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Abstract
Titanium alloys, especially Ti6Al4V, are commonly applied in orthopaedic implants as a result of their relatively low 
density, good corrosion properties, satisfactory biocompatibility and bone ingrowth promoting properties. However, Ti 
implants are susceptible to mechanical failure. Although corrosion and wear related problems have been recognized as a 
major issue impeding their long-term application, there is still a lack of knowledge about the basic mechanisms. Previously, 
the tribocorrosion properties of 4 distinct titanium alloys (Ti13Nb13Zr, Ti12Mo6Zr2Fe, Ti29Nb13Ta4.6Zr aged at 300 °C 
and at 400 °C) was analysed in the published Part I of this study in regard to wear rates, electrochemical behaviour, and 
the tribocorrosion synergism estimations. This work, Part II, contributes to the previous study and investigates the tested 
surfaces of these 4 Titanium alloys from the same tribosystem aiming to characterize the wear track surfaces and identify 
the main wear mechanism, to characterize the tribofilm and to investigate the subsurface alterations occurring under varying 
contact pressures and electrochemical potentials. The results indicated a dominant abrasion wear mechanism regardless of 
microstructure, electrochemical potential and normal load (contact pressure). Additionally, grain refinement observed on 
the subsurface varied with alloy and electrochemical potential, with the variation being mostly independent of alloy micro-
structure. Finally, a graphitic tribofilm was detected in most conditions, which while inconsequential in regard to wear, may 
explain the previously observed reduction of friction.
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1  Introduction

Titanium alloys, especially Ti6Al4V, are commonly applied 
in orthopaedic implants such as tibial trays, femoral stems, 
modular neck components and acetabular cups, due to their 
relatively low density, good corrosion properties, and sat-
isfactory biocompatibility [1]. These alloys are also rec-
ognized for promoting bone ingrowth. However, Titanium 
alloys have been shown to have a relatively inferior wear 
resistance in comparison to CoCr and stainless steel [2–4]. 
Although titanium implants have an acceptable life expec-
tancy, premature failure can occur. Gilbert et al. [5] reported 
that a new corrosion mechanism observed on a retrieved 
Ti6Al4V/Ti6A‐4 V neck–stem taper interface led Ti6Al4V 
implants to failure only 6 years in situ, where corrosion 
selectively attacked the β phase and eventually consumed the 
α phase. Rodrigues et al. [6] also observed severe corrosion 
and precipitation of brittle hydrides during combined crevice 
and fretting corrosion in the modular junctions of retrieved 
total hip replacements (THR) with a Ti6Al4V/Ti6Al4V 
interface. Additionally, Hall et al. [7] reported the prefer-
ential dissolution and corrosion of β phase on dual-modular 
neck of the femoral stem made of Ti6Al4V. Although the 
low elastic moduli of Ti6Al4V (~ 112 GPa) results in lower 
stress-shielding at the implant/bone interface compared to 
CoCrMo alloy and stainless steels, an even lower modulus 
would be preferable. However, the introduction of β Ti alloy 
(E = 48–91 GPa) femoral stems resulted in multiple reports 
of catastrophic trunnion failure [8–10].

Although corrosion and wear-related problems have 
been recognized as a major issue impeding their long-term 
application, there is still a lack of knowledge about the basic 
underlying mechanisms [11]. Moreover, it is well-known 
that microstructure and alloy composition drive the mechan-
ical and corrosion behaviour of any given alloy [12–16]. 
However, the microstructural features of implants may vary 
broadly due to chemical composition and different manufac-
turing processes applied. Nonetheless, the effect of micro-
structure on wear and corrosion behaviour is still topic of 

investigation [17–20]. Therefore, with regard to orthopaedic 
implants, it is important to comprehend the effect of the 
microstructural features on the tribocorrosion properties and 
its underlying mechanisms.

Previously, the published Part I of this study explored 
4 distinct titanium alloys (Ti13Nb13Zr, Ti12Mo6Zr2Fe, 
Ti29Nb13Ta4.6Zr aged at 300 °C and at 400 °C), where 
outputs including wear rates, electrochemical behaviour and 
the tribocorrosion synergism estimations were assessed [21]. 
The results showed that the microstructure influences the 
tribocorrosion properties of titanium alloys, where lower 
wear track volume, material loss and friction were observed 
on the alloys with α phase, especially at anodic condition. 
Additionally, low wear rates were attributed to the 3rd bod-
ies and their lubricating properties. The principal reason of 
material loss was mechanical wear and this was independent 
of the electrochemical condition, contact pressure and type 
of microstructure.

This work, Part II, expands on the previous study and 
investigates the tested surfaces of these 4 Titanium alloys 
(Ti13Nb13Zr, Ti12Mo6Zr2Fe, Ti29Nb13Ta4.6Zr aged at 
300 °C and at 400 °C) from the same tribosystem previ-
ously reported to a) identify the dominant wear mechanism, 
b) characterize the present tribofilm and c) characterize the 
worn subsurface area after tribocorrosion testing under vari-
ous contact pressures (high pressure sliding condition) and 
electrochemical potentials in a simulated joint fluid at 37 °C.

2 � Methods

All alloy samples were manufactured by arc melting (Arcast, 
USA) and then subjected to section reduction by rolling mill 
and heat treatments to obtain different microstructures. The 4 
titanium alloys were classified according to their microstruc-
ture: αβ alloy (Ti13Nb13Zr), Nβ alloy (Ti12Mo6Zr2Fe), 
β alloy (Ti29Nb13Ta4.6Zr aged at 400 °C) and βω alloy 
(Ti29Nb13Ta4.6Zr aged at 300 °C). These abbreviations 

Table 1   Chemical composition 
of the 4 titanium alloys of this 
study

Alloy micro-
structure

Composition (% weight) Elastic modulus Hardness Surface 
roughness 
(Ra)

Nb Ta Zr Mo Fe Ti GPa GPa nm

αβ 13 – 11 – – bal 96.6 3.5 20
Nβ – – 4 11 2 bal 83.1 2.9 20
β 30 13 3 – – bal 70.3 2.9 20
βω 30 13 3 – – bal 89.3 2.8 20
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were adopted from the previously published Part I of this 
study [21] and Table 1 shows the alloys’ composition.

2.1 � Tribocorrosion Procedure

A tribosystem (UMT Multi Specimen Test System, Bruker 
UK) was used to conduct the reciprocating sliding wear 
tests, Fig. 1. An alumina ball (Oakwase Ltd., UK) was 
chosen as an inert counterface. This tribosystem does not 
represent a specific implant application, but rather serves 
as a baseline system for a comparative assessment of the 
tribocorrosion properties of the four chosen titanium alloys 
and for further comparison with other previously published 
work [22–24]. The test were performed at 37 °C in a simu-
lated joint fluid consisting of new-born calf serum with a 
protein concentration of 15.5 g/L (First Link (UK) Ltd.). 
The applied normal loads (contact pressure) were 0.5 N 
(521 MPa), 1 N (657 MPa) and 2 N (827 MPa) to simulate a 
high-pressure sliding test. Three electrochemical conditions 
were chosen for the tribocorrosion tests: cathodic potential 
(− 1 V vs OCP), at OCP, and at anodic potential (0.3 V vs 
OCP). OCP was used as reference to provide a repeatable 
cathodic/anodic shift. All test conditions were performed 
in duplicate.

2.2 � Wear Track Characterization

The tested surfaces were ultrasonically cleansed with iso-
propanol for 10 min prior to characterization by Scanning 
Electron Microscopy (SEM, FEI InspectF, Netherlands) at 
an accelerating voltage of 5 kV. Additionally, Raman spec-
troscopy (inVia Renishaw, UK) at a power of 20 mW was 
used to analyse the tested surfaces to identify the chemical 
nature of resulting tribofilms or deposits in different posi-
tions of the wear track and repeated 5 times. Finally, baseline 
correction, data smoothing, curve normalisation and Gauss-
ian peak fitting were carried out for curve fitting.

Nanoindentation (Hysitron, TI Premier, USA) was con-
ducted to assess the reduced elastic modulus and nanohard-
ness of the wear tracks as function of the contact depth. A 
peak load was applied in the center of each wear track to 
define the average values.

The tested surfaces were analysed by a Focused Ion 
Beam (FIB FEI Quanta 200 3D, Netherlands) and a Trans-
mission Electron Microscope (TEM JEOL JEM-F200) at 
120 kV accelerating voltage with a housed Energy Disper-
sive X-ray spectrometer (EDS, Oxford Instruments). A com-
plete description of the sample preparation, tribocorrosion 
tests and surface characterization are detailed in our previous 
work [21, 25].

3 � Results

Damage features found on wear tracks were observed to be 
similar and independent of alloy composition, electrochemi-
cal condition, and contact pressure. The BSE (chemical 
composition contrast) and SE (topography contrast) images 
revealed the characteristics of the wear track surface of the 
βω alloy, Fig. 2, where plastic deformation with abrasive 
grooves aligned in the direction of sliding were identified. 
Wear debris were not observed and the appearance of the 
straight grooves was indicative of micro-ploughing. Dark 
deposits identified on all wear tracks may indicate corrosion 
product deposits or the presence of a tribofilm. However, 
deposit films were not continuous across the entire worn 
surface, Fig. 2.

Deposits were further analysed where measurements 
from 5 different areas were taken (Fig. 3). Across all sam-
ples, most probed areas exhibited a characteristic Raman 
spectrum with a double peak at wavenumbers 1383 cm−1 
and 1567 cm−1. Further curve fitting revealed characteristic 
peaks of D and G bands. Areas without this characteristic 

Fig. 1   A schematic of the tribo-
corrosion system adapted from 
[55]. (WE working electrode, 
RE reference electrode, CE 
counter electrode, TS thermom-
eter, F normal load, BS bovine 
serum)
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double peak showed no identifiable peaks, indicating the 
nonexistence of a film.

The mechanical properties—elastic moduli (a) and nano-
hardness (b) – of the tested surfaces were compared between 
the worn surfaces and the initial unworn surfaces, Fig. 4. The 
highest reduced elastic moduli of the initial surface (unworn) 
was observed on the αβ alloy (96.6 GPa), while the lowest 
value was found on β alloy (70.3 GPa), respectively. The 
wear track of αβ alloy, especially tested at cathodic potential, 
had the highest reduced elastic moduli (unworn surface: 97 
GPa; cathodic potential: 101 GPa; OCP: 99 GPa and anodic: 
98 GPa). A similar trend was identified on the worn surfaces 
of βω alloy, where the surfaces tested at cathodic condition 
also had high observed reduced elastic moduli (104 GPa). 
On the other hand, the surfaces Nβ and β alloys tested at 
cathodic condition showed lower reduced elastic modulus 
of 88 and 93 GPa, respectively.

The nanohardness of the wear tracks were also generally 
increased compared to that of the initial surface (unworn). 
More specifically, the initial surface (unworn) of αβ alloy 
had an average nanohardness of 3.5 GPa, whereas the aver-
age value of the surface tested at cathodic potential was 4.3 
GPa. However, it is important to note that the results were 

Fig. 2   Perspective of the wear 
track at (a) low magnification, 
(b) Backscattered Electron 
(BSE) and (c) Secondary Elec-
trons (SE) images of the inside 
of the wear track (βω alloy) 
tested at cathodic condition at 
2 N load. Dark deposits between 
grooves indicate a non-continu-
ous film deposition

Fig. 3   Raman spectra of the inside of the wear track at 0.5  N (β 
alloy), which is representative of all alloy samples in this study
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scattered, making it challenging to differentiate statistically 
significant disparities.

The wear track for all tested samples had mostly simi-
lar subsurface structures after testing (Fig. 5). In general, 3 
areas were identified within the deformed subsurface: a bulk, 
a deformed and a nanocrystalline region (Fig. 5) where fine 
grains were localized near the surface. Images of all worn 
subsurface conditions are provided in Appendix A (Fig. 9).

Subsurface alterations were observed in all condition on 
αβ alloy, even though it was more evidenced at OCP and at 
cathodic condition. The same area with fine microstructure 
was formed on Nβ and β alloys, but only at specific elec-
trochemical potentials. Therefore, the subsurface alterations 
and its formation may be affected by the electrochemical 
condition, alloy type and microstructure. Additionally, this 
layer was deeper at anodic conditions on β alloy, whereas 
its depth of αβ alloy was smaller at this electrochemical 
potential. However, a similar degree of subsurface alteration 

occurred under all other electrochemical potentials. Finally, 
such a deformation layer was not identified on the βω alloy 
in any test condition.

As expected, a fine microstructure with grains of both α 
and β phase were confirmed on the wear track subsurface of 
the αβ alloy by means of electron diffraction pattern analysis 
(Fig. 6a) at all test conditions. Evidence of subsurface altera-
tion at both anodic and OCP conditions was observed in 
our TEM results, while at cathodic conditions only a slight 
indication of subsurface microstructural change was identi-
fied (Fig. 5).

The Nβ alloy experienced major microstructural altera-
tions on its tested subsurface (Fig. 6b) such as phase trans-
formation evidenced by electron diffraction patterns of α, α’’ 
and ω phases, as well as the presence of a nanocrystalline 
zone. In addition, more apparent changes with precipita-
tion of a second phase— likely α phase—was observed at 
cathodic conditions. The same observations were made at 
OCP, but the nanocrystalline zone was considerably thinner.

The subsurface alterations of the β alloy at OCP (Fig. 6c) 
experienced phase transformation, specifically precipitations 
of α and ω phases evidenced by the TEM images, while 
the wear track subsurface of βω alloy at the same electro-
chemical conditions experienced a partial transformation of 
ω phase to α phase (Fig. 6d).

The previously published part I of this study demon-
strated that the tested titanium alloys had low wear track 
volume and material loss at anodic conditions [21]. There-
fore, we opted to investigate the wear track subsurfaces of 
the titanium alloys at this condition to characterize their 
microstructural features and to detect any presence of a 

Fig. 4   Mechanical properties of the wear tracks identified by nanoindentation: a Reduced elastic moduli, b nanohardness

Fig. 5   The ion channelling contrast image of the wear track subsur-
face—αβ alloy at cathodic potential and at 0.5 N
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tribofilm. A nanocrystalline and strained layer of 200 nm 
was present on the subsurface of αβ alloy (Fig. 7a) and 
rich in oxygen (Fig. 7b) with a structure mainly consisting 
of β phase (Fig. 7c). On the other hand, a thicker (300 nm) 
and uniform nanocrystalline zone mainly of β phase was 
observed on the Nβ alloy subsurface. Additionally, evi-
dence of an inconsistent oxide layer was observed, which 
appeared to consist of compacted, oxidized wear debris.

The nanocrystalline zone identified on the β alloy sub-
surface, with a microstructure mainly β phase evidenced 
by electron diffraction, ranged from 100 to 600 nm. This 
layer had wear debris was rich in oxygen, suggesting that 
the wear debris oxidised. Overall, the βω alloy subsurface 
was generally unremarkable and the diffraction patterns 
indicated the presence of only β phase and possibly an 
amorphous phase. Additionally, a layer rich in oxygen was 
observed similar to the previously mentioned alloys.

4 � Discussion

This study aimed to identify the main acting wear mechanism, 
including tribofilm characterization as well as subsurface 
microstructural changes, of the four distinct titanium alloys 
(Ti13Nb13Zr, Ti12Mo6Zr2Fe, Ti29Nb13Ta4.6Zr aged at 
300 °C and at 400 °C) tested under various tribocorrosion 
conditions. We identified in our previously published Part I of 
this study [21] a synergism between wear and corrosion, where 
material loss was highly affected by mechanical wear and, to a 
lesser degree, corrosion. Overall, the material loss, wear track 
volume and wear rates showed lower values at anodic con-
ditions. Here, we determined that although the overall wear 
mechanism remains the same with test condition or alloy type, 
a graphitic tribofilm was found and there were still distinct dif-
ferences in the in situ microstructural subsurface alterations.

Fig. 6   Microstructural features identified by TEM imaging and diffraction patterns of the subsurface of the wear track tested at 0.5 N load of a 
αβ alloy at OCP, b Nβ alloy at anodic potential, c β alloy at OCP and d βω alloy at OCP
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4.1 � Acting Wear Mechanism and Tribofilm 
Characterization

The worn surfaces predominantly exhibited wear features 
indicative of ploughing/micro-ploughing that is character-
istic of sub-mechanism of abrasion. The locally occurring 
carbon-rich layer might be attributed to tribofilm formation 
on the surfaces in relative movement [26]. This layer is char-
acterized by an interfacial medium originating from cyclic 
shear and composed of ions released from the oxide film, 
proteins originating from the simulated joint fluid, and wear 
particles (3rd bodies or tribomaterial). The tribofilm was 

identified in all test conditions where its presence appeared 
independent of alloy type and the associated microstructure, 
electrochemical potential or normal load (contact pressure).

The analysis of this carbonaceous tribofilm via Raman 
spectroscopy exhibited a characteristic double peak in most 
probed areas, and are indicative of sp2 (D band or disordered 
graphite) at 1383 cm−1 and sp3 (G band or single crystal-
line graphite) at 1567 cm−1. Both peaks represent graphitic 
carbon [27]. Therefore, the graphic carbon layer or tribofilm 
was present, independent of test condition and alloy type. 
Such a tribofilm was first reported by Liao et al. [28] in a 
hip replacement made from CoCrMo alloy (metal-on-metal). 

Fig. 7    a Wear track subsurface—Nβ alloy. b EDS spectra of the wear track subsurface—Nβ alloy. c Only β phase was identified on the wear 
track subsurface at 2 N and at anodic potential. Nβ alloy is representative of all alloys in this study
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This study showed that the tribofilm has lubricating proper-
ties that reduces friction and is formed of albumin. Addi-
tionally, Liao et al. [29] and Yan et al. [30] suggested that 
the tribofilm is composed of ions and proteins. Interest-
ingly, the present study observed a similar tribofilm which 
mostly consists of graphitic material and other forms of 
denatured proteins. According to Wimmer et al. [31, 32] 
CoCrMo alloys form a tribofilm only at higher loads and 
Mo release is vital for its formation. Therefore, the absence 
of Mo could potentially justify a non-continuous tribofilm 
on titanium alloys. By contrasting the results with those in 
our previously published Part I [21], it is noteworthy that 
tribofilm formation may have no impact on material loss. 
One potential reason for this may be the acting wear mecha-
nism of abrasion. Under this mechanically dominated wear 
process, the tribofilm appears inconsequential. Even on the 
more wear-resistant CoCrMo alloy, tribofilms appear to be 
inactive under adverse contact conditions that enable abra-
sion (edge loading) [33]. However, our previous results also 
demonstrated lower friction at anodic conditions independ-
ent of alloy type. This may be attributed to the consistent ion 
release during wear at anodic conditions, which may lead to 
tribofilm stabilization. Ions released at anodic conditions 
(although specifically Mo ions) were previously shown to 
trigger tribofilm deposition due to redox reactions with pro-
teins [34]. Therefore, this may explain, by a similar effect, 
the lower friction at anodic conditions. On the other hand, 
ion release was suppressed at cathodic conditions (highest 
friction), thereby preventing tribofilm formation [21].

4.2 � Mechanical Properties

The differences in mechanical properties between the wear 
track and unworn surfaces were found to be due to the in situ 
subsurface alterations caused by wear and plastic deforma-
tion accumulation [35]. However, meaningful differences 
between nanohardness could not be distinguished due to the 
extensive scatter in the results. Purcek et al. [36] observed 
that while Cp-Ti with fine microstructure led to an improve-
ment on mechanical behaviour, this was inconsequential to 
wear properties. However, another study observed that a fine 
microstructure enhances the tribological behaviour of Cp-Ti 
[37]. The hexagonal phase is less ductile than the bcc phase, 
and therefore, the deformation intensity at asperity junctions 
is lower [38]. However, the main acting wear mechanism 
was always the same, regardless of test condition and alloy 
type. Considering our previously published observation that 
material loss depends only on the applied normal load [21], 
it appears that the in situ surface hardening had minimal 
effect.

4.3 � Subsurface Characterization

The analysis of the subsurface of the wear tracks demon-
strated that in situ grain refinement occurred at the contact 
zones, and were found to be highly affected by the test con-
ditions applied. The repetitive loading during sliding at the 
contact area was a potential reason for the observed grain 
refinement [39], where the oxide film may have abraded, 
leading to ion release and the development of a strain accu-
mulation region. The subsurface deformation area was also 
observed in other alloys. Zavieh et al. [40] observed that a 
subsurface alteration occurred on austenitic stainless steel in 
NaCl at different electrochemical potentials. This was attrib-
uted to the shear strain accumulation at the contact, which 
led to a fine microstructure regardless of the electrochemical 
condition [40]. This observation has been reported in other 
studies [41], but differs from the observations found in this 
presented study. The tribofilm presence may explain this 
phenomena, as it may act as a barrier that enhances disloca-
tion accumulation and grain refinement [42], which in theory 
may potentially affect the mechanical behaviour. However, 
as mentioned earlier, the scatter of the nanoindentation data 
made it challenging to distinguish statistically significant 
disparities.

Contact pressure was found to be varied across the wear 
track—potentially due to a more stable tribofilm formed at 
anodic potentials— which affected subsurface alterations 
formation. This subsequently affected the subsurface altera-
tions leading to variations under repetitive loading, due to 
the variability of compression and tensile stress at the con-
tact with the types of tribofilm [35].

In our previously published Part I [21] we indicated that 
this tribosystem experienced lower friction at anodic poten-
tial, explained by a more stable tribofilm formed at this 
electrochemical condition, as described above. Therefore, 
lower friction may potentially result in less strain accumula-
tion below the contact zone, consequently leading to a lower 
degree of grain refinement or phase transformation. How-
ever, this hypothesis may only be applied for the alloys that 
experienced low subsurface modification at anodic potential, 
which is the case for the αβ alloy, but not necessarily for 
both β alloy and βω alloys where the chemical composi-
tion may have a role inhibiting subsurface modifications 
and grain refinement. Nevertheless, further research must 
be conducted to elucidate this mechanism.

A not homogenously distributed tribofilm and a fine 
microstructure of β phase near the subsurface were identi-
fied on the wear track subsurfaces tested at 2 N at anodic 
potential. While only grain refinement occurred on αβ alloy 
on this area, the other 3 titanium alloys experienced α’’ and 
ω transformations, although these were limited and simul-
taneous [43]. The martensitic α’’ phase formation may have 
been influenced by the Ta content [44] which may explain 
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the occurrence of this transformation. Therefore, the tribo-
corrosion system may have induced the formation of ω phase 
on the alloys in this study.

The ω phase formation is detailed elsewhere [45, 46] and 
is formed from (111)bcc planes due to lattice deformation 
or from precipitation led by the heat transfer that occurs 
during friction. The ω formation is dictated by the content 
of β stabilizers and has high elastic modulus in comparison 
to the other phases in titanium alloys [47–49]. The weak 
diffraction pattern reflections potentially indicate low con-
tent of ω phase in the 4 tested titanium alloys. The ω phase 
was also identified on worn surfaces of titanium alloys, 
which has also been reported by Correa et al. [50], where 
this phase transformation was identified on test at OCP on 
Ti-15Zr-7.5Mo.

It is worth noting that alloy composition affects alloy pas-
sivation, which in turn may potentially influence the tribo-
corrosion properties and subsurface transformation. How-
ever, this variable was not considered in this study and must 
be further investigated.

This study had several limitations. While the applied 
sliding wear tribosystem provides a baseline to understand 
the applicability of these alloys as biomaterials, Ti-alloy 
surfaces mainly experience fretting corrosion in vivo [47]. 
Therefore, fretting experiments to be conducted under sim-
ilar conditions are of interest in future work. In addition, 
although our goal in this presented study was to report the 
changes of the mechanical properties within the wear track, 
the nanohardness measurements exhibited a high variabil-
ity that may have resulted from the uneven surface of wear 
track. Such a limitation likely affected our nanoindentation 
tests, making it challenging to perform these tests in ideal 
conditions. Finally, the applied simulated joint fluid does not 
entirely represent the variable and complex composition of 
pseudo-synovial fluid. Yet, the same or similar compositions 
have been implemented by other studies to approximate the 

protein influence in a tribocorrosion system [51]. Finally, 
we acknowledge that other constituents, such as hyaluronic 
acid, would be worthwhile to be included in future studies 
[52–54].

5 � Conclusion

The focus of this study was on the characterization of the 
worn surface and subsurface of 4 Ti-alloys with distinct 
chemical compositions and microstructures that underwent 
tribocorrosion tests at 37 °C in simulated joint fluid consist-
ing of newborn calf serum at varying electrochemical poten-
tials and contact pressures. The outcomes are illustrated in 
Fig. 8 and summarized below:

•	 Abrasion wear was always dominant and independent of 
alloy type, electrochemical condition, and normal load 
(contact pressure). These variables also do not have any 
influence on the tribofilm structure.

•	 Tribofilms were present in all conditions and appeared to 
be formed from graphitic material and denatured protein. 
A mostly discontinuous film was formed, especially at 
anodic conditions, as evidenced by lower observed fric-
tion.

•	 The wear tracks at the surface had higher values of 
mechanical properties than that of the unworn surface. 
However the high level of variability in the results 
made it challenging to distinguish statistical differences 
between electrochemical conditions, alloy type and con-
tact pressure.

•	 Varied intensities of grain refinement occurred below the 
worn surfaces of all alloy types in all test conditions. 
This was potentially caused by strain accumulation in the 
contact area.

Fig. 8   Diagram that summa-
rizes the overall findings of this 
study
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•	 Phase transformation – α’and α’’ martensite and ω – 
occurred on the subsurface of Nβ, β and βω alloy micro-
structures. This observation was found to be independ-
ent of test conditions, potentially due to the volume of β 
stabilizers on chemical composition.

Appendix A 

See Fig. 9

Fig. 9   The ion channelling contrast images of the wear track subsur-
face at 0.5 N of: αβ alloy (a) at anodic condition, (b) at OCP and, (c) 
at cathodic condition. Nβ alloy (d) at anodic condition, (e) at OCP, 

and (f) at cathodic condition. β alloy (g) at anodic condition, (h) at 
OCP and, (i) at cathodic condition. βω alloy (j) at anodic condition, 
(k) at OCP, and (l) at cathodic condition
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