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A B S T R A C T   

The combined corrosion and wear behaviour of NiTiNOL60 alloy is important in various engineering applica
tions. While previous studies have explored its performance in artificial seawater environments, limited infor
mation exists regarding its tribocorrosion characteristics in acidic conditions. This paper investigates the 
synergistic interaction between sliding wear and electrochemical processes for NiTiNOL60 alloy in a sulfuric acid 
environment, employing experimental procedures compliant with ASTM standards. Microscopic analysis con
firms the alloy’s Ni-rich composition, featuring a dense network of B2 NiTi + Ni4Ti3 cubic and rhombohedral 
crystal matrix structures. Our research and results reveal that material degradation during tribocorrosion arises 
from the combined effects of sliding wear and electrochemical reactions. Consequently, multiple wear mecha
nisms influenced by tribochemical wear are observed, with delamination and micro-cracks being notably 
prominent under higher applied loads due to surface tensile stress and contact pressure, leading to crack 
propagation perpendicular to the sliding direction. These findings have practical implications for optimising the 
performance and durability of NiTiNOL60 alloy in acidic environments, offering valuable insights for load- 
bearing engineering applications.   

1. Introduction 

Tribocorrosion, the synergistic interaction between mechanical wear 
and corrosion, is a critical concern in various applications, including 
engineering and biomedical, where metallic components are exposed to 
sliding or rolling contact in corrosive environments [1,2]. It is a signif
icant concern in various industrial applications, such as automotive, 
spacecraft [3], marine [4,5], food and beverage processing [6–8], 
pharmaceutical [9], biomaterial [10,11], actuators [12] and biomedical 
sectors such as orthopaedic [13], endodontic [14] and orthodontic [11, 
14]. According to Salas et al. [15], Ti–6Al–4V alloy (Ti64) gained vast 
application in the biomedical industry due to its outstanding corrosion 
resistance and good mechanical qualities. However, the toxicity of V 
(Vanadium) and Alzheimer’s disease linked to Al have prompted re
searchers in the past decades to focus on developing new metallic ma
terials free of harmful components [15]. In this regard, novel Ti-based 
alloys that only contain highly biocompatible elements like Ni, Nb, Zr, 
and Sn have been discovered. These alloys exhibit excellent 

biocompatibility, low elastic modulus, high specific strength, and 
adequate corrosion resistance for vast biomedical and engineering ap
plications [11]. Notwithstanding the excellent properties, metallic 
components experience surface deformations during sliding or rolling 
contact under corrosive environments [16]. Among the different cor
rosive environments, acidic conditions pose unique challenges due to 
their aggressive nature, leading to accelerated material deterioration 
[17–19]. Considering the engineering materials used in the aforemen
tioned sectors, NiTi alloys have shown superior wear resistance 
compared to other conventional materials such as steels, Ni-based, and 
Co-based tribo-alloys [20]. Accordingly, Nickel-titanium (Ni–Ti) alloy, 
such as NiTiNOL60, has been weighed as a suitable replacement for 
conventional metals and, as a result, has received considerable scientific 
attention due to their biocompatibility, unique shape memory and me
chanical properties [21]. NiTiNOL was discovered by William J. Buehler 
and colleagues in the late 1950s at the Naval Ordinance Laboratory, 
USA, while working on shielding materials [20,22,23]; hence, the 
combined name of alloy with the laboratory, Nickel–Titanium Naval 
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Ordinance Laboratory - NiTiNOL. NITINOL exhibits better recovery 
from significant amounts of strain and can replicate its original shape 
owing to the shape memory property. The superelastic property of 
NiTi-based alloys ensures substantial recoverable strain during defor
mation caused by stress-induced martensitic transformation. At rela
tively low temperatures and under external force, the initial parent 
phase (austenite) transforms into a martensite phase accompanied by 
macroscopic deformation. The austenite phase undergoes a significant 
deformation during loading and subsequently transforms into det
winned martensite [24]. Martensite and austenite undergo a reversal 
transition upon unloading with significant recoverable strain [25,26]. 
Understanding the impact of strain rate on the tensile characteristics of 
superelastic NiTi has been the focus of extensive research. According to 
Neupane and Farhat [20], the superelasticity of NiTi under tensile 
loading conditions has demonstrated that the tension at the austenite to 
martensite transition increases with increasing strain rate. These 
microstructural changes significantly affect the wear and deformation 
behaviours of superelastic NiTi. Miller et al. [27] reported that Ni-rich 
NiTi alloys had gained interest as prospective materials for specialised 
bearing and gear applications in the last decade. Another study pre
sented that NiTi alloy with a near-equal atomic ratio is often used in 
many applications, such as bearings and engine blocks, aerospace, 
communication, naval ships and medical devices due to its good shape 
memory effect or super-elasticity, high wear-resistant performance and 
superior corrosion resistance [28], yet NiTiNOL60 alloy may be subject 
to tribological conditions leading to wear [29]. 

When subjected to tribological conditions in acidic environments, 
the tribocorrosion behaviour of NiTi alloy becomes an essential 
consideration for its reliability and performance. Consequently, tribo
corrosion has garnered significant research interest as scientists and 
engineers seek to unravel the underlying mechanisms and develop 
effective mitigation strategies. When contact bodies operate in a cor
rosive environment, surface chemical phenomena can significantly 
affect their deterioration. In this case, it is essential to ascertain the 
tribocorrosion behaviour of the material in a specific corrosive envi
ronment such as sulfuric acid. Thus, understanding the tribocorrosion 
behaviour of NiTiNOL60 alloy in acidic media is essential for optimising 
its performance and longevity. The aggressive nature of acidic envi
ronments can significantly influence NiTi alloys’ degradation mecha
nisms, wear rates, and corrosion resistance. For example, under sliding 
or erosive conditions, the passive film can be removed by abrasion, thus 
exposing the underlying reactive material to more severe corrosion. On 
the other hand, surface films were found to modify the mechanical 
behaviour of the underlying metal and, thus, its wear response [30]. In 
another study, Muñoz and Espallargas [31] reported that mechanical 
parameters significantly affect the rate of electrochemical material 
removal, whereas the rate of mechanical material removal is dependent 
on the electrochemical conditions at the time. Furthermore, they defined 
the total wear volume (Vt), which is the sum of the material loss due to 
sliding wear (Vmech) and the material loss owing to corrosion or elec
trochemical oxidation (Vchem), as the mechanistic interpretation of the 
tribocorrosion phenomena. As reported, numerous variables, including 
load, sliding speed, surface films, temperature, hardness, and 
work-hardening, affect the contact surfaces in tribocorrosion. Hence, 
this present study aims to investigate the tribo-electrochemical behav
iour of NiTiNOL60 alloy in a sulfuric acid (H2SO4) medium, with a focus 
on understanding the synergy between the specific wear rate and the 
associated tribo-electrochemical degradation mechanisms. 

2. Experimental methods 

2.1. Preparation of samples 

The NiTiNOL60 samples were received from the National Aero
nautics and Space Administration (NASA), Glenn Research Centre, 
Cleveland, Ohio. According to Stanford [32], the samples were prepared 

through the Hot Isostatic Pressing (HIP) method; the fabrication details 
are described in NASA’s technical report [32,33]. The sample plates 
with dimensions 20 × 10 × 10 mm were ground and polished to a 
mirror-finish surface using grinder-polisher machines to obtain an 
oxide-free surface for the surface characterisations. Using Buehler Eco
Met 30, the samples were abraded on sandpapers of #180, 500, 1200, 
and 2400 grits having the corresponding grain sizes of 104, 35, 15, and 
8 μm, respectively. Further, the abraded samples were polished me
chanically on polishing surfaces (6 μm and 1 μm) and diamond pastes (6 
μm and 1 μm) using a Struers LaboPol-2 machine. Subsequently, the 
mirror finish surfaces were cleaned ultrasonically in distilled water and 
absolute ethanol for 3 min, dried and then stored in an airtight container 
for further processing. The electrolyte used for this study was prepared 
using the standard operating procedure for preparing analytical 
reagents. 

2.2. Sample characterisation 

The polished surfaces were characterised at different magnifications 
using an optical microscope AMScope – Olympus BX51 and a Hitachi 
SU-70 scanning electron microscopy (SEM) coupled with energy 
dispersive x-ray spectroscopy (EDS) to ascertain the microstructural 
arrangements, elemental composition, and distribution at different 
phases. The surface roughness was examined using a Talysurf 50 Taylor 
Hobson stylus profilometer. While the sample’s macro- and micro- 
indentation hardness were measured using Leco microhardness 
LM–800AT and a Rockwell hardness tester HR–150A, respectively. In 
order to conduct the microhardness tests, the specimen was clamped, 
focussed, and tested with 1.0 kgf throughout the course of a 10-s dwell 
period. The hardness was then determined by measuring the geometric 
characteristics of the indentation, such as the depth or surface area of the 
diamond-shaped impression on the surface under examination. With 
regard to the macro-indentation hardness test, a combination of major 
and minor loads of 150 (140 + 10) kg were loaded and unloaded, and 
the resulting values were recorded. 

2.3. Tribo-electrochemical measurements 

The polished sample was further prepared for electrochemical 
measurements since the specimen serves as the working electrode (WE). 
Therefore, a cable-banana plug terminal was fitted for the potentiostat 
connection, and to guarantee that all sample surfaces aside from the top 
surface, which had a 2 cm2 exposed area, were coated, a non-conductive 
copper tape and plasti-Dip coating were used for isolation of the sur
faces. The layer/coating allows interference-free electrochemical mea
surements while shielding the underlying metal from corrosive 
conditions. For the tribocorrosion measurements, we adapted various 
standards from the American Society for Testing and Materials (ASTM) 
for investigating the synergy between wear and corrosion [34], the 
standard test method for linear reciprocating ball-on-flat sliding [35], 
and the standard practice for electrochemical measurements in corro
sion testing [36,37]. The experimental setup shown in Fig. 1 presents the 
coupling of a linear reciprocating ball-on-plate tribometer (DUCOM 
TR-282) and an electrochemical potentiostat cell (IviumStat) of three 
electrode configurations. The test parameters for electrochemical mea
surements call for stabilisation at the open circuit potential (OCP) for 
1200 s, a scan rate of 2 mV/s, an applied voltage range of − 5.0 V to +7.0 
V for potentiodynamic measurements within a 100 mV potential step for 
about 60 min, and a re-conditioning time of 20 min. While the test 
conditions for a reciprocating sliding wear test conducted at a room 
temperature of ~22 ◦C include a sliding frequency of 4 Hz, applied 
normal loads of 2, 5 and 8 N, a stroke length of 10 mm, and a sliding 
duration of 6250 s for a tribo-corrosion test. 

As shown in Fig. 1, the electrodes, including the calomel reference 
electrode (RE) filled with 3 M KCl, the graphite rod counter electrode 
(CE) as well as the specimen (WE) clamped onto the tribometer test cell 
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holder and fully immersed in H2SO4 electrolyte were connected to the 
potentiostat. The series connection between CE and WE aimed to mea
sure the corrosion current (A) between the anode and cathode terminals, 
while the WE and RE linking measures the sample’s potential (V). The 
normal load was applied to the WE, coupled to the mounted counter 
body (alumina ball – Al2O3) of Ø 10 mm. The system was allowed to 
reach a steady state in open circuit potential (OCP) mode prior to the 
tribocorosion measurements, which were then performed simulta
neously with potentiodynamic polarisation measurements and the 
reciprocating sliding of an Al2O3 ball against the contact surface 
NiTiNOL60 sample. During the measurements, the sliding wear signals, 
such as the frictional forces and the electrochemical parameters, were 
transmitted and registered on the data acquisition tools: WINDUCOM 
software and IviumSoft, respectively. For accuracy and repeatability, 
each test was repeated three times with a fresh surface of Al2O3 revealed 
each time to slide against the stationary NiTiNOL60 sample in the cor
rosive medium. After each test, the sample was cleaned ultrasonically 
with absolute ethanol and dried for further surface examinations on the 
wear track created during sliding to reveal the wear mechanisms, re- 
measure surface roughness and hardness and quantify the material 
loss due to the wear and corrosion synergistic interactions. 

2.4. Wear measurements and re-characterisations of the surfaces 

In order to understand the wear rate at different conditions following 
the wear scar created at the contact surfaces, measuring the material 
losses (wear volume) and specific wear rates is essential. Hence, the 
surface roughness of the wear tracks at different applied loads was 
measured using a Taylor Hobson Form Talysurf 50 stylus profilometer 
for this measurement. About five parts of the wear tracks were inspected 
for the wear volume measurements, with the stylus tip positioned to 
move vertically along the wear track. This produced a two-dimensional 
surface height and distance output along the measured lines. The output 
data was a raw profile chart displaying the sample’s worn surface’s 
roughness, waviness, asperities, grooves, etc. We used ImageJ, a soft
ware program for image analysis, to quantify the wear scars’ size 
because the graphical representation profiles made it possible to mea
sure their depth and width. The wear track’s area was then determined 
using the estimated parameters, and this aided the calculation of the 
volume loss by multiplying the area by the reciprocating stroke length, 
which is 10 mm. Equation (1), derived from Archard’s wear law 
expression, computed the specific wear. According to the expression, 
wear rate quantifies the material yielding under specific operating 
conditions per unit time [19]. 

Specific wear rate, Ẇ
(
mm3 /Nm

)
=

Wear volume
Normal load x Sliding distance

(1) 

The Butler-Volmer expression, combining Tafel equations for the 
cathodic and anodic regions, is used to calculate the electrochemical 
parameters. The expression shown in Equation (2) calculates the 
corrosion rate [38]. 

Corrosion rate,C.R (mmpy)=
0.13A ∗ icorr ∗ M

n ∗ ⍴
(2)  

where icorr = corrosion current density (A/cm2), A = area (cm2), M =
atomic mass of the metal (g/mol), n = number of electrons/atoms 
produced or consumed in the redox reaction while ⍴ = density of the 
material (g/cm3), and 0.13 = time conversion factor per unit area of the 
exposed surface. This investigation employed the IviumSoft tool for 
corrosion analysis using the electrochemical parameters registered 
during tribocorrosion. 

3. Results and discussion 

3.1. Surface characterisation 

The metallographic investigation was conducted using the optical 
microscope, SEM and EDS. Fig. 2 shows the SEM-EDS and the quanti
tative composition analysis of the NiTiNOL60 sample. For the SEM, a 20 
KV penetrating voltage was used to scan the sample surface at full scale 
to ensure adequate penetration of the X-rays through the subsurface 
regions. Using EDS to quantify the elemental compositions and char
acterise the polished sample, the spectral image and the accompanying 
table present the quantitative compositions of the material investigated. 
The analysis confirmed that the specimen was a binary nickel-titanium 
alloy containing 60 wt% Ni and 40 wt% Ti (55 at.% Ni, 45 at.% Ti), i. 
e., a Ni-rich intermetallic NiTiNOL60 alloy [27,39]. This was in good 
agreement with the compositions of NiTiNOL60 alloy previously re
ported in the literature [27]. 

To examine the subsurface of the sample on a microscopic scale, the 
cross-sectional part of the sample was obtained through wire cutting, 
abraded, polished, and etched using Kroll’s reagent: 82.7 % H2O, 14.1 % 
HNO3, and 3.2 % HF for 30 s. This revealed the microstructural com
positions of the sample presented in the microscopic image in Fig. 3. The 
examination under the optical microscope reveals the microstructural 
arrangement of NiTiNOL60 alloy with distinct regions of consolidated 
and unconsolidated grain network clusters. The majority of the micro
graph image is represented by the NiTi + Ni4Ti3 region composed of 
ordered cubic and rhombohedral crystal matrix structures [25,40] and 

Fig. 1. Experimental setup for tribocorrosion of NiTiNOL60 alloy in H2SO4 solution.  
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fine and coarse grain network structures [41]. The dense network of 
unconsolidated and consolidated grain clusters reveals the in
homogeneity in the microstructural grains [39,42], thus supporting the 
non-equi-atomic elemental distribution shown in Fig. 2, which tends to 
have Ni-rich or Ti-rich zones [43]. The dominance of the B2 NiTi and 
Ni4Ti3 matrix highlighted in the micrograph suggests globular and 
needle-like shaped precipitates B19′ in the B2 matrix [21,23]. 

3.2. Frictional behaviour during reciprocating sliding 

During the reciprocating sliding wear tests, the frictional behaviours 
were monitored, and the measured parameters were recorded on the 
WINDUCOM software tool. The parameters were analysed to determine 
the material’s coefficient of friction (CoF) characteristics over the course 
of the reciprocating sliding. As shown in Fig. 4, the CoF is plotted as a 
function of sliding time for three applied loads. Clearly, at the initial 
sliding stage, the applied load had a reasonable running-in time char
acterised by the interfacial friction interactions leading to the break
down of oxide layers [44,45], localised heating of the contact surfaces 
and oxidation of asperities. The fluctuations recorded in the CoF plots 
could be attributed to the distortions caused by wear debris and formed 
layers (passivation) during tribocorrosion. Based on the CoF plots, the 
applied load of 2 N required a longer running-in time to wear the passive 
layer, unlike the 5 N and 8 N loads. At higher loads (5 N and 8 N), it is 
evident that the contact surfaces overcame a running-in time during the 

Fig. 2. EDS spectral imaging of the polished NiTiNOL60.  

Fig. 3. Optical microscopic images of NiTiNOL60 at different magnifications.  

Fig. 4. Friction coefficient plot against sliding time.  
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continuous sliding by removing the passive layer, penetrating and 
wearing off the sample surface, and eventually exposing the material 
sub-surface. Whereas, for an applied load of 2 N, the CoF increased after 
30 min of break-in point, whereby the passive film on the sample surface 
was destroyed and maintained approximately 0.4 CoF throughout the 
sliding duration until a steady-state value was attained. As the contact 
pressure increases, the passive layers are easily destroyed through a 
continuous reciprocating sliding contact; this creates more surface 
roughness and widens the wear track, thereby increasing the surface 
area available for oxidation. The examined surfaces in Fig. 5 micro
graphs show the least amount of chemical and mechanical wear mech
anisms for the 2 N load when compared with the other loads 
investigated. According to Zeng and Dong [46], friction is most severe at 
higher loads, and this is supported by the results obtained for the 8 N 
load with the highest average CoF μ = 0.77, maximum wear volume 
alongside the increased chemical and mechanical mechanisms. 

3.3. Surface examination 

The sliding actions of the contact surfaces created a wear track 
within the sliding stroke length of 10 mm. Examining the wear scar 
reveals mild to severe wear mechanisms, with delamination and adhe
sive wear being more predominant. The recorded wear mechanisms 
conform with the four main mechanisms of adhesive wear, abrasive 
wear, fatigue wear and tribochemical wear reported in the literature 
[31,47]. Following the SEM images in Fig. 5, the specimen investigated 
at 2 N, 4Hz condition shows little detachment and adhesion of the wear 
debris. In contrast, the SEM micrographs at higher loads show extensive 
abrasion and delamination, which propagates when subjected to various 
loading conditions. The rate of abrasion and depassivation could be 
attributed to a number of variables, including the mechanical charac
teristics of the metal, the contact geometry, the applied force, and the 
effects of hydrodynamic lubrication [48]. From the results, micro-cracks 
were discovered to be more pronounced at 8 N load, and it is believed to 
have developed from surface tensile stress and extended perpendicular 
to the direction of sliding. While corrosion pits progressed from the 
initial nucleation stage into metastable pit formation and stable pitting 
[49]. Our analysis shows that corrosion pit nucleation and micro-crack 
propagation were promoted by the contact pressure on the interacting 
surfaces and the third-body wear effects [50]. 

Considering the high level of adhesion, it was imperative to further 

examine the wear tracks using the EDS characterisation technique to 
determine the makeup of the surface wear particles. Fig. 6 presents the 
EDS results, which revealed oxidation and Al debris as the elemental 
compositions detected along the wear tracks. The overall scan of the 
surfaces represented by point 1 shows that the oxide composition in
creases with load increase while the adhesion of the Al debris decreases. 
The increased oxidation promoted electrochemical activities and sub
sequently resulted in increased corrosion rate. 

Since Al debris formed the greater composition of elements detected 
along the wear track of NiTiNOL samples, there was a need also to 
investigate the sliding surfaces of the counter material (Al2O3 ball) 
sliding against NiTiNOL60 alloy. From Fig. 7, it can be established that 
the rate of material detachment and adhesion onto the contact surfaces 
occur simultaneously. As shown in the image, the ball surface revealed 
wear debris, and further examination of the surfaces at different applied 
loads presents the spectral images as well as their corresponding 
elemental compositions. The surfaces were clearly oxidised in the elec
trolyte mediums, and the oxide contents decreased with increasing load. 
Conversely, the deposition of the Ni–Ti wear debris increased as the 
contact pressure increased, thereby breaking down the oxidised layer 
and enhancing the material detachment and adhesion. As the contact 
pressure at 2 N was not adequate to break in the material surface, this 
shows why the greater surface was oxidised, whereas the continuous 
reciprocating sliding at higher loads caused the breakdown of the oxide 
layers. Points 2 reveal Ni and Ti as the adhered material onto the ball 
surface, while point 3 confirms the alumina as the base material, with Al 
having the maximum percentage composition. In light of this, it is 
evident that the significant impact of contact pressures at higher applied 
loads leads to the detachment of the interacting surfaces asperities, 
which then initiates abrasion and adhesion mechanisms. 

The EDS results in Fig. 7 were further examined using the spectral 
imaging technique to analyse the alumina ball sliding surface at 8 N 
load. The spectral imaging depicted in Fig. 8 clearly identifies the oxi
dised points on the surfaces as the bright patches shown in the purple 
tint. The yellow colour distribution across the micrograph determines 
the base material (alumina ball) with black patches of the wear debris 
adhesion. While the blue and red colours highlight the Ti and Ni wear 
debris adhesion, which is attached to the ball surfaces during sliding 
contact. 

Fig. 5. SEM examination revealing the wear mechanisms during tribocorrosion.  
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3.4. Potentiodynamic polarisation 

The potentiodynamic polarisation was used to investigate the 
passivation behaviour of the NiTiNOL60 alloy under tribocorrosion 
conditions in an acidic solution, and the results are presented in Table 1 
and Fig. 9. From the Tafel plots, it is evident that the anodic domain of 
the polarisation curve is initiated with an active dissolution region, 
where metals are easily converted to ions and transported to electrolyte 
solutions and eventually enter a passive region following passivation 
[11,51]. According to Ghali [49], the electrochemical breakdown of 
oxides of some metals is reduced cathodically to the metals or ions in 
aqueous solutions. The curves clearly show that corrosion occurred in 
the cathodic and anodic regimes with distinctive passivation regimes. 
The specimens investigated at 5 N and 8 N loading conditions exhibited 
similar passivation behaviours, while the Ecorr values became more 
positive as the load increased. This deduction aligns with the findings 
presented by Salas et al. [15]. 

Analysis of the Tafel plots gave rise to the following parameters 
presented in Table 1. The table denotes the electrochemical activity of 
the material during tribocorrosion as well as the fitted parameters. Tafel 
analysis provided information on variables like corrosion potential, 
corrosion current density, passivation resistance, as well as corrosion 
rate; whereas the model data presents a good fit. According to our 
analysis, an increase in the applied load increased the corrosion current 
while the corrosion potential tends towards zero; this caused the 
polarisation resistance to continuously decrease and, in turn, increased 
the corrosion rate. The increase in icorr values is correlated with the 
progression of the sample’s corrosion rate (Cr); this is inversely con
nected to their polarisation resistance (Rp) values [15]. This 

demonstrates that the corrosion potential, which controls the anodic or 
cathodic polarisation activity, governs the dissolution rate of metals [19, 
52]. 

Considering the wear mechanisms shown in Fig. 5 and the corrosion 
effect, an etched cross-section of the sample was examined to ascertain 
the propagation of corrosion pits and cracks beyond the contact surface. 
Fig. 10 presents the SEM micrograph, EDS spectrum and the corre
sponding elemental distributions as shown in the table. The results show 
localised corrosion, such as pit and crevice, occurred during tribo
corrosion. The corrosion pit and cavities shown could be attributed to 
the corrosion-abrasion synergy, which impedes the reactivity between 
the anode surface and the electrolyte [53,54]. Further examination of 
the pit using EDS reveals the maximum oxygen concentration for points 
1 and 2 at the pit region. At point 3, a decline in the oxide composition 
was recorded, showing that oxidation promoted the pit nucleation. Point 
4 confirms the exact composition of the material with no oxygen 
concentration. 

3.5. Hardness measurement 

To ascertain the effect of tribocorrosion on the specimen, micro- and 
macro-indentation hardness measurements were carried out using the 
methods outlined in sub-section 2.2. Prior to the tribocorrosion testing, 
the sample’s average Rockwell hardness of the specimen was measured, 
and it was found to be 62.5 HRC, which is consistent with the values 
reported in the literature [22,55,56]. Measurements after the testing 
reveal that the sample’s average macro hardness, as determined by the 
Rockwell Hardness test, was 63.3 HRC. Whereas the micro-indentation 
Vicker’s hardness along the wear track presents the average values of 

Fig. 6. EDS examination of wear debris adhesion along the sample wear track.  

A.O. Okoani et al.                                                                                                                                                                                                                              



Results in Materials 21 (2024) 100523

7

Hv (537.93/1.0kgf/10s, 547.77/1.0kgf/10s and 578.83/1.0kgf/10s) for 
2 N, 5 N and 8 N respectively. In contrast, the measurement outside the 
wear track had a relatively lower Vicker’s hardness value of HV 
537.83/1.0kgf/10s. As the applied load increased, the hardness values 
along the wear track increased, and the recorded high values could be 
attributed to work-hardening as a result of compressive forces and 
precipitation hardening through the rapid formation of nanoscale Ni4Ti3 

precipitates during sliding [27,57,58]. Also, the non-uniform network 
structures in Fig. 3 could contribute to the variations in the micro
hardness values along the wear track [41]. 

3.6. Contact surface interactions and tribo-corrosion mechanisms 

During tribocorrosion, the simultaneous actions promoted an 

Fig. 7. SEM and EDS characterisation of the counter material (Al2O3 ball) sliding surface.  
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increase in the oxidation of the exposed surfaces. While sliding contacts 
initiated the breakdown of the passive films, which led to delamination, 
mild to severe abrasion, and adhesion, the oxidised surfaces promoted 
localised corrosion, as demonstrated by the SEM and EDS character
isations [51]. Liu et al. [11] presented in their study that while surface 
defects promote passivation rates in the early stages of exposure, 
corrosion protection is best at a slowly formed passive film. It is estab
lished that the corrosion damage mechanism at the asperities of contact 
surfaces involves mechanical and chemical components, with the 
observable damage typically coming from both [31]. Hence, the syn
ergistic interactions resulted in material losses and various wear 
mechanisms caused by the mechanistic approach, which involves the 
primary contributions of mechanical wear and wear-accelerated corro
sion, i.e., anodic dissolution [59,60]. Considering the tribocorrosion 
synergistic interactions, the contributing mechanisms are investigated 
following the wear behaviours revealed in Fig. 5 and computing the 
specific wear rate using Equation (1). The results are shown in Fig. 11, 
which compares the specific wear rate and the polarisation resistance 
during electrochemical measurements. It is evident from the graphical 
trend that increased applied load reduces the polarisation resistance, 

which in turn amounts to an increased corrosion rate. This demonstrates 
that the material yield due to the synergy between wear and corrosion is 
larger than the effects of each factor acting alone [61]. The constant 
rubbing of the contact surfaces during reciprocating sliding results in the 
wear mechanisms caused by the high level of material detachment 
following the synergistic interplay between mechanical and electro
chemical processes [62]. 

4. Conclusion 

The present study investigated the simultaneous interactions of wear 
and corrosion in a dilute sulfuric acid solution under varied applied 
loads. The experimental results provided insights into the tribocorrosion 
behaviour of NiTiNOL60 alloy in an acidic environment. The results 
show that material losses under tribocorrosion conditions are signifi
cantly influenced by the synergistic interaction between wear and 
corrosion. SEM/EDS metallographic investigation depicts that B2 NiTi 
and the stable Ni4Ti3 matrix structures dominate the NiTiNOL60 alloy 
microstructural network. As shown from our analyses, the mechanical 
action frequently results in the local removal of metal and oxide 

Fig. 8. EDS spectral imaging of the counter material (Al2O3 ball) surface at 8 N applied load.  

Table 1 
Electrochemical parameters from corrosion rate analysis following the potentiodynamic polarisation measurements.  

Corrosion rate analysis Pol. Res. 
2 N 5 N 8 N 

Tafel data 
2 N 5 N 8 N 

Model data 
2 N 5 N 8 N 

Ecorr (V) − 0.167 − 0.322 − 0.506 − 1.842 − 1.257 − 1.171 − 0.226 − 0.507 − 0.699 
Icorr. (A) 2.988E-5 3.424E-5 4.182E-5 1.451E-3 1.795E-3 2.565E-3 1.181E-3 1.148E-3 1.425E-3 
Icorr. (A/cm2) 7.312E-7 8.378E-7 1.023E-6 3.55E-5 4.392E-5 6.276E-5 2.889E-5 2.808E-5 3.487E-5 
Rp (ohm) 726.700 634.100 519.200 743.400 436.900 295.400 616.300 397.400 309.600 
ba V/dec – – – 5.748 4.843 5.623 3.024 2.186 2.359 
bc V/dec – – – 4.372 2.878 2.530 3.756 2.021 1.784 
C. Rate (mm/y) 0.023 0.027 0.033 1.143 1.411 2.017 0.928 0.902 1.120  
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particles, thereby exposing the metal surface, which is subsequently 
followed by a repassivation process. The main mechanism under sliding 
investigation is abrasive wear, whereas oxidative wear predominates in 
the electrochemical regime, triggering a cathodic shift during 

potentiodynamic polarisation measurements. Additionally, the degree 
of this shift increases with the increase of applied normal load due to 
depassivation under sliding contact. It is established that the delami
nation and, subsequently, plastic deformation of the material surface 
during depassivation were influenced by the initiation and propagation 
of pits and micro cracks on the passive layer during repeated sliding. 
Thus, the contact pressure on the interacting surfaces promoted 

Fig. 9. Tafel plots at different applied loads after potentiodynamic polarisation 
measurements using a Calomel reference electrode. 

Fig. 10. SEM-EDS characterisation of localised corrosion on the material subsurface.  

Fig. 11. Specific wear rate and polarisation resistance relationship.  
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corrosion pit nucleation and micro-crack propagation. 
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