.8a 43.1 7.3 47.5 21 0.0
SLM 200°C Point 2 Fig. 5.8a 43.2 7.8 46.8 2.2 0.0
SLM 200°C Point 3 Fig. 5.8a 46.9 6.6 42.9 1.8 19
SLM 400°C Point 1 Fig. 5.8b 56.7 5.3 36.3 1.7 0.0
SLM 400°C Point 2 Fig. 5.8b 55.0 5.9 37.3 1.7 0.0
SLM 600°C Point 1 Fig. 5.8¢c 68.5 4.4 25.8 1.2 0.1
SLM 600°C Point 2 Fig. 5.8¢c 68.3 4.5 25.9 1.3 0.0
EBM 200°C Point 1 Fig. 5.9a 43.7 6.6 47.3 2.3 0.0
EBM 200°C Point 2 Fig. 5.9a 434 7.4 47.1 2.2 0.0
EBM 400°C Point 1 Fig. 5.9b 50.1 5.6 42.4 1.9 0.0
EBM 400°C Point 2 Fig. 5.9b 57.9 4.7 35.8 1.6 0.0
EBM 600°C Point 1 Fig. 5.9¢ 75.9 3.6 195 1.0 0.0
EBM 600°C Point 2 Fig. 5.9¢ 75.1 3.6 20.2 1.1 0.0
EBM 600°C Point 3 Fig. 5.9¢ 76.8 3.5 18.7 1.0 0.0
CP 200°C Point1 Fig. 5.10a 404 6.2 51.2 2.2 0.0
CP 200°C Point 2 Fig. 5.10a 34.3 6.5 56.7 2.6 0.0
CP 400°C Point 1 Fig. 5.10b 50.4 5.9 41.7 2.0 0.0
CP 400°C Point 2 Fig. 5.10b 51.9 5.1 41.2 1.9 0.0
CP 600°C Point 1 Fig. 5.10c 69.5 3.9 25.3 1.2 0.0
CP 600°C Point 2 Fig. 5.10c 67.3 4.2 27.2 1.3 0.0
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Fig. 5.11 Oxide content determined by EDS-ZAF analysis on wear debris in cross sectional samples plotted vs. tested

temperature.

Although the exact forms/structures of the wear debris at the different temperatures have not
further analyzed, data in Table 5.2 and Fig. 5.11 may have suggested a change of the structure(s)
as test temperature increased. The significant richer in oxygen in debris at 600°C is clear. Thus,
it could be probable that at 600°C, the oxygen richer oxide debris may be harder than the oxide
formed at lower temperatures and thus provides a high wear resistance although the Ti-6Al-4V

underneath has also become lower strength/hardness at higher temperatures.

5.4 Chapter Summary

The present series of experiments and analysis have shown that, in the temperature range from

room temperature to 600°C, temperature has not significantly affected the WR, regardless of
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what Ti-6Al-4V test sample (SLM, EBM or CP) was used. Wear track characterization and
measurements have shown that the wear track appearance and irregularity has not changed
when test temperature has changed. It is clear, however, that oxygen is richer in the titanium
oxide debris as test temperature increases and the increase in oxygen content is larger from 400
to 600°C than from 200 to 400°C. It is probable that the oxygen richer oxide debris layer at
higher temperature may provide a stronger wear resistant although strength/hardness of
Ti-6Al-4V is lower. Thus, overall and on balance, temperature does not have a significant effect

on WR.
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Chapter 6 Wear Behavior of PVD-TiN Coated SLM and CP Samples

Chapters 4 and 5 were about the as-built samples made by SLM and EBM techniques or
traditional process. In chapters 6 and 7, tribological performance of SLMed or traditional
processed Ti-6Al-4V samples with surface coatings will be discussed. PVD TiN coating is going
to be discussed in this chapter and ion implantation is in the next chapter. In Chapter 6, wear
loss reflected by wear volume of TiN coated samples is going to be demonstrated compared
with uncoated samples. Besides, because wear tests were stopped by different sliding distance to
monitor the failure process of the coatings, thus wear volume, wear depth and wear width vs.
sliding distance/time will further be discussed. And then, followed by the observation of track
surface morphology, the thinning and breaking of the coating and finally the exposing of the
sub-material, the mechanism of the coating thinning and breaking until the substrate wear will

be revealed in this chapter.

6.1 Wear volume data

6.1.1 Initial data for comparison with uncoated samples

Fig 6.1 shows the comparison of wear rates of both SLM and CP samples with and without
coating. For the same wear condition (2N, 5Hz and sliding distance 500m), wear rate for
samples that were not coated are ~1.8x10°um?®/m [73], which is 17-33 times higher than the

wear rate of the coated samples. Thus, the coating can be viewed effective in reducing wear rate.
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Fig. 6.1 Wear rate for SLM and CP samples with and without PVD coating.

6.1.2 Wear volume, wear depth and wear width vs. sliding distance/time

The overall data of measured wear volume (WV), maximum track depth (hmax) and track width
(Wrack) plotted as a function of time (t) are presented in Fig. 6.2. The coating on SLM or CP
samples appears to have behaved similarly, following the same trends. Fig. 6.2(a) shows that,
after a period of increase in WV in a low rate, with WV being ~0.5x10’um? for up to 3000s, the
increase in WV becomes rapid to >2.5x10’um? at 3800s. For the total sliding distance of 500m,
the range of wear rate is (2.7-5.2)x107um?500m=(5.5-10.4)x10*um*/m. Data in Fig. 6.2(a) also

suggests that the protective function has started diminishing severely after ~3000s sliding.
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Fig. 6.2 Measured data of (a) WV, (b) hmax and (c) Wrrack plotted as a function of time for the two types of coated
samples. In (b), a horizontal line representing hcoating, OUtline of group 1 data with hmax<hcoating, OUtline of group 2

data with hmax>hcoating, @ regression line labelled as hc based on data below hcoating line are drawn.

In order for the coating to be analyzed when it started to fail, the COF trace which was instantly
displayed during each wear experiment was closely watched during the tests. The traces of COF
for the three tests (900s, 2219s and 5000s) are shown in Fig. 6.3. In the test up to 900s (Fig.
6.3(a)), COF is ~0.65, after the initial rapid rise. This represents the test with no sudden change
of signal suggesting no breaking of coating. In the 2219s test (Fig. 6.3(b)), the test was stopped
(at 2219s) when a sudden change (a drop in this case) of COF was noticed during the test. This
sudden change of COF is suggested to be due to the breaking of the coating in the central region
of the track. For 5000s testing (Fig. 6.3(c)), a major change of COF took place at ~2592s and for
the remaining time of the test COF is more unstable compared to the initial period before the

sudden change at ~2592s.
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Fig. 6.3 Coefficients of friction during testing of SLM samples for (a) 900s, (b) 2219s and (c) 5000s.
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From the Wrrek-t graph in Fig. 6.2(c), Whrack increases linearly with t although the increase has
become slightly more rapid after ~3000s. The hmax-t relationship in Fig. 6.2(b) is however more
complicated. It appears that when sliding time increased to ~1700s, hmax has become
unpredictable. Within the period of 1700-2800s, hmax can remain low at 2um or below (group 1
data in Fig. 6.2(b)) or can be high at 3um or above (group 2 data in Fig. 6.2(b)). During the test
of a group 2 sample, the test was stopped when there was a clear noise (sudden change)
observed in COF trace that was simultaneously being displayed during the test, similar to Fig.
6.3(b). As hceaiing before testing is 2.4um, which is also indicated in Fig. 6.2(b), a value of
hmax>3um means the coating has at least locally worn off. Fig. 6.2(b) also shows that at and

after 3800s, coating has severely worn off with huax being many times greater than hcoating.

One of the group 2 hmax values in Fig. 6.2(b) is further explained, as an example, using the
corresponding measured trace of cross sectional profile shown in Fig. 6.4. The trace is not
smooth, and this may be the result of wear debris present in the wear track as will be shown. If
the coating had not failed, the trace should have followed curve B, as is suggested in Fig. 6.4,
with track width (Wrrack) being 315um and hma=2.1um. The true trace is however different. In
the central location of 94um in width, which is assumed to be the width of the coating having
been worn (Wwom), hmax=5.3um. This value, being considerably greater than the thickness of
coating (hcoating), demonstrates the coating having been worn off in the central location of the

track.

In general, as hcoaing=2.4um, the remaining thickness of a coating in the central location of a
track (hcoar) Of a group 1 sample in Fig. 6.2(b) is equal to or greater than 0.5um
(=hcoating-Nmax=2.4pum-1.9um) with 1.9um being the maximum hwmax value of group 1 samples.
Thus, no severe damage or only the start of damage of the coating are expected for group 1
tested samples. On the other hand, hceatmr=Ncoating-Nmax=2.4um-3.0um<0 in group 2 samples,
with 3.0um being the minimum value of group 2 samples. Thus, coating has been severely
damaged and that breaking of the coating has taken place in central location of the track are
expected in each of the group 2 samples. The two data points for tests just under 2800s (2747s
and 2791s) are in group 2 and thus it is highly unlikely the coating can remain undamaged in a
test beyond 2800s.
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Fig. 6.4 Atrace from the profilometry measurement for a CP sample wear track with sliding wear stopped at 2747s.
Line A is the suggested base line and curve B is the suggested trace for the condition that the coating had not

fractured in the central location.

A further discussion of wear thinning and the subsequent loss of the protective function of the
coating can be aided by the illustration in Fig. 6.5 for the coating which has not completely
worn meaning hmax<hcoaing. Assuming that the WC ball does not wear and only TiN coating
wears during sliding, the relationship between hc and Wrraek and the relationship between WV

and hc or WV and Wrack are:

(6.1)

and

WTmck —
WV = [rz X Sin_l( /2)— Wrrack < (7 hc)] x L

d 2 (6.2)

respectively, with r is the radius of the counter ball (5mm) and L is the length of the wear track

(10mm).
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Fig. 6.5 Schematic illustration of a cross section of a wear track showing hc (=hmax when hc<hcoating). Note: Wrrack

and hmax are not drawn in proportion.

Measured values plotted in Fig. 6.2 are replotted to examine the relationships between hmax and
Whrack in Fig. 6.6(a) and WV and Wk in Fig. 6.6(b), respectively, together with the calculated
curves based on equation (6.1) and equation (6.2). It is clear from Fig. 6.6 that the experimental
values of hmax and WV increase with Wk, as equations (6.1) and (6.2) have predicted, until
hmax reaches 2um. Then, hmax itself has become unpredictable due to the possible break of
coating locally as illustrated in Fig. 6.4 and the physical features of wear leading to this will be
described in the next section. When hwmax has become unpredictable due to thinning and locally
fracturing of the coating, corresponding to Wrnaa=(200-300)um, WV is not significantly
affected. Thus, the measured WV values have not departed significantly from the calculated
values in Fig. 6.6(b). As wear progresses beyond hmax>hcoating=2.4pm, both hmax has continued to
be and WV has become significantly higher than the respective value predicted by equations

(6.1) and (6.2). The physical features leading to this departure are examined next.
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Fig. 6.6 Measured and calculated (a) depth and (b) wear volume plotted against track width for both SLM and CP

samples.
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6.2 Track surface, thinning and breaking of coating, and substrate wear

Fig. 6.7 shows the track surfaces of SLM samples tested for up to 5000s. For 900S, Wrrack iS
~200um and the track is quite smooth with fine and faint longitudinal (along the sliding
direction) markings and with debris clearly decorating along the track edges and occasionally
inside the track. The high magnification image (Fig. 6.7(a), lower right) not only displays
clearly the fine debris particles, but also small bands (*10um) roughened in mid location of the
track, suggesting locally chipping in coating surface may have started. Since the coating as a
whole has not been damaged and has not become discontinuous for Ti-6Al-4V to be exposed,

the debris must be the result from the coating wear.

o

1.00mm

(b) © @)

Fig. 6.7 SEM images of track surfaces of SLM samples tested for (a) 900s and (b) 2219s, (c) 2268s and (d) 5000s.

For the test at 2219s (Fig. 6.7(b)), Wma has increased and there is a band of heavy

marking/scribing with a width marked as Wwom, suggesting that a section of coating has worn
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off exposing Ti-6Al-4V. As can be estimated from the image (Fig. 6.7(b)), Wworn/Wrrack~
64um/265um=24%. The other test sample (Fig. 6.7(c)) for a similar test time shows almost the
same Wrck value, but a significant increase in Wworm With Wworm/Wrrack=138um/266um=52%.
In comparison, the Wworm/Wrrack Value detected in Fig. 6.4 is (94um/315um=) 30%. On the other
hand, as shown in Fig. 6.2(b), there are a number of tests (group 1) for 1700-2600s where
hmax<2um, suggesting that Wwom is zero and thus Wworm/Wrrack 1S zero. This means that while
Whrack increases linearly with time in that 1700-2800s period, as shown in Fig. 6.2(c), the time
for the coating to break and for hmax value to increase significantly is unpredictable. Beyond
2800s, relatively, Wwon has increased considerably more than Wk has, with Wworn/Wrrack=

440um/512um=86% for test at 5000s (Fig. 6.7(c)).

The progression of thinning and breaking of coating can be better illustrated with cross sectional
images shown in Fig. 6.8. As can be observed in Fig. 6.8(a), at 900s, the coating in track central
(hrcoattr) is thinner than the coating on both sides of the track where the coating thickness
remains as hcoating. From Fig. 6.8(d), hcoart=1.6um and from Fig. 3.3, hcoaing=2.4um. A slightly
chipping off in the coating is observable in Fig. 6.8(d), consistent with what can be observed
locally in high magnification image in Fig. 6.7(a), as explained before. In a sample tested for
2105s (Fig. 6.8(b) and Fig. 6.8(e)), which is one of the samples where coating has not broken,
hcoar7=0.5um. In a sample tested for 2219s (Fig. 6.8(c) and Fig. 6.8(f)), which is a sample

where coating has broken, hcear v=(0.3-0.4)um in the section having already broken.
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Fig. 6.8 SEM micrographs of track cross sections of SLM samples tested for (a) 900s, (b) 2105s, and (c) 2219s, (d),
(e) and (f) are high magnification micrographs in local area marked with a small square in (a), (b) and (c),

respectively.

For CP samples tested for 900s (Fig. 6.9(a)), similar to SLM samples (Fig. 6.7(a)), coating has
also remained intact (Wwom=0) with debris on both sides of the track and also distributed within
the track. For both cases, Wrrack is similar (190um for SLM sample and 200um for CP sample).
Energy dispersive spectroscopy (EDS) has revealed that wear debris particles of TiN coating
contain a high amount of oxygen. This is shown by an example of EDS spectra in Fig. 6.9(a)
showing that coating itself is Ti and N rich with little oxygen and in debris spot oxygen has
been enriched. It is then reasonable to suggest that debris forms during wear of coating has been
converted to oxide under the condition of temperature increase and abandon of oxygen in air.

Thermodynamically, oxide is more stable than nitride at high temperature [93].
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Fig. 6.9 SEM images of track surfaces of CP samples tested for (a) 900s and (b) 1958s, (c) 2401s and (d) 5000s. In

(a), two EDS spectra from the spots indicated as 1 and 2 are shown.

As has already been explained for SLM samples, in the period of 1700-2800s, the coating has
been thinned to (0.5-0.6)um and below, but when the coating breaks in the central location is
unpredictable within this period. This is the same for CP samples and a pair of samples are
shown in Fig. 6.9(b) and Fig. 6.9(c). For the sample tested for 1958s (Fig. 6.9(b)), break of
coating has well taken place and thus Wwom/Wrackx125um/275um=46% is high. On the other
hand, for the sample tested for 2401s (Fig. 6.9(c)), breaking must have only just occurred and
thus Wworm/Wrraex22um/285um=8% is low. The narrowly worn groove (~22um in width)
along the sliding direction is filled by debris in some sections. For long testing time at 5000s,
Wworn Wrrack=425um/477um=89%, similar to that of SLM. Cross section images in Fig. 6.10(a)
and c shows the thinning of coating at 900s with chipping of coating apparent. Fig. 6.10(b) and

d illustrate that the local groove narrowly worn in Fig. 6.9(c) is the result of local material
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including both the thinned coating and the substrate Ti-6Al-4V below having been pressed

downward.

The role of debris on local wear is how discussed further. TiN has very high hardness and is thus
used as the coating to protect Ti-6Al-4V from wear. Debris due to the wear of TiN coating, as
illustrated in Fig. 6.9(a), is oxygen rich. Titanium oxides may be very high in hardness and the
very hard debris, if not removed to sides, can act as the hard third body taking part in the
abrasive wear process. The filling of debris observed in Fig. 6.9(c) and locally both the thinned
coating and the Ti-6Al-4V substrate having been indented shown in Fig. 6.10(d) suggest that
debris can locally press the material (both thinned coating and Ti-6Al-4V) or assist the wearing
of the material. Thus, hwmax is significantly higher than hcoaing although it is only locally in the

central region the coating has started to break.

bt & a"'a ‘**“ .
SATT SSRGS *’
e - i ' —C-Ma-

s

10.0kV 16.1mm x1.50k SE(M)

(© (d)

Fig. 6.10 SEM micrographs of track cross sections of CP samples tested for (a)900s and (b) 2401s, (c) and (d) are

high magnification micrographs in local area marked with a small square in (a) and (b), respectively.
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Two data sets of SLM group 1 in Fig. 6.2(b) may further imply the role of debris in wear
process. In the test for 2105s in group 1, hmax=1.9um (see also Fig. 6.8(b) and Fig. 6.8(e) for
cross sectional images). This means hcoat r=Ncoating-Nmax=2.4pm-1.9um=0.5um without coating
break. In the other test in group 1 when t=2567s, hma=1.6um, meaning
hcoat r=hcoating-hmax=2.4um-1.6um=0.8um also without coating break. On the other hand, in
group 2 data, hcoar<O, coating has broken and debris may assist the wear of substrate
Ti-6Al-4V locally, so that hma>3um. As shown in Fig. 6.8(f) and Fig. 6.10(b), after coating has
broken locally, discontinued coating with (0.3-0.4)um in thickness can still be seen. It can thus
be suggested that when hceaev=0.5um, debris may have an important role causing local break of

the coating.

6.3 Mechanism and subsequence of coating protection and deterioration

The overall process of how TiN PVD coated Ti-6Al-4V substrate wears in the present
experiments can be summarized, as illustrated in Fig. 6.11. For test time less than 1700s,
generally, hma=hc<2um as predicted by the hc line in Fig. 6.2(b). The coating which is being
thinned during testing within this period would not be damaged (Fig. 6.11, top), thus, providing
a complete protection of Ti-6AL-4V. In the period 1700-3000s, as predicted by the hc line in Fig.
6.2(b), hcoa1r decreases with t. However, coating can be damaged well before 3000s (but after
1700s) (Fig. 6.11 mid). The hard coating debris may cause the damage of the coating when it
has become thin. The damaged location can result in high hmax, as debris acts as third body to
wear the Ti-6Al-4V below, thus humac>he and he<hcoating. At 3000S, hmac>he and he=hcoating. At
this point of time, coating outside Wwom and within Wk still provides a strong protection.
Beyond 3000s, AWwem/At is becoming increasingly higher and higher and Wworn/Wrrack 1S
moving towards 1 as coated area for wear protection is becoming increasingly less and less.
Well beyond 3000s (Fig. 6.11 bottom), WV due to hmax is considerably higher than the predicted

WV due to hg, as is also shown in Fig. 6.6(b).
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Fig. 6.11 Schematic illustration of wear track before (top schematic) and after the coating having locally broken in
mid track (mid schematic), respectively, and continuation of wear with the portion of coating resisting wear becoming

less and less (bottom schematic).

Thus, in summary, three sequential stages of wear deterioration during dry linear reciprocating
wear tests using WC-Co as counter material have been identified, for both coated Ti-6Al-4V
samples processed either by SLM or by a conventional process (CP). They are: Stage | - pure
wear thinning of coating, Stage Il - locally breaking of the thinned coating in central location of
track, and Stage 111 - widening of width of the section that the coating has been worn. Stage | is
a slow process with Ti-6Al-4V completely protected and, thus, thickness of TiN coating (hcoating)
is primarily the determining factor for how well the coating can protect Ti-6Al-4V against wear.
For hceaiing=2.4pum, it has been found that Stage Il started at a point when the wear depth (hmax)
reached 1.9um or slightly lower. Within this point or a little after, the coating in the central
location breaks. Debris may assist significantly the breaking process. When breaking occurs,
hmax becomes higher than 3um as locally wear rate of Ti-6Al-4V has become high. However, in
Stage 11, the locally high wear rate has not affected significantly the wear volume of the sample.
Into Stage Ill, the width of the coating totally worn (Wwerm) increases more rapidly than the
increase in the width of wear track (Wmac) with time. Thus, the protection function rapidly

diminishes in Stage I11.
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Chapter 7 Wear behavior of nitrogen ion implanted SLM and CP

samples

After studying the effect of PVD TiN coating on wear resistance as reported in the previous
chapter, wear tests at room temperature on SLM and CP samples implanted with nitrogen ions
were conducted. This was followed by examining the wear tracks and COF traces in order to
explain the wear rate data obtained. To further explain the effect of ion implantation on wear
rate as shown by the results of wear tests, depth profiles of hardness were determined using
nanoindentation. The details of these results will be presented and discussed in this chapter,
followed by the suggestion on how effective ion implantation is for reducing wear rate.

7.1 Wear test data and track examination

7.1.1 Comparative wear rate data

As has been explained in Chapter 3 (section 3.3), loading of wear tests for ion implanted
samples needed to reduce to 1N. This is because, unlike the tests for PVD TiN coated samples,
serious wear had occurred using 2N loading for only a short wear distance/time. Thus, all tests
using ion implanted samples were conducted using 1N load, 2Hz and 40m total wear distance
with the length of the track kept the same as other experiments at 10mm. Wear rate data are
presented in Fig. 7.1. For each N-sample condition, it was planned to conduct duplicate tests.
However, for N1-SLM condition, the second test resulted in zero wear rate, meaning
non-measurable loss. Thus, two more tests were conducted for this condition. Again, a
significant amount of wear was detected in one test and non-measurable wear loss was found in
the other, as shown in Fig. 7.1(a). For all other conditions, as shown in Fig. 7.1, significant wear
has taken place for the set wear distance and wear loss could readily be measured for each

sample of duplicate tests for each condition.

Comparing data for CP samples in Fig. 7.1(a) to data in Fig. 7.1(c) suggests that the protection
to wear by N1 implantation treatment is not very significant for CP samples, as the averaged
wear rate value ((0.00028+0.00055)/2=0.00042mm?3/m) for CP-N1 samples is only slightly
lower than that ((0.00052+0.0006)/2= 0.00056mm?®/m) of non-implanted samples. Referring
back to the 4 tests of N1-SLM samples with the average wear rate value of 0.00017mm?3/m
(=(0.00027+0+0.0004+0)/4),  compared to  (0.00058+0.00062)/2=0.00060mm?*m  for
non-implanted SLM samples (Fig. 7.1(c)), it can be suggested that a protection is detected from
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N1 treatment. Two tests out of four recorded zero wear rate and two others have started wear
quite severely for N1 treated SLM samples. A suggestion for this could be that with this
treatment and for the testing period (1000s) used, protection by the implantation layer can last
before or after the 1000s period. If the protection is lost well within the 1000s, severe wear has
then occurred, and a significant wear rate has resulted. On the other hand, protection can last
more than 1000s and thus wear rate is zero.
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Fig. 7.1 Wear rate of eight tests conducted with F=1N and f=5Hz for 40m and on samples with (&) N1 and (b) N2
nitrogen concentration profile after ion implantation and (c) with samples without ion implantation. Note: data with *

mean their track appearances will be shown.

Comparing data in Fig. 7.1(b) to data in Fig. 7.1(c) suggests that N2 implantation condition does
not provide protection, under the wear testing condition used. This non-protection could
however be from two possibilities. The first is that the N2 condition is the same as
non-implantation condition, meaning that the implanted nitrogen does not provide a sufficient
hardening effect to reduce wear. The second is the protection period being too short to have
affected the overall wear loss in the test period. These possibilities for the measured data
presented in Fig. 7.1 will be explored in detail later when COF traces recorded during testing
and hardness profiles from nanoindentation measurement on the samples are presented and

discussed.

7.1.2 Track surface appearance

Following the sequence of the four wear rate data (with sample 2 and sample 4 being zero) for
SLM-NL1 tests in Fig. 7.1(a), the four tracks in the same sequence are shown in Fig. 7.2
correspondingly, displaying the two (a and c¢) clearly worn and the other two (b and d) having

worn little. Features of the worn tracks are similar to the worn tracks described in previous
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chapters. For the two little worn tracks, tiny and darker pieces decorate and distribute along the
tracks. These are wear debris during the initially light wear period before the severe wear had
started, similar to the wear debris before coating break when PVD TiN coated samples were
tested, as described in last chapter. This indicates the existence of protection by N1 treatment
although the protection may not be strong.

(d)
Fig. 7.2 SEM images of SLM-N1 sample wear tracks after (a) first, (b) second, (c) third and (d) fourth experiments.

The tiny and darker wear debris is examined further and SEM images taken in track 4 of
SLM-N1 samples, which is a zero wear rate track, are shown in Fig. 7.3. Fig. 7.3(a) displays the
discontinuous and thin debris patches in an area of the track. Fig. 7.3(b) shows locally in a high
magnification the area covered by debris (feature of blue point 1), the area clear of debris
(feature of blue point 2) and a small area clearly worn (feature of yellow point 3). Supporting
this can be seen by the corresponding three EDS spot analyses in Fig. 7.3(c) to Fig. 7.3(e).
Debris, point 1 in Fig. 7.3(b) and spectrum in Fig. 7.3(c), containing a high oxygen peak is
consistent with the initial debris being oxygen rich as described and explained in the last
Chapter (section 6.2). EDS spectrum for point 2 and EDS spectrum for point 3 in Fig. 7.3(d) and
Fig. 7.3(e), respectively, are largely the same except for the peak of nitrogen. The nitrogen peak

in Point 2 is quite strong and the peak in Point 3 is significantly weaker, although the peak has
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been made slightly uncertain due the Ti L peak. The very weak N peak in Point 3 is consistent

with the local area/spot having been worn and thus the initially N rich top layer having lost.

SLM ion N-3 3(2)
10 ym

7058 37799

L
!_

!

10.0kV 15.7mm x300 SE(M)

(t Full scale counts: 2625 SLMion N-3 3(2)_pt1 scale counts: 2289 SLM ion 1-3 3(2)_pt2 scale counts: 2456 SLM ion N-3 3(2)_pt3

(c) (d)

Fig. 7.3 SEM images (a) and (b) in higher magnifications taken in SLM-N1 track from the second test and EDS

spectra in locations of (c) point 1, (d) point 2 and (e) point 3 as indicated in (b).

For all other non-SLM-NL1 tracks, the appearances of the first of the two tested tracks are shown
in Fig. 7.4 and their corresponding wear loss data are indicated (with *) in Fig. 7.1. Only the
track CP-N1 is seen noticeably narrower than others in Fig. 7.4, consistent with the lower wear
rate in comparison to the wear rate data of N2 and non-treated samples plotted in Fig. 7.1.
Although the individual wear rate may differ from one to another, overall, the tracks displayed
in Fig. 7.4 are similar and are similar to track 1 and track 3 of SLM-N1 samples in Fig. 7.2. This
means that for all these other samples, severe wear had well started before the end of the test
period. In other words, N1 for CP samples and N2 for both SLM and CP samples had provided
only very low or basically no protection to wear, given the test condition that has been used.
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Fig. 7.4 SEM images of wear tracks of (a) CP N1, (b) SLM N2, (c) CP N2, (d) SLM non-treated and (e) CP
non-treated samples, after the first respective wear experiment.

7.1.3 COF and wear process

The amount of wear loss that has been measured and the appearance of the wear track that can
be observed, as presented and described above for each track, have shown the end result of each
test. In an attempt to identify how ion implantation may have provided wear protection, similar
to the evaluation of COF traces to reveal the wear protection and breaking of PVD TiN coating
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as described in last chapter (section 6.1.2), COF traces are plotted in Fig. 7.5 for examination. In
this present case, all traces of tests are presented. Fig. 7.5(a) and Fig. 7.5(b) are for test 1 and
test 2, respectively, of SLM-N1 and CP-N1 samples. Fig. 7.5(c) is for the two further SLM-N1
tests. Fig. 7.5(d) and Fig. 7.5(e) are for test 1 and test 2, respectively, of SLM-N2 and CP-N2
samples. Fig. 7.5(f) and Fig. 7.5(g) are for non-treated SLM and CP samples also for test 1 and
test 2 in sequence.
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Fig. 7.5 COF plots for (a) SLM and CP N1 first tests, (b) SLM and CP N1 second tests, (c) SLM N1 the third and
fourth tests, (d) SLM and CP N2 first tests, (¢) SLM and CP N2 second tests, (f) SLM and CP non-treated sample first

tests, and (g) SLM and CP non-treated sample second tests.
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In Fig. 7.5(a), following the interpretation for tests of PVD TiN coated samples in the last
chapter, both N1 test 1 samples had lost protection by the end of the test period and the severe
wear process started similarly at ~600s for both, although for CP-N1, there was a dip of the
trace earlier at ~250s. A feature in the COF traces is the amount of “noise” in the traces before
and after the change at ~600s. About stick-slip according to Dong’s study [35], “noisy” COF
signals are closely resulted from the strong adhesion feature of titanium. It can be suggested that
a change of a less noisy to a noisy COF signals after the dip of a COF curve is the result of the
implantation layer loss and thus the loss of wear protection. Returning to the discussion on trace
N1 curves in Fig. 7.5(a), before ~600s, the amount of noise is small and after the dip at ~600s,
the noise has become significantly higher. Thus, it can be reasonably certain that the protection
has started to loss after the COF dip at ~600s and severe wear of Ti-6-Al-4V started.

For test 2 (Fig. 7.5(b)), the trace of SLM-N1 test 2 is quite smooth despite of a dip at ~400s.
This relatively smooth COF trace corresponding to zero wear loss (Fig. 7.1(a) and Fig. 7.2(b))
supports the suggestion of the relatively smooth region of a COF trace and in this case the
whole trace being relatively smooth to be an indication of zero wear process. The N
implantation has provided a strong protection for the test period (1000s) for this sample. On the
other hand, for CP-NL1 test 2, the protection had lost early and at ~200s severe wear had started
and thus the final wear loss is high (0.00055mm?®m), comparable to the averaged wear rate
value (0.00056mm3/m) of the two tests using CP samples without implantation treatment (Fig.
7.5(f) and Fig. 7.5(g)). This is consistent with the severely worn track appearances of CP

samples, without or with N implantation, in Fig. 7.4.

The higher amount of loss for CP-N1 test 2 than that of CP-N1 test 1 shown in Fig. 7.1 is also

consistent with the dip of the COF trace for the CP-N1 sample in test 2 (Fig. 7.5(b)) earlier than
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that of the CP-N1 sample in test 1 (Fig. 7.5(a)). Although the trace is not very smooth before the
dip, a large dip in the COF trace of SLM-NL1 test 3 at ~450s (Fig. 7.5(c)) also corresponds to the
loss of protection and thus a relatively high amount of wear loss for the sample (Fig. 7.1(a)). On
the other hand, the smooth trace without a dip for SLM-N1 test 4 (Fig. 7.5(c)) is consistent with
the zero wear rate of the sample (Fig. 7.1(a)).

As shown in Fig. 7.5(d) to Fig. 7.5(g), COF traces for samples of N2 and non-treated conditions
are similar in that for the major part of the test period, after ~200s, the traces are highly noisy.
The amount of noise and the COF values for CP non-treated samples can be seen higher. The
noisy traces corresponding to the high amount of wear loss for each test in Fig. 7.1(b) and Fig.
7.1(c) have further suggested that N2 treatment has provided little protection for the test period.
Overall, the COF traces can thus be seen to have corresponded well with the wear loss data and
the trace appearance examination that N1 treatment has provided a small degree of protection

particularly for SLM samples but N2 conditions has provided little.

7.2 Further analysis on effect of ion implantation on wear

As the purpose of surface coating/treatment to reduce wear is to increase the hardness of the
surface region, to understand the reason why N1 treatment has provided a little and N2
treatment has provided little wear protection, near surface hardness profiles have been
determined and examined, so that suggested reasons for the findings from current tests can be
provided.

7.2.1 Hardening profile resulting from ion implantation

The distance to the surface that hardness may be affected by N implantation is up to 300nm, as
the N concentrations profiles have shown in Chapter 3 (section 3.2). Thus, hardness profiles
have been obtained by using nanoindentation and the procedure has been described in Chapter 3
(section 3.2). For comparison purpose, measurements were also made using a TiN PVD coated
CP sample. Hardening data and profiles for various samples based on nanoindentation tests are
presented in Fig. 7.6. How hard a material is is measured by how deep (h.i) the indenter
penetrates under a specific maximum load (Pmax). For a given material surface, as the load
increases the indenter penetrates deeper. Thus, in general, the higher the A Pmax/Ahy.i the harder

the material is.
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Fig. 7.6 Pmax vs. hn-i from nanoindentation measurements for various samples.

The distinctive feature in Fig. 7.6 is that, for Pmax up to 10000uN, the Pmax-Ahn.i curve for the
PVD TiN coated sample is away from the rest Pmax-Ahyq.i curves. As the curve is very steep
meaning Pmax/Ahn.i is very high in comparison to others, hardness of the PVD TiN coating is
viewed considerably harder than all the other surfaces. Carefully observing can further identify
that, within the other group of curves, the one for non-treated CP sample is one with the lowest
Pmax/Ahn.i (slope of the curve). A slightly higher average slope for the non-treated SLM sample
than non-treated CP sample can also be identified. This is reasonable as microharndness of SLM
(being 428HV on average) is significantly higher than that of CP samples (being 324HV on
average). The Pmax-Ahy.i curves for three other samples (CP N1, SLM N2 and CP N2) are close
to one for the SLM non-treated sample (and far away from the PVD curve), meaning that the
increase in hardness after the N treatment is very small. For the SLM N1 sample curve, in
comparison to all non-PVD coated samples, slightly higher Pmax/Ahn.i values in 5000-10000uN

load region can be viewed more certain.

From the discussion above on nanoindentation data in Fig. 7.6, it can be suggested that N1
implantation on CP samples and N2 implantation on both SLM and CP samples have had an
insignificant effect on surface hardening. Thus, as shown in Fig. 7.1 and Fig. 7.4, N1 treatment
for CP samples and N2 treatment for both SLM and CP samples have provided little wear
protection. A weak hardening effect by N1 implantation on SLM samples can be detected. For
this reason, as also shown in Fig. 7.1 to Fig. 7.5, a weak wear protection by N1 treatment on

SLM samples has been registered.
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7.2.2 Effectiveness of ion implantation on wear reduction

Clearly, ion implantation in the present study has not resulted in a significant increase in
hardness with the only exception of SLM sample which has shown a weak increase in hardness
in the top 200nm surface region. From a limited number of studies and data available in
literature (Chapter 2.4.2), nitrogen ion implantation should provide wear resistance but when a
dosage of < 1x10%'N*ions/m? is applied the effect is not significant. A dosage of significantly
higher than 1x10%N*ions/m? should result in a significant effect on increasing wear resistance.
As explained in Chapter 3 (section 3.2), our samples of both N1 and N2 treatment were doped
with 6x10%at/cm? of nitrogen, meaning 6x102'N*/m?. However, the N implantation treatment
only had a weak or little effect on wear protection. It may thus be concluded that in general N
implantation does not provide a significant effect on increasing hardness to significantly higher
values and to a significant depth, thus, having an insignificant effect on wear protection.
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Chapter 8 Conclusions

In this study, dry linear reciprocating wear tests using WC-Co counter material have been
extensively conducted to evaluate the wear resistance of Ti-6Al-4V alloy by wear rate
measurement and examination of the tested samples. The alloy has been processed using
powder bed fusion, both laser powder bed fusion (SLM) and electron powder bed fusion (EBM),
and by a conventional process (CP). Tests have also conducted on samples coated with TiN
using physical vapor deposition (PVD) and surface treated using nitrogen ion implantation. The

following conclusions can be drawn from this study:

Uncoated and non-treated samples tested at room temperature

1. For all three types of samples (SLM, EBM and CP samples), as expected, the effect of
increase in every N causing the increase of WR is 3.2x10*(mm?3/m)/N over the range of Fy
from 2 to 10N, although the rate of increase is non-linear. But the rate of increasing in every
Hz causing the increase of WR is 1.2x10*(mm3/m)/Hz over the range from 2Hz to 8Hz,

which is very low compared with the rate of increasing F.

2. The insignificant difference in WR among the three types of samples has shown that WR is
not inversely proportional to hardness, which varies due to the difference in the
three manufacturing routes of the alloy used in this study: high hardness (428HV) in SLM
samples, mid-level hardness (359HV) in EBM samples and low hardness (324HV) in CP

samples.

3. The reason for WR being not affected by hardness can qualitatively be suggested to be the
result of the inverse relationship between strength and ductility of the alloy. Lower
hardness and thus lower strength of the alloy has resulted in a larger deformation zone, but
higher ductility of the alloy allows for a higher amount of deformation without having a

higher amount of fracture and wear loss.
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Uncoated and non-treated samples tested at temperatures up to 600°C

Same as testing at room temperature and as expected, at higher testing temperature,
increasing Fn increases WR. Regardless of what samples (SLM, EBM or CP samples) are
used. Depending on Fu, increasing test temperature up to 600°C affects insignificantly WR:
WR decreased from ~0.0017 to 0.0009 mm?/m at 2N, varied from ~0.0035 to ~0.0022 mm3/m
at 6N and varied from ~0.0055 to 0.0040 mm3/m at 10N over the temperature range from
room temperature to 600°C. The shapes of tracks tested at high temperatures are similar to

those tested at room temperature.

For all three types of samples, it is probable that the oxygen richer oxide debris layer at
higher temperature may provide a stronger wear resistant although strength/hardness of

Ti-6Al-4V should be lower at a higher temperature.

PVD TiN uncoated samples tested at room temperature

6.

Tests on PVD TiN coated SLM or CP samples have shown that WR rate of coated samples
is 17-33 times lower than the WR of the uncoated samples. Thus, the coating can be

viewed effective in reducing wear rate, until the coating fails.

It has been identified that wear deterioration of coating follows in three sequential stages.

They are:

Stage | - pure wear thinning of coating, which is a slow process, and the thickness of the

coating is the determining factor of the protection of wear.

Stage Il - locally fracturing of the thinned coating in central location of track when the
wear depth (hmax) reached 1.9mm or slightly lower. Debris may assist significantly the
fracturing process at this stage. When fracturing occurs, hmax becomes higher than 3um as
locally wear rate of Ti-6Al-4V has become high, but has not affected significantly the

wear volume of the sample.
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Stage Il - widening of width of the section that the coating has been worn, when the
width of the coating locally worn (Wwom) increases more rapidly than the increase in the

width of wear track (W-rack) With time, the protection function rapidly diminishes.

Monitoring during the tests with coefficient of friction (COF) has been found to be an
effective way detecting the onset of coating break, which results in a sudden jump of the
COF value. This is supported by both track surface and cross-sectional examination of the

tested samples.

Nitrogen ion implanted samples tested at room temperature

9.

10.

11.

Overall, even using low test load at 1N, treating SLM and CP samples with nitrogen ion
implantation has not resulted in a significant reduction in WR although N1 treatment (the
peak value of N* atomic fraction is at 175nm depth from the surface) of SLM samples may

have provided wear resistance for a short period of time.

The insignificant effect of N implantation on WR reduction can be attributed to the
insignificant effect of N implantation in the increase in hardness within the normally
affected depth of ~200nm, the only exception of SLM sample showing a weak increase in
hardness in the 200nm surface region. The slight effect of N implantation on SLM samples

is supported by the COF traces of the tests.

Our samples were dopped with 6x102*N*/m? of nitrogen, this dosage of nitrogen is much
higher than the dosage which should increase wear resistance significantly recorded in the
limited data in literature. However, this N implantation surface treatment has not provided

a significant effect on increasing hardness in the top 200-300nm and reducing WR.
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Appendix

Appendix 1 Whole wear tracks from top view
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Appendix 2 Cross-sections of worn tracks
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