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A B S T R A C T   

NiTi-based alloys subjected to aggressive tribocorrosion working conditions can deteriorate by the combined 
action of mechanical and chemical wear. The synergistic interaction under sliding contact and corrosive envi
ronment formed the basis of the current study. This study employed a linear reciprocating tribometer coupled 
with an electrochemical cell of a three-electrode configuration to investigate the behaviour of NiTiNOL60 alloy 
sliding against an alumina ball (Al2O3) in a NaOH environment. The resulting wear track surfaces were examined 
using a scanning electron microscope, optical microscope, energy dispersive spectroscopy (EDS), and stylus 
profilometry. While the synergistic interactions reveal that abrasive and oxidative wear mechanisms exist 
concurrently, an increase in applied load reduces the corrosion potential, thereby leading to a higher wear 
volume and increased corrosion rate. The experimental results showed that a higher corrosion rate and wear 
volume occurred at a higher load. The wear track analysis illuminated the various wear mechanisms at play, 
including abrasion, debris adhesion, pitting, delamination, ploughing, and cracking. These mechanisms were 
influenced by both mechanical and chemical wear, the latter notably due to corrosive attacks. EDS elemental 
analysis showed an increase in oxygen content at higher loads, which suggests increased corrosion due to the 
delamination of the oxide layer during the reciprocating sliding.   

1. Introduction 

Tribocorrosion, a phenomenon where the combined effects of me
chanical wear and chemical corrosion lead to material degradation [1, 
2], has become a research hotspot in recent years due to its significant 
impact on the performance and longevity of metallic materials in 
various demanding environments. Understanding the tribocorrosion 
behaviour of different materials is crucial to enhancing the durability 
and efficiency of systems in which these materials are employed [3]. 
Traditionally, 316 L stainless steel has been used in load-bearing ap
plications in corrosive environments [4] such as liquid-handling systems 
and hydraulic machinery. This is attributed to its impressive mechanical 
properties, excellent formability, relatively low cost, and good corrosion 
resistance [5–7]. However, the low resistance of the steel-grade mate
rials to localised corrosion, tribocorrosion wear, and cavitation erosion 
as a result of low hardness (around 200 HV) limits their use in aggressive 
environments [6]. highlighted that more than 80% of machine failures 
are caused by abrasion on the surface of the component. These support 
the concern around the increasing rate of product contamination and 

surface deterioration of equipment in the process industries (food and 
beverage, pharmaceutical, etc.) arising from mechanical loading and 
harsh corrosive conditions [8,9]. Metals in various flow systems, such as 
chemical reactors are prone to tribocorrosion. In such systems, the 
corrosion attack on the metal surface in the corrosive environment is 
accelerated by the fluid flow, while the wear occurs due to mechanical 
loading and/or sliding contact [2,9]. Thus, it is imperative that the 
synergistic interactions of sliding wear and electrochemical reactions in 
a corrosive environment be investigated [10,11]. The tribocorrosion 
study ideally involves the integration of a tribometer and a potentiostat 
in a controlled system. The tribometer provides controlled mechanical 
loading and relative motion and measures the friction force, while the 
potentiostat determines open-circuit potential (OCP) and electro
chemical measurements [12]. 

NiTiNOL60, also known as 60NiTi, is a binary nickel-titanium alloy 
containing 60 wt% Ni and 40 wt% Ti which has been shown to achieve 
the highest hardness amongst the binary compounds after heat treat
ment at 1050 ◦C [13]. It was first discovered by William J. Buehler and 
his colleagues in the late 1950s at the Naval Ordnance Laboratory, 

* Corresponding author. 
** Corresponding author. Department of Mechanical Engineering, Auckland University of Technology, Auckland, New Zealand. 

E-mail addresses: anthony.okoani@aut.ac.nz (A. Okoani), maziar.ramezani@aut.ac.nz (M. Ramezani).  

Contents lists available at ScienceDirect 

Results in Engineering 

journal homepage: www.sciencedirect.com/journal/results-in-engineering 

https://doi.org/10.1016/j.rineng.2023.101305 
Received 25 May 2023; Received in revised form 5 July 2023; Accepted 18 July 2023   

mailto:anthony.okoani@aut.ac.nz
mailto:maziar.ramezani@aut.ac.nz
www.sciencedirect.com/science/journal/25901230
https://www.sciencedirect.com/journal/results-in-engineering
https://doi.org/10.1016/j.rineng.2023.101305
https://doi.org/10.1016/j.rineng.2023.101305
https://doi.org/10.1016/j.rineng.2023.101305
http://creativecommons.org/licenses/by/4.0/


Results in Engineering 19 (2023) 101305

2

Maryland, USA; this gave rise to the name NiTiNOL (Nickel–Titanium 
Naval Ordnance Lab) commonly used for 60NiTi alloy [14–16]. The 
non-equiatomic phase of the Ni-rich (NiTiNOL60) alloy differs from the 
equiatomic shape memory alloy. NiTiNOL60 is an ordered intermetallic 
material compound consisting of a B2, cubic crystal structure matrix 
containing one or more secondary phases including the metastable NiTi 
and Ni3Ti2 phases, and the equilibrium Ni3Ti phase also referred to as 
globular Ni3Ti precipitates [17,18]. In general, NiTiNOL60 alloy is a 
versatile material owing to its unique properties and wide range of ap
plications from aerospace, automotive, turbine blades [19] and actua
tors [20,21] in various engineering fields to medical devices and 
biomechanics [22–26]. In addition, Nickel alloys have an excellent track 
record for providing corrosion resistance, and high strength at high 
temperatures in various applications, thereby making the material an 
enviro-metal [23]. However, the cost of NiTi-based alloys limits their 
use in most desirable applications. 

The material properties of NiTi alloys have been investigated by 
several researchers. DellaCorte [27]. and [48] investigated the supere
lastic behaviour of NiTiNOL60 material for space bearing. Du et al. [6] 
reported that NiTiNOL60 coating on 316 L stainless steel substrate 
remarkably improves corrosion resistance. Zhang et al. [28] showed that 
magnetron sputtering coating of NiTiNOL60 alloy improved the hard
ness and corrosion resistance when compared with 316 stainless steel 
substrates. [49,50] investigated the sliding wear behaviour of NiTi al
loys under dry and lubricated contacts and determined their wear 
mechanisms under different working conditions. 

Kosec et al. [29] studied the effects of different microstructures on 
tribocorrosion behaviour of NiTi alloys in simulated saliva. Yan et al. 
[30] studied the microstructure and tribocorrosion performance of 
NiTiNOL60 alloy in artificial seawater. They identified B2 TiNi and 
stable TiNi3 phases in the as-cast NiTiNOL60. They reported that solu
tion treatment could lead to the precipitation for metastable Ti3Ni4 
phase in the matrix without dissolving the TiNi3 phase completely. 
Meanwhile, Chen et al. [31] demonstrated that B2–NiTi phase trans
formed into a martensite B19′-NiTi phase during tribocorrosion process. 
In addition, they highlighted that some tiny pits at the interface of the 
phases could attribute to the wear contact stresses accelerating corro
sion effect. Xu et al. [32] investigated the synergistic interactions be
tween wear and corrosion of Ti–16Mo orthopaedic alloy. They reported 
that corrosion rate increases under sliding contact. Thus, they concluded 
that corrosion and wear accelerate each other significantly, with a re
ported corrosion rate and wear rate increase of about 100 times and 
40%, respectively, under tribocorrosion in Ringer’s simulated body 
fluid. 

While literature information reveals that most tribocorrosion studies 

conducted so far were focused on environments such as acidic, sea water 
and simulated body fluids, there is a research gap on understanding the 
tribocorrosion performance of NiTiNOL60 alloy in alkaline environ
ment. Therefore, in this paper, we investigated the tribobocorrosion 
behaviour of NiTiNOL60 alloy in NaOH (caustic soda) environment 
which is peculiar to a variety of manufacturing processes as a cleaning 
agent due to its effectiveness in dissolving greases, fats, and protein- 
based deposits. Understanding how an alkaline environment impacts 
the tribocorrosion of NiTiNOL60 alloy can provide valuable insights into 
enhancing the alloy’s lifespan and effectiveness in various applications. 

2. Materials and methods 

The NiTiNOL60 samples were received from the National Aero
nautics and Space Administration (NASA), Glenn Research Center in 
Cleveland, Ohio. The samples were manufactured through Hot Isostatic 
Pressing (HIP) method. Detailed information about the fabrication 
process of the NiTiNOL60 components can be found in Stanford (2015). 
The samples were grinded with sandpapers of #180, 500, 1200, and 
2400 grits with corresponding grain sizes of 104, 35, 15, and 8 μm 
respectively. Afterward, the samples were mechanically polished using 
diamond paste (6 μm and 1 μm) on a polishing surface of 6 μm and 1 μm 
respectively, for a mirror surface finish. The polished samples were ul
trasonically cleaned in 98% (absolute) ethanol for 3 min and then dried 
with compressed air. 

Subsequently, the micro-structural examinations (morphology and 
the elemental composition) were carried out on the prepared samples 
using a scanning electron microscope (SEM – Hitachi SU-70 model) at 
varying magnifications and an energy dispersion spectroscopy (EDS – 
Hitachi SU-70 model) was conducted to ascertain the elemental distri
bution in certain regions/phases. Further, the microhardness and sur
face roughness were measured using a Leco LM-800AT Rockwell 
hardness tester and a Talysurf 50 Taylor Hobson stylus profilometer. 

The setup for tribocorrosion investigation involved the integration of 
a tribometer and an electrochemical system. The choice of the electro
chemical technique for a tribocorrosion test depends on the sliding 
contact conditions (rotary or linear reciprocating), the two surfaces set 
in motion, and the shape of the specimen. In this research, we adopted 
the standard practice for electrochemical measurements in linear 
reciprocating contact [33,34] to measure the current between the anode 
and cathode terminals of the sample. The tribocorrosion configuration is 
based on ASTM standard test methods for linear reciprocating 
ball-on-flat sliding and the synergy between wear and corrosion [35,36]. 
As shown in Figure (1), the setup is a configuration consisting of a linear 
reciprocating ball-on-plate tribometer (DUCOM TR-282) coupled with a 

Fig. 1. Schematic of a reciprocating tribocorrosion ball-on-plate setup.  
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three-electrode electrochemical cell (IviumStat) in a 0.05 M NaOH 
environment/electrolyte at room temperature. 

Graphite rod and calomel electrodes were used as the counter elec
trode (CE) and reference electrode (RE), respectively, while the 
NiTiNOL60 plates (with dimensions of 20 mm × 10 mm × 10 mm) 
served as the working electrode (WE). As reported by Ref. [37]; one of 
the contacting bodies is kept as an insulator and the conductive body is 
used as the testing sample for tribocorrosive analyses. As a result, only 
the top part of the sample was exposed, while the other parts of the 
sample were insulated/coated. The sliding wear tests were conducted 
using a 10 mm diameter alumina (Al2O3) ball as the counter-body with a 
fresh surface revealed for each test. During the test, the sliding frequency 
was constant at 4 Hz under different applied normal loads as shown in 
Table 1 and a stroke length of 10 mm was applied, with a total sliding 
distance of 500 m. 

Before the potentiodynamic polarisation measurements, the pre
pared sample with an exposed surface area 2 cm2 was fully submerged in 
the electrolyte for open circuit potential (OCP) measurements until a 
stabilisation state was attained. The parameters used for the electro
chemical measurements are shown in Table 2 and the measurements 
were carried out using IVIUM Vertex potentiostat. Each tribocorrosion 
test was repeated at least three times and the average values of the re
sults are reported. 

Surface characterisations were carried out on the wear tracks after 
the tribocorrosion experiments. A scanning electron microscope (SEM) 

coupled with energy dispersive spectroscopy (EDS) (Hitachi SU-70 
model) was used to observe the surface morphology of the wear track 
as well as the elements distribution and chemical state of the samples. 
The wear tracks were examined using optical microscope and stylus 
profiler to ascertain the material loss and wear volume. The wear vol
ume recorded from tribocorrosion is due to a combined actions of sliding 
wear and the electrochemical interactions. The synergistic wears can be 
quantified using the following equation presented by Ref. [30]: 

T =Wo + Co + ΔCw + ΔWc (1)  

where Wo is the mechanical wear rate, Co is the electrochemical corro
sion rate, ΔCw is the corrosion due to wear, ΔWc represents wear due to 
corrosion and T represents the total material loss rate. 

According to Archard law, the wear volume is proportional to the 
normal force and the sliding distance, and inversely proportional to the 
hardness of the specimen, as presented in the following equation: 

V∝
w.d
H

(2)  

where V is the wear volume loss, w represents the normal load, d is the 
total sliding distance, and H is the hardness of the wearing body. To 
measure the wear volume, five different areas of each wear track were 
examined using the stylus profilometer, which allowed us to generate a 
raw profile chart of the sample’s worn surface. This examination facil
itated the measurement of the depth and width of the wear scars. We 
used Image J, a software tool for image analysis, to calculate the average 
surface area of the wear scars. By multiplying the average cross-sectional 
area by the length of the wear track (10 mm), we determined the volume 
of wear loss. And the specific wear rate was then calculated using the 
following equation: 

Ẇ
(
mm3 /Nm

)
=

V
w.d

(3) 

Equation (4) shows the Butler-Volmer equation i.e., a combined 
Tafel equations for the cathodic and anodic reactions in an electro
chemical system. 

I= Icorr

(
e

2.303(E− Ecorr )
βa − e

− 2.303(E− Ecorr )
βc

)
(4)  

where I is current, Icorr is the corrosion current, E is applied potential, 

Table 1 
Sliding wear test conditions.  

Load (N) Frequency (Hz) Stroke length (mm) Temperature (◦C) 

2, 5, 8 4 10 Room temperature (22 ◦C)  

Table 2 
Electrochemical testing parameters.  

Parameter Value 

Potential (V) − 5.0 to +7.5 
Scan rate (mV/s) 2.0 
Potential step (mV) 100 
Sample period (s) 700 
Conditioning/stabilisation time (s) 1200  

Fig. 2. SEM and EDS results of a plain NiTiNOL60 sample.  
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Ecorr is the corrosion potential, and βa and βc are the Tafel constants or 
Tafel parameters derived from E − log I plots as the anodic and cathodic 
slopes in the Tafel regions, respectively. This equation has been used to 
obtain the polarisation curves and corrosion rates. 

3. Results and discussions 

3.1. Sample characterisation 

The SEM image and EDS analysis of the NiTiNOL60 sample are 
presented in Fig. 2. A full-scale scan with a penetrating voltage of 20 KV 
was used to examine the sample surface. The use of a high penetrating 
voltage ensures the generation of X-rays from deeper within the sample, 
thereby providing a comprehensive analysis of the surface as well as the 
subsurface regions of the sample. As seen from the EDS micrograph and 
the accompanying data table, it is confirmed that the sample under 
investigation is a nickel rich Ni–Ti alloy having the wt.% compositions of 
60 wt% Ni and 40 wt% Ti. 

The microstructure of the samples was also examined using an op
tical microscope (AMScope – Olympus BX51 M model). The micro
structure of the cross-sectional sample obtained through wire-cutting is 
depicted in Fig. 3. Fig. 3(a) represents a plain view of the sample’s 
microstructure whereas further examination under the wear track re
gion is presented in Fig. 3(b). The micrographs shown in Fig. 3 confirm 
that NiTiNOL60 alloy is an ordered intermetallic material compound 
consisting of cubic crystal structure matrix, which is consistent with 
observations by earlier researchers [17,38]. The microstructural grains 
show consolidated and unconsolidated regions. This could be attributed 
to the non-equiatomic composition of the NiTiNOL60 alloy thus, the 
tendencies of Ni-rich or Ti-rich zones. This shows a dominance of B2 
NiTi matrix and Ni4Ti3 phases, which [51,52] presented the phases as 
cubic and rhombohedral crystal structures. The results of the Rockwell 
hardness tests showed an average hardness of 62.5 HRC for the samples. 
After the tribocorrosion tests, the hardness on the wear track slightly 
increased to 63.75 HRC, which could be due to the oxide layer formation 
as will be discussed in the following section. 

Further examination of the wear track after the tribocorrosion tests 
under different loads and electrochemical conditions reveal abrasion, 
debris adhesion, pits, delamination, plough and cracks, as seen in Fig. 4. 
Both mechanical and chemical wears which occurred as a result of 
sliding contact and corrosion attacks are clearly shown from the images. 
The localised corrosion (pits, cracks and crevices) observed on the sur
face occurred as a result of the oxidised layer on the exposed surface, 
supported by the electrochemical reactions during the open circuit po
tential and the potentiodynamic polarisation [39]. Microcracks 
(perpendicular to the sliding direction) and delamination were also 
observed along the wear tracks. According to Ref. [40]; corrosion pits 
can also promote the nucleation of fatigue crack by providing stress 
concentration. 

EDS elemental analysis of selected areas revealed the elemental 
compositions at various point scans as shown in Fig. 5. From the table, 
the EDS analysis for some selected areas exhibits an increase in oxygen 
content at higher loads, while no oxygen element was detected for 2 N 
load. According to Ref. [30]; this indicated that the exfoliation or 
delamination of the oxide layer during the reciprocating sliding exposes 
the surface of the alloy to the corrosive medium and thus, accelerates the 
corrosion of the material. 

At 2 N and 5 N, the formation of Ti–Ti phase indicates the likely 
occurrence of TiO2 following the oxide layer whereas Ti–Ni occurred at 
8 N. From the tables in Fig. 5, it is clear that more oxide layer was formed 
at applied load of 8 N, and this could be attributed to the larger surface 
area created during the sliding action. This is due to the larger wear 
track width and wear volumes for sliding wear tests conducted at higher 
applied loads. Also, the counter material (Al2O3) deposits on the wear 
track increases at higher load. Fig. 6 shows the SEM images for the 
different Al2O3 balls used for sliding tests. 

Further EDS analyses were conducted to determine the elemental 
composition of the debris adhered on the alumina ball. Fig. 7 presents 
the spectral imaging and elemental composition in wt.%. Of the alumina 
ball after a tribocorrosion test conducted under 4 Hz sliding frequency 
and 8 N load. The detected carbon at different points examined could be 
as a result of some carbonaceous materials within the EDS chamber. 

Fig. 3. Microstructure of NiTiNOL60 samples showing unconsolidated and uniformly consolidated particles.  

Fig. 4. SEM images showing the wear track microstructure of NiTiNOL60 alloy sample under different mechanical loads.  
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Point 1 gives the overall scan of the surface examined and the identified 
elements are listed in the accompanying table. While the high percent
age composition of Ni and Ti at point 2 confirms the adhesion of 
NiTiNOL60 debris, points 3 and 4 show the composition of the counter 
material (Al2O3) without adhesion of the NiTiNOL60 debris. 

Further EDS analysis on the wear tracks of the sample tested at the 
higher load of 8 N was carried out and the results are presented in Fig. 8. 

It is noted that more oxide layers occur during repassivation whereas in 
lower loads where the contact pressure is insignificant, the formation of 
passive film on the anode surface hinders the reaction between the 
anode surface and the solution. As the passive film gradually dissolves, 
the reaction tends to balance, and the potential tends to be stable [6]. 

Fig. 5. EDS analysis for the wear track of NiTiNOL60 at different applied loads.  

Fig. 6. SEM images of Al2O3 balls after reciprocating sliding actions.  

A. Okoani et al.                                                                                                                                                                                                                                 



Results in Engineering 19 (2023) 101305

6

Fig. 7. Spectral imaging and EDS composition of Al2O3 ball after tribocorrosion test conducted at 8 N load and 4 Hz frequency.  

Fig. 8. EDS examination of the wear track of the NiTiNOL60 sample tested at 8 N load and 4 Hz sliding frequency.  
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3.2. Frictional behaviour and the effect of sliding contact on 
electrochemical potential 

The variations of the coefficient of friction (CoF) with time for 
samples tested under different loads were recorded from the tribometer 
via WINDUCOM software, and the results are presented in Fig. 9. From 
the plot, it could be seen that the CoF increases as the applied load in
crease; thereby resulting in more wear and different wear mechanisms 
along the wear track. The graphical trend for 2 N load shows a running- 
in time within the sliding time of 500 s which shows there was no 
adequate contact pressure from the applied load. After the barrier, the 
counter material was able to wear off the passive oxide layer and 
penetrate the NiTiNOL60 sample thus maintaining a relatively stable 
CoF. Whereas at higher loads, almost no running-in was recorded until 
the curves attained a steady state. According to Ref. [30]; the recorded 
trend can be attributed to partial rebuilding of passivation film under 
sliding contact, but the partial rebuilding becomes difficult at larger 
normal loads. Irrespective of the higher wear rate, the samples displayed 

more stable friction coefficients at higher loads. The relatively stable 
CoF trend could be a result of dynamic equilibrium between electro
chemical passivation and mechanical passivation during tribocorrosion. 
This also indicates that the passive film is gradually destroyed during the 
sliding contact as reported previously by Ref. [30]. The results presented 
in Figs. 6 and 7 showed the adherence of the NiTiNOL60 material onto 
the ball surface, which impacts the surface roughness in the contact 
interface. The introduction of this roughness, due to the micro-scale 
material transfer during the wear process, resulted in fluctuating fric
tional behaviour presented in Fig. 9. 

The Tafel curves obtained after the OCP and during potentiodynamic 
polarisation measurements are represented in Fig. 10. In an electro
chemical system, the corrosion potential indicates the corrosion ten
dency of an alloy and is determined by its constituent elements with 
different electrode potentials [6]. This implies that the higher the elec
trode corrosion potential, the weaker the corrosion tendency. As shown 
in Fig. 10, the curves depict a clear passivation platform area, indicating 
that a stable passivation film is formed on the surface of the material 
within the corresponding self-corrosion potential range in order to 
protect the surface from localised corrosion [41,42]. According to 
Ref. [43]; the OCP or corrosion potential (Ecorr), which promotes 
passivation, is the potential created by the electrochemical processes at a 
metal surface immersed in a solution. 

From the plots, it is evident that Ecorr for 2 N load is more negative 
when compared to the 8 N load while the Icorr increased with load in
crease. As a result, a higher corrosion rate was recorded at higher load, 
and this clearly indicates the promoting effect of sliding contact on 
corrosion. 

The corrosion potential, corrosion current density and the corrosion 
rate, summarised in Table 3, were obtained through the standard Tafel 
measurements using Ivium software. The open circuit potential repre
sents the electrochemical activity of the material at the various condi
tions investigated. It shows that the potential of the sample is more 
negative at lower loads which indicates that higher loads accelerate the 
electrochemical activity. This shows that open circuit stabilisation 
occurred at the cathodic region, whereas the wear recorded in the 
anodic regime contributed to the significant corrosion current density. 

From the results in Table 3, the corrosion potential at different loads 
investigated is lower, which means they corrode faster though the 
corrosion rate and corrosion currents are lower. This implies the 
repassivation layer significantly enhanced the corrosion resistance 
under the exposed conditions of the metal-solution interface thereby 
causing the surface of the metal to corrode. 

The surface conditions of NiTi-based alloys are known to strongly 
influence the corrosion behaviour, particularly passivity [31,44,45]. 
Moreover, the corrosion resistance of NiTi-based alloy is related to the 
formation of the titanium oxide film. The parameters outlined in 
Table 3, reveal that the corrosion resistance decreased with load in
crease, yet possess a stronger ability to form an oxide film. Du et al. [6] 
reported that the corrosion tendency is weaker at higher corrosion po
tentials. However, Table 3 shows that a higher corrosion rate is estab
lished in this investigation following a higher shear deformation which 
allows more wear and creates larger surface area for corrosion to occur 
thus reducing the protective effect of the passive film. Overall, it is 
evident that corrosion rate increased with load increase. While corrosion 

Fig. 9. Evolution of the coefficient of friction with sliding time for NiTiNOL60 
alloy sliding against Al2O3 ball at different applied loads. 

Fig. 10. Potentiodynamic polarisation curves of NiTiNOL60 at different 
load conditions. 

Table 3 
Tafel fitting parameters of NiTiNOL60 at different normal loads.  

Sample Ecorr (V) Icorr (A) ×
10− 3 

Rp (Ω) Corrosion Rate 
(mmpy) 

NiTiNOL60 – 2N, 
4Hz 

− 1.7364 1.104 812.5 0.868 

NiTiNOL60 – 5N, 
4Hz 

− 1.4401 2.277 487.1 1.790 

NiTiNOL60 – 8N, 
4Hz 

− 0.2730 2.810 294.9 2.209  
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potential and corrosion current density are seen to increase with load 
increase, the resistance is the reverse thus, leading to increased corro
sion rate. According to Ref. [6]; the electrode potential difference could 
equally be affected by the different phases in NiTi-based alloys. As a 
result, the dominance of Ni4Ti3 phase bequeaths corrosion resistance to 
the NiTiNOL60 alloy. 

3.3. Wear mechanisms 

Following the analysis above, it is evident that wear due to sliding 
contact would result in accelerated corrosion. It is therefore imperative 
that the possible mechanisms occurring during the tribocorrosion be 
determined. From the SEM images of the samples under tribocorrosion 
test at different load conditions, various wear mechanisms were recor
ded. Fig. 11 shows a summarised plot for the mechanical wear and 
chemical corrosion, respectively. The specific wear rate as well as the 
corrosion rate increased with load increase, and this follows the existing 
literature information [6,30]. 

Fig. 11 shows that corrosion rate increases with load. This is attrib
uted to the amount of contact pressure made on the surface during the 
reciprocal sliding wear. Hence, at higher loads, continuous sliding re
sults in enhanced shear deformation, thereby destroying the passive 
films/layers and exposing fresh layers which are easily attacked in the 
electrolyte. In line with the findings of [30] it is clearly indicated that 

Fig. 11. Specific wear rates and corrosion rates at different normal loads.  

Fig. 12. SEM images showing third-body effect and microcracks at 8 N load on NiTiNOL60 alloy.  

Fig. 13. SEM microstructure of the cross-sectional view of etched NiTiNOL60 sample.  
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delamination wear was caused by the exfoliation of oxide during sliding 
contact, which ultimately leads to the aggravation of corrosion. 

The high volume of material loss due to sliding contact is supported 
by t he SEM images in Fig. 12 where a significant contribution from a 
third-body wear is recorded following the patterns of the abrasion 
grooves, micro striation, delamination and debris adhesion. These 

impacts result in less significant material loss due to the electrochemical 
corrosion. Therefore, the presence of TiO2 film formation coupled with 
the excellent self-healing ability of Ni–Ti alloys [6,46] helped to pro
mote a better corrosion resistance of the sample. Further, Du et al. [6] 
highlighted that appropriate passivation results in the build-up of TiO2 
(a very stable protective layer), which hinders ion exchange. 

Fig. 14. SEM microstructure of the cross-sectional view of NiTiNOL60 wear track.  

Fig. 15. SEM and EDS analyses of the etched sample using line and point scans x-ray.  
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To ascertain the level of deformation and the likely impact on the 
sample’s microstructure, the cross-section of the tested samples was cut 
under the wear track, etched, and observed under SEM. Fig. 13 shows 
the surface examination and the microstructure of the cross-sectional 
parts of the wear track. From the images, the sample is noted to have 
more of eutectic network structure within 100 μm into the sample cross- 
section as a result of sliding shear deformation, while the dendritic 
clusters dominate the lower surfaces of the cross-section. Following the 
distortion of the grain boundaries, it is evident that the microcracks and 
pits exists around the edges of the cross-sectional surface due to the 
corrosion attack [47]. As shown in the image, the microcracks initiated 
from the corrosion pits which penetrated beyond the surface of the 
sample, but its propagation falls within 120 μm of the sample surface. 
Corrosion pits and cracks occurred as a result of the electrochemical 
reactions, while the tribological impact as a result of the reciprocating 
sliding and the increased temperature due to continuous sliding clearly 
shows the grain elongation in the direction of sliding action as shown in 
Fig. 14. Thus, the sliding contact has been deduced to accelerate 
corrosion. 

As the passive films are easily destroyed because of sliding action, the 
interfaces of phase NiTi matrix show more susceptibility to pitting. 
However, the formation of dense oxide film at lower loads could be 
attributed to the uniform microstructure and fine dendritic microstruc
ture of the sample since the applied load has less contact pressure to 
wear off significant amount of the sample during sliding. Consequently, 
a report by Vandenkerhove in Ref. [6] highlighted that a nickel-titanium 
alloys containing mainly NiTi phase showed a lower corrosion intensity. 

Fig. 15 shows the EDS result obtained from a line-scan and point-scan 
x-rays carried out to determine the level of damage or penetration 
caused by the oxide layer. While the line-scan identified elements such 
as oxygen, sodium, titanium and nickel, the point and shoot scan pre
sents elements like oxygen, aluminium, titanium and nickel. The 
different coloured lines denote the concentration of the elements thus, 
the yellow and blue lines highlight the higher concentration of the 
parent elements Ni and Ti. The green, red, and orange lines show traces 
of O2, Na and Al within the region scanned i.e., the oxidised location. 
The point-scan further confirmed the identified elements by line-scan 
and their corresponding wt.% in as shown in the accompanying table 
in Fig. 15. 

From the table, the percentage of Al debris only appeared on the top 
surface and within the oxide layer region. The oxide film exits only at 
points 1 and 2 as shown by the point and shoot scan, whereas the parent 
material Ni and Ti are recorded at the 4 different points investigated. 
This supports the explanation under Fig. 13 that the propagation of 
cracks and crevices do not penetrate beyond 120 μm of the material 
surface (particularly the oxide layer region). The change in Ni–Ti wt.% 
composition recorded at point 4 could be attributed to the grain elon
gation around the spot. 

4. Conclusions 

This study investigated the behaviour and the effects of sliding wear 
and electrochemical potential of NiTiNOL60 alloy in alkaline environ
ment (0.05 M NaOH (aq)) under varied normal loads sliding against 
Al2O3 counter-body on a ball-on-plate tribometer configuration. In the 
sample characterisation, SEM imaging and EDS analysis authenticated 
the composition of the NiTiNOL60 sample, confirming it as a non- 
equiatomic material with a weight percentage composition of 60% Ni 
and 40% Ti. The material exhibited a cubic crystal structure matrix, with 
consolidated and unconsolidated regions in its microstructural grains, 
suggesting the possibility of Ni-rich or Ti-rich zones. From the study it is 
evident that increase in load results in accelerated corrosion. The results 
reveal a distortion of the microstructure grains due to sliding action and 
the wear mechanisms on the tribological wear track. Further, increase in 
applied load leads to the deterioration of oxide film formed along the 
wear track due to the higher relative motion between the contact 

surfaces and this significantly increases the wear rate of the material 
under higher loading conditions. This results in a cathodic shift in the 
potentiodynamic measurements and a higher resistance, thereby leading 
to a lower corrosion rate. The results from surface examinations pre
sented various wear mechanisms, including abrasion, adhesion, fatigue 
and oxidative wears as seen along the wear track. However, the mech
anisms of abrasive wear which involves cutting, fracture, fatigue and 
grain pull-out were predominant especially at higher normal loads. 
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