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A B S T R A C T   

This research explores the tribocorrosion behaviour of 60NiTi alloy, also known as NiTiNOL60, when exposed to 
a saline environment. Our investigation focuses on understanding the relationship between corrosion and wear 
rates and assessing surface damage and material degradation. To conduct our experiments, we employed a linear 
reciprocating ball-on-plate tribometer coupled with electrochemical polarisation using a three-electrode cell 
configuration to assess the combined effects of corrosion and sliding wear. Surface characterisation was carried 
out through scanning electron microscopy and energy dispersion spectroscopy, revealing the material to be a Ni- 
rich 60NiTi alloy, with surface oxidation evident in the electrolyte medium. Our electrochemical findings 
indicate the occurrence of localised corrosion in both cathodic and anodic regimes, with corrosion pit nucleation, 
cavities, and cracks being accelerated by reciprocating sliding and corrosion potential. These interactions 
exposed the material surface to various wear mechanisms, including abrasive, adhesive, oxidative, corrosive, and 
fatigue processes. This study underscores the significant influence of mechanical properties on the rate of ma
terial degradation due to corrosion, while also highlighting the substantial impact of prevailing electrochemical 
conditions on the rate of mechanical material removal. This paper offers valuable insights for designers working 
on load-bearing structures in saline environments.   

1. Introduction 

In recent years, there has been a growing interest in understanding 
the performance of Nickel-Titanium (NiTi) alloys in corrosive environ
ments [1,2]. This stems from the recognition that corrosion plays a vital 
role in tribocorrosion systems, impacting both engineering [3,4] and 
medical applications [5,6]. The significance of corrosion is particularly 
pronounced in marine environments, where materials often face surface 
damage and material loss due to the corrosive nature of the surround
ings [7,8]. Several factors influence corrosion in these environments, 
including the metal’s position in the electrochemical series, pH levels, 
presence of electrolytes, metal impurities, oxygen concentration, and 
temperature variations [9]. Offshore applications subject materials to 
extreme environmental conditions, hastening their degradation. In such 
marine environments, multiple concurrent phenomena, including tri
bocorrosion, can reduce the lifespan of structural materials and lead to 
unexpected failures. 

Traditional materials like high-strength steels are commonly used in 
offshore structural applications due to their favourable strength-to- 

weight ratios [7]. However, their low alloy content in elements that 
promote passive film formation, such as Chromium (Cr), Nickel (Ni), 
and Molybdenum (Mo), results in the formation of a porous and weakly 
adherent ferric oxyhydroxide (FeOOH) compound on the surface [10]. 
This porous rust film allows the electrolyte to penetrate and reach the 
bare steel, perpetuating corrosion and material loss. Consequently, 
low-alloyed steels are susceptible to corrosion even in their intended 
applications. For example, tribocorrosion plays a crucial factor in the 
premature failure of components within mooring systems [7], under
scoring the complex interaction between wear and corrosion. While 
passive materials like stainless steels and titanium alloys are known for 
their resistance to tribocorrosion in various corrosive environments, 
their high cost limits their use in offshore applications compared to 
lower-alloyed steels that satisfy mechanical requirements at the expense 
of corrosion resistance. Alternative materials, such as conventional 
steel-based bearing materials (e.g., M50 and 52100), while electrically 
conductive and magnetically suitable, are prone to corrosion if not 
adequately protected [11,12]. 

High-performance bearings, gears, and mechanical components 
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require specific attributes, including high strength, hardness, thermal 
conductivity, precision manufacturing, and surface finish capabilities 
[11]. According to Meddah, et al. [13], Titanium alloys have gained 
traction for aerospace and other applications such as the biomedical, 
automotive and energy industries. In spacecraft systems, bearings are 
expected to tolerate transient loads from launch-related vibration and 
environmental corrosion, such as from corrosive ambient marine con
ditions [14]. However, this alloy’s low transformation temperature and 
poor dimensional stability must be addressed to employ it as structural 
and load-bearing components in aircraft applications. 

Metallic alloys with a significant Titanium (Ti) content tend to be 
suboptimal tribological materials, struggling to respond effectively to 
lubrication and unable to withstand loads, making them unsuitable for 
moving mechanisms and tribological applications [11,15,16]. Highly 
alloyed stainless steel, such as superduplex grades, offers mechanical 
properties and high corrosion resistance but remains susceptible to 
localised corrosion types like pitting and crevice corrosion despite 
overall corrosion resistance [17]. In addition, the high density of ma
terials leads to high centrifugal forces and limited fatigue life when used 
as bearing rolling elements. These factors have prompted the need for a 
more suitable material or metallic alloy that meets the aerospace re
quirements for excellent corrosion resistance and good tribological 
properties, especially for applications in extreme environments. 

As a result, NiTi-based alloys have emerged as promising alternatives 
for bearings and potential offshore structural materials, boasting a 
unique combination of characteristics, including low density, high spe
cific strength, low Young’s modulus, superelasticity, biocompatibility, 
shape memory effects, and excellent corrosion resistance [15]. Table 1 
compares the thermophysical and mechanical properties of NiTiNOL60 
alloy and the conventional engineering materials in which NiTiNOL60 
alloy tends to replace in load-bearing and corrosive applications [14, 
16]. The Table shows that NiTiNOL60 has a low Young’s modulus 
compared to steel while maintaining a similar hardness. 

Ni-rich NiTi alloys have gained increasing interest for specialised 
bearing and gear applications, especially in corrosive environments 
[18]. For instance, NiTiNOL60 alloy was developed to replace bearings 
experiencing corrosion and wear issues in the water recovery system of 
the International Space Station due to its superior mechanical and 
functional properties [18]. Research has shown that load bearing, 
tribological, and time-temperature-transition behaviours of Ni-rich 
compounds play critical roles in such systems [18,19]. The Ni content 
in Ni-Ti-based alloys significantly influences phase transformation 
temperatures. It alters the specific temperatures where austenitic NiTi 
transforms to martensitic NiTi, affecting the key mechanical and thermal 
properties [20]. 

60NiTi, also referred to as NiTiNOL60, is an equi-atomic, ordered 
intermetallic alloy composed of 60 wt% Ni and 40 wt% Ti. Its distinctive 

combination of high hardness, low apparent elastic modulus, light 
weight and resistance to aqueous corrosion make it an attractive 
candidate for aerospace and marine/offshore applications, particularly 
as a bearing material and in lubricated spacecraft triboelements [11,14, 
21]. The unique properties and shape-memory effect of Ni-Ti-based al
loys have generated substantial scientific interest [16]. Accordingly, 
Meddah et al. [13] investigated the sliding wear performance of NiTi 
alloy annealed with different nickel contents. They found that the higher 
the Ni concentration, the more resistant the material was to adhesive 
and abrasive wear, which in turn decreased the wear rates that typically 
rose with applied load. Another study examined the microstructural 
evolution, mechanical properties, and oxidation performance of highly 
Ni-rich NiTi alloys with added V through vacuum arc melting. Their 
study revealed that while V content above 3 at% changed the 
morphology and distribution of the Ni3Ti2, increased the hardness of the 
alloy, the V content less than 3 at% improved the oxidation resistance of 
the binary 60NiTi alloy at 500 ℃ [22]. Given the considerable attention 
surrounding NiTi alloys, previous research can be categorised into 
several areas: basic corrosion and electrochemical studies, mechanical 
and material property investigations, and surface treatment studies [2]. 
However, the need for tribocorrosion investigations became apparent as 
tribological and electrochemical factors interact in complex ways [23]. 
Previous studies have shown that the electrochemical material removal 
rate depends on mechanical parameters while prevailing electro
chemical conditions influence the mechanical material removal rate. 
The synergistic interaction of wear and corrosion leads to more signifi
cant material loss compared to their individual effects [24]. As reported 
by Muñoz and Espallargas [25], the mechanism of fretting corrosion 
involves both mechanical and chemical components, with the observ
able damage typically coming from both. Further, Yan, et al. [26] 
highlighted that the mechanistic method separates the two primary 
contributions into mechanical wear and anodic dissolution (wear-ac
celerated corrosion). 

Following the high level of surface damage and material loss due to 
tribocorrosion in corrosive environment often represented by a 3.5 wt% 
NaCl (artificial seawater) solution which depicts the environment where 
some engineering materials, including NiTi alloy, Ti-based alloys, 
stainless steels etc., commonly face deterioration, especially in load 
bearing applications. Various studies have investigated the tribocorro
sion of these materials in artificial seawater environment, but there is 
still a limited information on the tribocorrosion of NiTi in seawater 
environment. Ti-6Al-4 V and Monel K500 alloys siding against 316 
stainless steel were investigated by Chen and Yan [27]. According to 
their results, the samples experienced larger wear losses in seawater 
compared with distilled water [27]. Ayyagari, et al. [28] studied high 
entropy alloys in dry and marine environments. According to their 
findings, at accelerated electrochemical corrosion, the sample 
(Al0.1CoCrFeNi) displayed a higher degree of passivation, a higher 
pitting resistance, and a lower rate of corrosion. In their study, Yan, et al. 
[26] employed a unidirectional tribological technique to study the 
microstructure, phase and tribocorrosion behaviour of 60NiTi alloy. 
Their findings showed that corrosion and tribocorrosion resistance of 
60NiTi alloy were improved by solution treatment. Alkan and Gök, [29] 
examined the effect of sliding wear on AISI 316 stainless steel in 
seawater. Their results revealed the role of electrochemical potential (i. 
e., cathodic potential shift towards the anodic potential) in material loss. 
Based on the wear impact, Gao et al. [30] investigated the behaviour of 
YSZ coating deposited on stainless steel substrate in a saline solution. 
Their study revealed that despite the protective layer, an increase in 
potential significantly increased the material loss of 304 stainless steel as 
well as the YSZ coating [30]. Consequently, this study aims to address 
the existing research gap by employing a bidirectional tribocorrosion 
technique to investigate the synergistic behaviour of NiTiNOL60 alloy in 
a saline electrolyte, mimicking conditions relevant to offshore and 
spacecraft applications. 

Table 1 
Comparing the properties of NiTiNOL60 with other conventional bearing alloys.  

Property NiTiNOL60 440 C M-50 

Density (g/cc) 6.7 7.7 8.0 
Hardness (HRC) 52 – 62 58 – 62 60 – 65 
Thermal conductivity 

(W/m-ºK) 
~9–14 24 ~36 

Tensile/ (Flexural 
strength) (MPa) 

~1000 (1500) 1900 2500 

Young’s Modulus (GPa) ~95 200 210 
Poisson’s ratio ~0.34 0.3 0.3 
Fracture toughness 

(MPa/√m) 
~20 22 20 – 23 

Electrical resistivity 
(Ω-m) 

~1.04×10− 6 ~0.60×10− 6 ~0.18×10− 6 

Max. Temp. use (℃) ~400 ~400 ~400 
Magnetic Non Magnetic Magnetic 
Corrosion resistance Excellent (Aqueous 

and acidic) 
Marginal Poor  

A.O. Okoani et al.                                                                                                                                                                                                                              



Journal of Alloys and Metallurgical Systems 6 (2024) 100074

3

2. Materials and experimental methods 

The NiTiNOL60 (60 wt% Ni and 40 wt% Ti) plates were received 
from the National Aeronautics and Space Administration (NASA), Glenn 
Research Centre in Cleveland, Ohio. The samples were produced using 
the Hot Isostatic Pressing (HIP) technique, and Stanford [31] reported 
detailed information about the fabrication process of the NiTiNOL60 
components. To investigate the actual material on an oxide-free surface, 
the samples were abraded using a Buehler-EcoMet 30 machine for wet 
grinding with Silicon Carbide (SiC) #180, 500, 1200, and 2400 grit 
sandpapers having corresponding grain sizes of 104, 35, 15, and 8 µm, 
respectively. To achieve a mirror surface finish of ≤ 0.02 µm, the sam
ples were mechanically polished on a Struers LaboPol-2 machine using 
diamond paste (6 µm and 1 µm) on a polishing surface of 6 µm and 1 µm, 
respectively. The polished samples were ultrasonically cleaned for 
3 minutes in distilled water and 99.5% (absolute) ethanol before being 
dried with compressed air. To examine the microstructure, a 
cross-section of the sample was obtained through the same cutting, 
abraded, polished, and etched using Kroll’s reagent: 82.7% H2O, 14.1% 
HNO3, and 3.2% HF for 30 seconds. The microstructural examinations 
were performed on the prepared samples (etched and unetched) using 
an optical microscopy AMScope Olympus BX51 and Hitachi SU-70 
scanning electron microscope (SEM) coupled with energy dispersion 
spectroscopy (EDS) at varying magnifications to determine the micro
structural arrangement, surface morphology as well as the elemental 
distribution in specific regions. Before subjecting the samples to tribo
corrosion testing, the roughness of the polished surface was ascertained 
using a Talysurf 50 Taylor Hobson stylus profilometer and the micro and 
macro hardness of the sample were measured using Leco microhardness 
LM–800AT and a Rockwell hardness tester HR–150 A. For the micro
hardness tests, the specimen was clamped, focused, and tested with 
1.0 kgf within a dwell time of 10 seconds. Then, the hardness was 
calculated by measuring the geometrical aspect of the indentation, such 
as the surface area or depth of the diamond shape indented on the 
examined surface. As for the macro indentation hardness test, a com
bination of major and minor loads (140 + 10) kg summing up to 150 kg 
were loaded and unloaded, and the resulting values were recorded. 

Further preparation of the polished sample was carried out to ensure 
the sample surfaces, except the top surface with an exposed area of 2 cm2 

were insulated with non-conductive copper tape and plasti-Dip coating. 
The coating protects the underlying metal against corrosive environ
ments and ensures non-interference during the electrochemical mea
surements. To carry out the electrochemical measurements, we 
considered an electrolyte (saline – 3.5 wt% NaCl) suitable for this 
investigation based on the material’s (NiTiNOL60) applications in 
offshore marine environments. We obtained the aqueous saline solution 
by dissolving 3.5 wt% of analytical grade reagent NaCl in an equivalent 
volume of distilled water. The resulting aqueous solution with a pH of 
6.3 was used for tribo-electrochemical measurements. 

In tribocorrosion measurements, the choice of electrochemical 
techniques to be employed depends on the contact surfaces’ geometries 
[32]. Considering the shape and flat surface of the specimen and the 
counter body, a linear reciprocating ball-on-plate tribometer is chosen 
over a rotary pin-on-disc. The electrochemical method to be incorpo
rated requires a three-electrode cell configuration for measuring open 
circuit potential (OCP), potentiodynamic polarisation (PDP), and elec
trochemical impedance spectroscopy [33,34]. This choice for the 
experimental setup in our investigation was based on the ASTM standard 
test methods for linear reciprocating ball-on-flat sliding and the synergy 
between wear and corrosion [35–37]. Thus, the tribocorrosion tests 
were carried out on a typical linear reciprocating ball-on-plate trib
ometer (DUCOM TR-282) coupled to an electrochemical workstation 
(IviumStat potentiostat) of a three-electrode configuration [38]. 

The test conditions for the reciprocating sliding conditions involve a 
sliding frequency of 4 Hz, applied normal loads of 2, 5 and 8 N, a stroke 
length of 10 mm and a total sliding distance of 500 m (resulting in a 

sliding duration of 6250 seconds) for tribocorrosion test carried out at a 
room temperature of approximately ~22 ℃. Whereas the conditions for 
the electrochemical measurements include 1200 seconds for stabilisa
tion at the open circuit potential (OCP), a scan rate of 2 mV/s, applied 
voltage between − 5.0 V to +7.0 V for potentiodynamic measurements 
within 100 mV potential step for about 60 minutes and a re-conditioning 
time of 20 minutes. The setup presented in Fig. 1 comprised of the 
clamped NiTiNOL60 specimen onto a test cell holder serving as the 
working electrode (WE) and fully immersed in the electrolyte medium, 
the graphite rod acting as the counter electrode (CE) as well as the 
calomel reference electrode (RE) filled with 3 M KCl. The counter body 
was an alumina ball (Al2O3) with a Ø 10 mm and surface roughness, Ra 
of about 0.049 µm ±SD 0.01. 

Prior to the tribocorosion test, the system was allowed to attain a 
steady state during the OCP; afterwards, the simultaneous potentiody
namic polarisation measurements and the reciprocating sliding actions 
on the contact surfaces (i.e., Al2O3 ball sliding against the exposed 
surface of the NiTiNOL60 sample). During the experiments, the test 
parameters for electrochemical measurements and coefficient of friction 
(CoF) were registered on the data acquisition PCs through IviumSoft and 
WINDUCOM software tools. To ensure consistency and repeatability, 
each test was carried out three times, with a fresh surface of Al2O3 
revealed each time to slide against the stationary NiTiNOL60 sample in 
the corrosive medium. At the end of each test, the sample was cleaned 
ultrasonically using absolute ethanol and dried for surface character
isations of the wear tracks using SEM / EDS examinations to reveal the 
wear mechanisms, as well as hardness and roughness measurements. 

Following the wear scar on the surface, it is evident that tribo
corrosion is a surface alteration that involves the joint actions of rela
tively moving mechanical contact with electrochemical reactions [39]. 
Hence, there is a need to quantify the material losses during the simul
taneous actions. This involves using a stylus profilometer (Talysurf 50, 
Taylor Hobson) to measure the surface roughness of the wear tracks and 
the wear volumes at different applied loads. Five different areas of the 
wear tracks were examined for the wear volume measurements. This 
follows the stylus tip moving vertically along the wear track, showing an 
established two-dimensional output of a surface height and distance 
along the measured line. The output information was obtained as a raw 
profile chart showing the sample’s worn surface roughness, waviness, 
asperities, grooves, etc. The profiles in graphical representation enabled 
the measurements of the dimensions (depth and width) of the wear 
scars. As a result, we employed ImageJ, a software tool for image 
analysis, to determine the dimensions of the wear scars. The estimated 
parameters were then used to calculate the area of the wear track, while 
the volume loss was obtained by multiplying the area with the recip
rocating stroke length (i.e., the wear track length) of 10 mm. With the 
wear volume acquired, we used Eq. (1), obtained from Archard’s wear 
law expression, to compute the specific wear rate. The wear rate quan
tifies the material worn under specific operating conditions per unit 
time. 

Specific wear rate, Ẇ
(
mm3/N.m

)
=

V
w.d

(1)  

where V is the wear volume (mm3), w represents the normal load (N), 
and d is the sliding distance (m). For the electrochemical parameters, we 
extracted the data from the IviumSoft tool; however, the values can also 
be calculated using the following Butler-Volmer expression presented in 
Eq. (2). The equation shows a combined Tafel equation for the cathodic 
and anodic regions in an electrochemical system. 

I = Icorr

(
e

2.303(E− Ecorr )
βa − e

− 2.303(E− Ecorr )
βc

)
(2)  

where I = current, Icorr is the corrosion current, E is the applied poten
tial, Ecorr is the corrosion potential, and βa and βc are the Tafel constants 
or Tafel slopes derived from the tangential plots at the anodic and 
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cathodic regions, respectively. With the estimated corrosion current 
from Eq. (2), the expression presented by Rodríguez-Bravo, et al. [40] in 
Eq. (3) will be used to calculate the corrosion rate considering the 
exposed area of the sample. 

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

n ∗ ⍴
(3)  

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. To quantify the overall wear based on the synergy, 
Muñoz and Espallargas [25] present the mechanistic interpretation of 
the tribocorrosion phenomenon [41], i.e., the total wear volume (Vt) as 
the sum of the material loss due to sliding wear (Vmech) and the loss of 
material due to corrosion or electrochemical oxidation (Vchem) 
expressed in Eq. (4)[26]. 

Vt = Vmech +VChem (4)  

3. Results and discussions 

3.1. Sample characterisations and metallographic investigations 

The SEM and EDS surface characterisation techniques examined the 
oxide-free (mirror finish) surface samples. Fig. 2 displays the NiTiNOL60 
SEM micrograph and the EDS quantitative composition analysis. The 
sample surface was scanned at full scale using a penetrating voltage of 
20 KV. By using a high penetrating voltage, it is possible to generate X- 
rays from deeper inside the sample subsurface, allowing for a thorough 
investigation of both the sample’s surface and subsurface regions. EDS 
(point-and-shot and spectral imaging) technique was employed to 
quantify the elemental compositions along the wear track of the spec
imen. While the point-and-shoot method examined specific points as 
Fig. 5 shows, the spectral imaging measured the entire surface for an 
overall quantification as shown in Fig. 6., with the respective elemental 
composition in weight percentage of the elements. The characterisation 
results (SEM and EDS) of the polished sample presented in Fig. 2 
confirmed only the presence of the non-equiatomic sample composed of 
Ni and Ti elements of 59.26 and 40.74 wt%, respectively with no trace of 
any other element, thereby confirming the sample as a Ni-rich 60NiTi 
alloy. Further, the determination of the surface oxidation on the wear 

Fig. 1. Experimental setup of a linear reciprocating ball-on-plate tribocorrosion.  

Fig. 2. SEM and EDS surface characterisation of NiTiNOL60 alloy.  
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track surface was determined using spectral imaging and point-and-shot 
methods to ascertain the elemental composition and distribution along 
the wear track. Fig. 6 shows the elemental distribution within certain 
regions along the wear track. The micrographs clearly show the con
centration of each element. Hence, the EDS results confirm that the 
sample under investigation is a Ni-rich 60NiTi alloy possessing 
approximately the same weight percentage compositions of 60 and 40 
for Ni and Ti, respectively, which aligns with the literature information 
reported by previous researchers [42,43]. 

Further examination of the surface on a microscopic scale reveals the 
microstructural composition of the sample. This was achieved through a 
cross-sectional part of the sample obtained using wire cutting, and the 
surface was ground, polished and equally etched for the subsurface ex
amination. The micrograph shown in Fig. 3 presents the microstructural 
arrangements of NiTiNOL60 before tribocorrosion investigation. Ac
cording to the micrograph, NiTiNOL60 is an ordered intermetallic ma
terial compound with cubic and rhombohedral crystal matrix structures, 
supporting earlier researchers’ observations [43]. The closely packed 
grain network of unconsolidated and consolidated grain clusters could 
be referred to as the existence of inhomogeneity in the microstructural 
grains [20]. This may be explained by the non-equiatomic composition 
of NiTiNOL60, which has a propensity for Ni-rich or Ti-rich zones. This 
affirms the dominance of Ni4Ti3 and B2 NiTi matrix as presented in our 
previous report [24], while Khanlari, et al. [43,44] referred to the 
phases as cubic and rhombohedral crystal structures. According to Du, 
et al. [45], the microstructure 60Ni-40Ti is alternately composed of fine 
and coarse network structures, which are relatively uneven on the 
microscopic scale, so its microhardness fluctuates more violently. 

After the tribo-electrochemical tests in the corrosive environment, 
the reciprocating sliding between the contact surfaces created a wear 
track on the examined surface of NiTiNOl60. As a result, we examined 
the wear tracks using SEM and EDS characterisation at the same pene
trating voltage of 20 KV used to examine the untested oxide-free sample 
to ensure adequate penetration of the rays into the subsurface layers. 
The surface morphologies of the corroded wear tracks are shown in  
Fig. 4. The micrographs highlight mild to severe surface degradation 
caused by mechanical and chemical attacks in the electrolyte medium. 

The level of corrosion attack shown in Fig. 4 depends on the impact of 
the applied load. Clearly, corrosion pits and crevices advanced from the 
nucleation stage to metastable pit formation and then to stable pitting, 
where the material deforms plastically. This aligns with the existing 
literature stating that pitting is self-initiating and self-propagating, 
thereby making it difficult to determine the borders for every stage, 
such as nucleation, metastable pit formation and stable pitting [46]. 
From our analysis, the contact pressure on the interacting surfaces 
promoted corrosion pit nucleation and propagation. The average 
corrosion pits measured on the corroded surface of 60NiTi wear track 
generally ranged between 25 and 120 µm. 

Following the high level of wear debris attachment, we further 
analysed the wear track surfaces using EDS to ascertain the composition 
of the attached wear particles on the surfaces. Fig. 5 presents the EDS 
surface examination along the wear track using the point-and-shoot 
approach for a sample surface subjected to a 5 N load. The quantita
tive elemental composition of examined points confirms the surface 
oxidation, which promoted the corrosive mechanism shown in Fig. 4. 
The micrographs also show the adhesion of the wear debris caused by 
detachment and delamination. 

Similarly, the high level of adhesion and distinctive attachment of 
wear particles observed at the sample surface at an applied load of 8 N 
prompted further examination. Accordingly, we employed the spectral 
imaging technique for detailed and distinctive examination. Fig. 6 shows 
the spectral imaging of the elemental distribution which clearly high
lights the concentration of the oxidised areas. As depicted in the mi
crographs, the regions with higher concentration can easily be identified 
with the bright areas. The purple micrograph represents the oxidation 
distribution within the region, while the yellow colour distribution 
highlights the areas with high adhesion of the counter material debris 
and the elemental distribution of the contacting surfaces. The blue and 
red colours show the elemental distributions of the base material spread 
across the micrographs. 

3.2. Analysis of the reciprocating sliding friction and wear behaviours 

The variations of the coefficient of friction (CoF) during the tests 

Fig. 3. Optical micrograph of NiTiNOL60 microstructural grain arrangement.  
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were analysed to measure the wear behaviour of the material 
throughout the sliding duration. Fig. 7 presents a similar frictional 
behaviour for the investigated three applied loads, except for the 
running-in time recorded at the 2 N load. The initial stage of sliding was 
characterised by the interfacial friction interactions leading to the 
breakdown of oxide layers [47,48], localised heating of the contact 
surfaces and oxidation of asperities. The continuous reciprocating 
sliding at higher contact pressure wears the passive layers as well as the 
subsurface of the material [49]. This indicates that any increase in the 
contact pressure increases the surface roughness and widens the wear 
track, which creates a larger surface area for oxidation. This is supported 
by the SEM micrographs in Fig. 4, where the sample surface investigated 
at 2 N showed the least chemical and mechanical wear mechanisms. It is 
evident that the highest average coefficient of friction (µ = 0.93) was 
recorded for the 8 N wear track. This confirms the increased roughness/ 
wider wear track, the highest wear volume and various wear mecha
nisms that could possibly result in plastic deformation [50]. The 
mechanisms were promoted by the high level of detachment as the CoF 
levels also indicate that friction is most severe at higher loads [51], i.e., 
8 N and 5 N (applicable to our study), unlike in the 2 N load where the 
applied load at 4 Hz showed a gradual material loss (wear) at the 
interacting surfaces. 

Considering the high level of material detachment and adhesion 
noted in Figs. 5 and 6 and supported by the high average CoF values in 
Fig. 7, we examined the surface of the counter body (Al2O3 ball) sliding 
against NiTiNOL60 alloy during the tribocorrosion tests using SEM and 

EDS techniques. Fig. 8 presents the level of adhesion caused by the 
micro-joint formation [52] between the contact surfaces of the alumina 
ball and 60NiTi during sliding actions. For the examined surfaces at the 
three applied loads, an area scan reveals the elemental compositions 
deposited on the surfaces. The surfaces were oxidised in all the elec
trolyte mediums, with the oxide concentration decreasing with 
increased applied load. The highest oxygen concentration was recorded 
at the 2 N load, while the 8 N load showed the lowest oxygen concen
tration. This implies that the less contact pressure at the applied load of 
2 N was not adequate to breakdown/ wear the oxide layer formed 
during tribocorrosion, which is supported by the delayed running-in 
time shown in the CoF plot in Fig. 7. Hence, the validation that the 
significant impact from the contact pressures at higher applied loads 
causes detachment of the interacting surfaces, which subsequently re
sults in abrasion and adhesion mechanisms [49]. The adhered wear 
particles (debris) could be seen for the surfaces at 5 N and 8 N loads, 
with less pronounced deposits for the ball surface at the applied load of 
2 N. Thus, only one point (area scan) was examined for the surface at 
2 N, unlike the three to four points examined for the surfaces sliding at 
the applied loads of 5 N and 8 N following the pronounced adhesion of 
wear particles. While point 2 in the quantitative result confirms the 
actual composition of the attached materials to be NiTiNOL60 base 
materials - Ni and Ti, points 3 and 4 for 8 N and 5 N loads reveal the 
greater concentration of the alumina ball with little deposits of the 
specimen. 

Fig. 4. SEM images showing the wear mechanisms along the wear track under different applied loads.  

Fig. 5. EDS examination of wear track at an applied load of 5 N.  
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3.3. Electrochemical measurements of potentiodynamic polarisation 

In electrochemical reactions involving metals and electrolytes, 
oxidation is prevalent, and this has been confirmed by the SEM and EDS 
results, as shown in the Figs. 4, 5 and 6. The electrochemical results 
obtained from this investigation are shown in both tabulated and 
graphical representations. Table 2 represents the summarised electro
chemical parameters obtained through the IviumSoft data acquisition 
tool during the tribocorrosion measurements. The table denotes that at 
the open circuit system, which represents the electrochemical activity of 
the material, parameters such as the corrosion potential, corrosion 
current density, passivation resistance and corrosion rate estimated 
were obtained from Tafel analysis. From our study, it could be deduced 
that an increase in the applied load increased the corrosion current and 
pushed the corrosion potential towards zero, thereby leading to a 
continuous drop in the polarisation resistance, which in turn increased 
the corrosion current. This confirms that a metal’s dissolution rate de
pends on the corrosion potential, which determines the anodic or 
cathodic polarisation activity [53]. 

Following the results shown in Table 2, Fig. 9 depicts the potentio
dynamic polarisation curves of the sample after immersion in 3.5 wt% 

NaCl solution and tribocorrosion investigation. The curves depict elec
trochemical activities that occurred in the cathodic and anodic regimes, 
resulting in pit nucleation and metastable pit formation, cavities, and 
cracks [54,55]. Further, it shows a distinct passivation platform area, 
indicating that a stable passivation film forms on the material’s surface 
within the corresponding self-corrosion voltage range, protecting the 
base material from corrosion. According to previous reports, the elec
trochemical breakdown of oxides of some metals is reduced cathodically 
to the metals or ions in aqueous solutions [46]. In aqueous solutions, 
solution anions, halides and nonhalide types can play a significant role 
in passive film growth and breakdown. Halide ions such as Cl- can give 
rise to severe localised corrosion (e.g., pitting); this is evident in the SEM 
micrographs and the Tafel plots showing cavitation that increased 
significantly as the applied load increased. The surface damages could 
also be attributed to the continuous destruction of the passivation film 
which exposed the material subsurface to more corrosion attack and 
subsequently led to plastic deformation [56]. Evidently, the cavitation 
shown in Fig. 9 resulting from the adhesion and repassivation on the 
anode surface, could impede the reactivity between the anode surface 
and the electrolyte [10,40,57]. As the electrochemical activity proceeds 
and the passive film dissolves, the system overcomes the driving factors 

Fig. 6. EDS spectral imaging of adhered wear debris on the wear track NiTiNOL60.  
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and attains equilibrium as the corrosion potential tends to be more 
stable [45]. Repassivation generates surface protective oxide film (TiO2) 
which offers great resistance in static corrosion, unlike in the combined 
actions corrosion and mechanical wear [58]. As oxidation progressed, 
oxygen atoms diffuse towards the NiTi substrate, while Ni atoms diffuse 
outward on the surface, hence the rich zones of Ni and Ti [56]. The 
localised corrosion and plastic deformation, which resulted due to the 
synergistic interactions were promoted by the reactions in both regimes. 
According to Guadalupe et al. [55], the chemical reaction between metal 
and water generates a surface metal oxide and releases hydrogen as 
demonstrated in Eq. 5. 

Me+H2O→MeOx + xH2 (5) 

Further, Vilhena et al. [54] reported that the electrochemical 
behaviour (reduction reactions) that take place at the cathodic branch 
are dependent on the nature of the corrosive environment, for instance 
the oxygen reduction in alkaline medium as represented in Eq. 6. 

O2 + 2H2O+ 4e− →4OH− (6)  

3.4. Wear mechanisms 

The simultaneous reciprocating sliding and electrochemical poten
tial activities promoted the various wear mechanisms [29,59] recorded 
in this investigation. Based on the wear synergy, we quantified the re
sults using the methods and equations outlined in Section 2 to depict the 
wear volume, specific wear rate and corrosion rate, as presented in  
Fig. 10. The mechanistic approach distinguishes between two critical 
contributions of mechanical wear and anodic dissolution, i.e., 
wear-accelerated corrosion [24,60]. From the plots, it is evident that an 
increase in the applied normal load increased the wear volume, corro
sion rate and specific wear rate due to the synergistic interaction. The 

tribocorrosion interaction promotes the shearing of asperities following 
sliding and frictional heating at the contact interfaces which conse
quently results in large surface deformation [61]. During the tests, 
reciprocating sliding removes the passive film and promotes enhanced 
anodic metal oxidation on the bare metal until repassivation [56]. This 
results in a sudden cathodic shift of the potential towards the negative 
but stabilises with a drop in corrosion current as the system attains 
steady state. The cathodic shift, however, is less noticeable at lower 
loads where less surface damage occurs. The formation of cavities is 
promoted by the presence of voids on the sample’s surface, which 
potentially elongated to the subsurface. The combined effects of void 
formation as well as the intermetallic phase distortion result in increased 
surface roughness and a larger friction coefficient [45,62]. These syn
ergistic interactions supported by the third-body abrasion recorded at 
higher applied loads result in significant surface damage (localised 
corrosion and plastic deformation). Hence, the material loss occurring 
due to the synergism between wear and corrosion is more significant 
when compared to their individual impacts [9,23]. The results clearly 
show that the localised corrosion of the material was controlled by 
oxidation of the alloy in the anodic regime, which subsequently resulted 
in the metallic dissolution. The graphical trends illustrating a continual 
increase in corrosion and wear rates validate that the halide ions in the 
electrolyte gave rise to wear-accelerated corrosion. 

Fig. 11 illustrates a summarised tribocorrosion wear mechanism of 
NiTiNOL60 alloy investigated in the saline environment. Our analysis 
deduced that all the sample surfaces examined under the different loads 
were oxidised. While the oxidised surfaces promoted localised corrosion 
as confirmed with the SEM and EDS examinations, the sliding contacts 
initiated the breakdown of oxide/ passive films [26], which led to 
delamination, followed by mild to severe abrasion, adhesion and sub
sequently to plastic deformation of the material. The contact pressure 

Fig. 7. Plot of friction coefficient against sliding time at different applied loads.  
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from the applied load evidently contributes to the gradual material de
tachments and grain refinements or elongations. The SEM results and 
the evolution of the coefficient of friction with sliding time shown in 
Fig. 7 confirm that increased applied load increases the contact pressure 
and the effects of third-body wear, which advances fatigue and crack 
propagation as sliding contact continues [63]. As a result of the constant 
sliding of the contact surfaces during linear reciprocating wear tests, the 
material deforms plastically, which promotes the transfer of wear debris 
to the opposing body and lowers the rate of corrosive wear [64]. Ac
cording to the CoF levels, the wear processes caused by the high material 
detachment occurred due to a synergistic interplay [65] between me
chanical and electrochemical actions [25,26,66]. The different stages of 
pitting and crack propagation, as reported in Section 3.1, highlight the 
susceptibility of the exposed surface of NiTiNOL60 in NaCl solution. This 
reveals the need for enhanced hydrophilicity of NiTiNOL60 alloy 

surfaces in its applications, since the nature of the solution significantly 
affects the electrochemical response. Additionally, the corrosion po
tential and current densities promoted the total surface deterioration 
attributed to the plastic deformation and the active dissolution in the 
anodic regime. In the cathodic domain, the influence of electrode po
tential and normal load via tribocorrosion synergy revealed that the 
samples exhibited similar characteristics as the applied load increased 
[67]. 

3.5. Hardness measurements of NiTiNOL60 exposed to NaCl environment 
for tribocorrosion 

A heterogenous distribution of roughness was observed along the 
wear tracks especially for higher applied loads as a result of the third 
body wear. Du, et al. [45] reported that the microhardness of 
NiTiNOL60 fluctuates more violently because of uneven network 
structures. To validate this information, we evaluated the hardness of 
the wearing body (NiTiNOL60) before and after the tribocorrosion tests. 
Using the method described in Section 2, we calculated the hardness by 
measuring the force applied and comparing it to the geometrical aspects 
of the indentation, such as the surface area or depth of the indented 
shapes, diamond (Vicker’s) and cone (Rockwell). Accordingly, we 
measured the Rockwell hardness of a polished sample before the tests 
and obtained an average value of 62.5 HRC, aligning with the value 
reported in the literature [16,19,68]. Fig. 12 shows the average results 
obtained from the micro indentation hardness tests along the sample’s 

Fig. 8. EDS of Al2O3 surfaces sliding against NiTiNOL60 at 2 N, 5 N and 8 N applied loads.  

Table 2 
Electrochemical parameters estimated from Tafel analysis.  

Sample Ecorr 

(V) 
Icorr × 10− 3 

(A) 
Rp (Ω) Corrosion Rate (mm/ 

y) 

NiTiNOL60 @ 
2 N  

-2.105  4.784  744.70  1.346 

NiTiNOL60 @ 
5 N  

-1.594  5.473  357.40  2.194 

NiTiNOL60 @ 
8 N  

-1.356  6.588  146.90  2.851  
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wear tracks after each trial. We deduced from the results that the 
hardness values we measured outside the wear track (i.e., at zero load) 
show the lowest Vicker’s hardness average value of HV 
538.44/1.0 kgf/10 s. In contrast, the average Rockwell Hardness value 
measured for the sample after testing gave an average macro hardness 
value of 67 HRC. This implies that Rockwell hardness recorded less than 
a 10% increase during tribocorrosion actions. This could be attributed to 
different factors, including compressive forces during sliding, 
friction-induced hardening, and work-hardening of Ni-Ti agglomera
tion, as well as the repassivation of oxide films, particularly at higher 
contact pressures [69,70]. The work-hardening due to the reciprocating 
sliding results in an inhomogeneous distribution of hardness and wear 
imbalance between the different hardness zones, ultimately causing a 
deterioration in tribological performance [71]. Supported by the 
metallographic results, the EDS confirms the formation of oxide layers in 
the electrolyte medium, while the micrograph in Fig. 3 presented fine 
eutectic network structures of consolidated and unconsolidated grain 
clusters. The non-uniformity of the microstructural grains is believed to 
have been attributed to the low hardness measured outside the wear 
track, unlike in uniform and fine eutectic network structures where 
hardness is expected to be higher due to the compact grains. 

4. Conclusions 

This study delving into the details of wear, corrosion, and their 

synergistic interactions has shed light on the multifaceted interplay 
between wear rates, coefficient of friction, applied potential, electro
chemical reactions, and the wear-corrosion mechanisms governing the 
behaviour of NiTiNOL60 alloy. The findings presented in this research 
offer valuable insights into the complex processes that govern the ma
terial’s surface and wear track. Our investigation underscores the critical 
role of equilibrium between passivation and repassivation rates in 
determining corrosion and wear rate mechanisms. We have confirmed 
that the progression of corrosion pits, cavities, and cracks is notably 
accelerated by the presence of sufficient contact pressure at the sliding 
interfaces, coupled with an increase in corrosion current density. 
Additionally, the mechanistic interactions promote frictional heating at 
the contact body interface and asperity shearing at high strain rates 
during sliding. The observations highlight the profound impact of me
chanical forces and electrochemical reactions on the material’s surface 
integrity. Abrasive wear emerged as the predominant wear mechanism, 
particularly under higher loads. The continuous reciprocating sliding 
action subjected the contact surfaces to fatigue damage and plastic 
deformation, resulting in surface degradation. In summary, this study 
elucidates the synergy between wear and corrosion, revealing their 
detrimental effects on the surfaces of 60NiTi alloy which will serve as a 
guide in material selection consideration and the incorporation of this 
alloy in engineering design. The insights gained from this research 
contribute to a deeper understanding of the wear-corrosion dynamics, 
with potential implications for improving the durability and 

Fig. 9. Tafel plots showing the log current and corrosion potential relationships at different applied loads during tribocorrosion.  
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performance of materials in various engineering and industrial appli
cations. Further research in this direction holds the promise of 
enhancing the robustness and longevity of critical components subjected 
to wear and corrosion challenges. 
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