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Sliding tribocorrosion behaviours of AISI 316 stainless steel were investigated against alumina ball in nat-
ural seawater environment (SWE) under 5 N loads. OCP (open circuit potential), potentiostatic (�1 V and
0.3 V) and potentiodynamic measurements were enforced to understand the influence of the sliding wear
and electrochemical potential on tribocorrosion behaviours of AISI 316 stainless steel in SWE.
Tribocorrosion experiments were conducted with a ball-on-disk type reciprocating tribometer integrated
with the three-electrode potentiostat. The wear track surfaces were examined by scanning electron
microscope (SEM), energy dispersive spectroscopy (EDS) and optical profilometry. Mechanical effects
reduced corrosion potential under both OCP and potentiodynamic scans in tribocorrosion conditions.
Ploughing effects on the wear track were evident at the OCP and �1 V potential because of the predom-
inance of mechanical effects. Pits were determined to develop due to the formation of the galvanic couple
between worn and unworn surfaces after the tribocorrosion test, which was conducted under 0.3 V
potential. The reduction of the contact area because of the pits and the lubricating effect of the oxides
on the surface caused the lowest coefficient of friction (COF) in the wear zone at 0.3 V potential.
Besides, COF obtained under �1 V cathodic protection potential (0.35) was less than in OCP condition
(0.37) since it only occurred by the wear effects. The study also revealed that material loss from the wear
track increased from cathodic potential towards anodic potential.
� 2020 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tribocorrosion consisting of tribology and corrosion sciences is
an irreversible material transformation resulting from the simulta-
neous exposure of metals to mechanical and electrochemical
effects within an electrolyte [1,2]. The marine industry is one of
the important industries suffering from tribocorrosion because of
the natural electrolyte property of seawater [3]. Various machin-
ery, equipment and systems which operated under different
dynamic wear conditions in seawater such as drilling equipment
[4], wind and current turbines [5,6], some parts of ship main engi-
nes [7], ship anchor chains [8], piping systems [9], pumps [10],
valves [11–13], propellers and shafts [14,15] are under the risk of
tribocorrosion. Material losses and damages from tribocorrosion
in marine machinery, equipment and systems occasionally lead
to malfunctions, accidents, environmental pollutions, and conse-
quently heavy operating cost [16,17]. For this reason, it is essential
to determine the tribocorrosion behaviours of the machinery and
equipment produced from metals operated in natural seawater
environment (SWE).

Stainless steels are mostly preferred to produce marine equip-
ment and systems. They show superior corrosion resistance thanks
to a 1–3 nm thick passive oxide film layer that protects their sur-
faces against corrosion [18]. The susceptibility of stainless steels
to some local types of corrosion, such as pitting and crevice corro-
sion in the SWE, is their weak side [16,19]. One of the most fre-
quently used stainless steel types in the marine industry is AISI
316 due to its high mechanical and corrosion resistance. A few
studies have been conducted so far about the tribocorrosion beha-
viours of AISI 316 stainless steel under sliding contact. Garcia et al.
[20] found that the tribocorrosion behaviour of AISI 316 in sulfuric
acid solution comprises two main stages. According to Garcia and
colloquies, the passive oxide layer breaks down at the local points
in the wear zone because of the mechanical interaction firstly and
then a part of the wear zone where temporarily loses its passive
character (active track area) is re-passivated again. Besides, Henry
et al. [21] also reported when the load value is applied above a cer-
tain threshold value, it can break down the passive layer. Diomidis
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et al. [22] concluded that the passive film thickness in the wear
track strongly increases the material loss and friction values.
Mechanical effects disrupt the passive film layer under OCP which
is leading to a significant reduction in corrosion potential [23,24].
Besides the behaviour of protective passive films, Panthiaux et al.
[25] showed that it is possible to get information on corrosion rate,
re-passivation, relationships between electrochemical reactions
and friction in sliding contact zone using electrochemical tech-
niques. Many researchers highlighted that the formation of the gal-
vanic cell between wear track and unworn area could change the
electrochemical status of surface and increase material loss for
stainless steels [21,22,32–34,23,24,26–31]. Interaction between
wear and corrosion named as synergism has a great effect of an
increase of material losses in tribocorrosion [24,33,35–37]. Poten-
tiostatic tests allow the measurement of wear induced corrosion of
materials and wear-corrosion synergism [25,38]. The effect of ano-
dic and cathodic potential on the coefficient of friction (COF) is also
different. For example, Chen et al. [33] found the COF of the AISI
316 material against alumina (Al2O3) in the artificial SWE was
reached the highest value in the cathodic potential and the small-
est in the anodic potential. In another study conducted with AISI
316 by Obadele et al. [23], the loss of material resulting from tribo-
corrosion in artificial SWE is higher than in pure water environ-
ment. However, the corrosion-induced material loss was
determined to be more dominant in material loss caused by tribo-
corrosion of AISI 316 stainless steel in the 3.5% NaCl solution in the
same study. Recently, Holmes et al. [39] found that the increase in
the load applied to the AISI 316 material and the penetration of the
third bodies into the wear track zone in the micro-abrasion test
which was performed in artificial saliva increased corrosion cur-
rent density. Although many researchers were investigated tribo-
corrosion behaviour of AISI 316 in different electrolytes, the
influence of sliding wear and electrochemical potential on the tri-
bocorrosion behaviour of AISI 316 is still not well understood. It is
necessary to understand friction, microstructure and material loss
behaviour of AISI 316 under tribocorrosion conditions in natural
seawater.

In this study, the effects of sliding wear and electrochemical
potential on tribocorrosion behaviours of AISI 316 stainless steel
in natural SWE were investigated comprehensively for the first
time. In this context, OCP measurement, potentiostatic and poten-
tiodynamic scans were enforced to understand tribocorrosion
behaviours of AISI 316 in SWE. AISI 316 stainless steel was abraded
against the alumina ball in natural SWE (2.38% NaCl) which was
characterised by the method of inductive coupled plasma-optical
emission spectroscopy (ICP-OES) unlike most of the studies. Tribo-
corrosion tests were performed to understand the effect of sliding
wear on electrochemical potential and effect of electrochemical
potential on the material loss of AISI 316 in SWE. Also, the tribolog-
ical properties of AISI 316 stainless steel were investigated and
COFs in SWE were determined under different electrochemical
potentials. The microstructure and damage mechanisms were
analysed using a scanning electron microscope (SEM), energy dis-
persive spectroscopy (EDS) and optical microscope images to
determine surface condition and material loss of AISI 316 after tri-
bocorrosion tests.
2. Materials and methods

The study comprised four main stages: Material preparation,
tribocorrosion test, analysis and results. In the first stage, the size
and surface preparation of the samples was carried out. At this
stage, cutting, face turning, grinding, polishing, electric cable sol-
dering and, finally bakelite operations of samples were performed.
In the second stage, a sample was placed in the corrosion cell and
filled after with seawater whose content was determined by ICP-
OES method. The alumina ball was contacted with the sample
inside the cell integrated on the tribometer. The potentiostat was
used to record electrochemical data via electrodes placed inside
the corrosion cell. After, SEM, EDS and optical microscope investi-
gations of the tested samples were performed in the analysis stage.
At this stage, COF, electrochemical data, wear track volume,
microstructure, deformations and material transfer were evalu-
ated. At the last stage, the results of the analyses and discussions
were presented.

2.1. Preparation of specimens

In the experimental stage of this study, AISI 316 stainless steel
specimens were employed. A 20 mm diameter AISI 316 stainless
steel rod was cut into 10 mm thick samples then machined to
9 mm. Each specimen (Ø 20x9 mm) was ground until obtaining
the mirror-like surface using SiC papers at different grit numbers
such as 320, 800, 1200 respectively and then cleaned in acetone
and ethanol. The surfaces of ground samples were polished in
wet media using a 3 lm diamond suspension and 3 lm velvet felt
in a water-based sample polishing device. In all stages of grinding
and polishing processes, sample surfaces were cleaned in ethanol
to avoid corrosion and contamination. To contact only the upper
surfaces of specimens with the electrolyte, the rest of the surfaces
were sealed using bakelite before being immersed into tribocorro-
sion cell. Thus, a 3.14 cm2 area left in contact with electrolyte was
provided to avoid corrosion interactions during the measurements.
A copper cable with sheath was soldered to the back of the samples
to record current and potential data. The chemical properties of
AISI 316 material were given in Table 1.

2.2. Characterization

Surface and wear pattern of the samples were determined by
SEM (TESCAN, MAIA3 XMU model) with EDS (OXFORD, X-Max
model). Optical profilometry (HUVITZ, HDS-5800 model) was used
to determine the cross-sectional area and volume of the wear
tracks.

Elemental analysis performed by the method of ICP-OES (PER-
KIN ELMER OPTIMA 2100 DV model) of the natural seawater used
in the experiments was given in Table 2. The salinity (NaCl) ratio of
seawater taken from the Sea of Marmara was determined as 2.38%.

2.3. Corrosion and tribocorrosion test

Tribocorrosion experiments were conducted with a ball-on-disk
reciprocating tribometer (Turkyus) integrated with the three-
electrode potentiostat (Gamry, Interface 1000 model). A stroke fre-
quency of 1.2 Hz (74 rpm), a normal load of 5 N, the reciprocating
sliding stroke of 6 mm and total sliding (rubbing) time of 3600 s
were applied in OCP measurement and potentiostatic polarisation
tests. Alumina ball was preferred as the counter body with a diam-
eter of 6 mm due to its high hardness, low electro-conductibility
and noble characteristics in SWE. The reference electrode was a
saturated calomel electrode (SCE), the counter electrode (CE) was
platinum wire and the working electrode (WE) was AISI 316 sam-
ples in this study. All potentials were measured versus SCE. The
corrosion cell produced from a polymer material (Delrin) to pre-
vent corrosive effects was integrated into the tribometer. All the
experiments were performed at 25 ± 1 �C. The experimental infras-
tructure and components used in the study were shown in Fig. 1.

OCP was recorded to monitor changes in electrochemical poten-
tial due to mechanical effects under loaded and unloaded condi-
tions. The specimens were held in seawater for an hour before
tribocorrosion tests to reach a steady OCP value. After that, the



Table 1
Chemical properties (wt%) of AISI 316.

Chemical composition (wt%)

Cr Ni Mo C S P Si Mn Fe

17.2 10.2 2.1 0.04 <0.03 <0.045 <1.0 <2.0 Bal.

Table 2
Elemental analysis of natural seawater used in the experiments.

Ca Mg Na K S Sr SO4

2.300 ppm 7.716 ppm 61.800 ppm 3.155 ppm 5.188 ppm 2.90 ppm 15.540 ppm

Fig. 1. Tribocorrosion experimental set-up used in the study: a) schematic of tribocorrosion system and test cell, b) laboratory setup.
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tribocorrosion experiments were started. When determining OCP,
unloaded potential value was measured in the first 30 min and
then the rubbing was started. The samples were abraded for an
hour against alumina ball. OCP and COF values were recorded dur-
ing this time. After the rubbing period, the OCP was recorded for a
further 30 min to achieve a stable potential value and the experi-
ment was ended.

Potentiodynamic polarization tests were made at 1 mV/s
scanning speed between potentials of �1 V and 2 V under both
corrosion and tribocorrosion conditions to find out the corrosion
kinetics of the AISI 316 material. Also, potentiostatic polarization
tests were also performed to determine the effect of electro-
chemical potential on tribocorrosion behaviour and material
losses of AISI 316 under different electrochemical conditions.
The selected potentials were determined considering the poten-
tiodynamic polarization curves to be within one of them in the
anodic region and one of them in cathodic region. To determine
the loss of material caused by only the wear effects, �1 V catho-
dic potential was chosen. Thus, the effect of corrosion was
reduced to negligible levels with cathodic protection in tribocor-
rosion of AISI 316 steel in SWE. Cathodic protection could help to
explain the contribution of pure mechanical wear and the total
material loss in the wear track. Many researchers used a similar
test procedure to get the measure of the mechanical wear com-
ponent in tribocorrosion [35,47,48]. 0.3 V potential was selected
to understand anodic dissolution in tribocorrosion of AISI 316
steel in SWE. The applied potentials were retained at a stable
value during the tests with a suitable current between working
and counter electrodes. The current was measured at these
potentials as a function of time to monitor the development of
the electrochemical kinetics of the related reactions [46]. In
polarisation tests, the samples were abraded under 5 N loads
for an hour as with the OCP.

2.4. Determination of material loss volume

Material losses from the wear tracks were found by multiplying
track length and average transverse cross-section area of the wear
track which was obtained from the optical microscope. Three mea-
surements were taken from the mutual points of each sample and
the average value of these measurements was used to obtain the
average cross-section area of the wear track.

3. Results and discussions

3.1. Effect of sliding contact on electrochemical potential

Tribocorrosion tests were carried out to determine the effect of
the sliding contact on the electrochemical potential under OCP
conditions. OCP of the samples, which were kept in seawater for
an hour before the tribocorrosion test, reached a stable value of
around 20 mV at the end of the 1800 s under unloaded conditions
according to Fig. 2. Thereafter, rubbing initialised under 5 N loads
and OCP abruptly dropped to around�70 mV at this instant. Garcia
et al. and Henry et al. explained that the deterioration of passive
film with mechanical effects caused the sudden drop in OCP.
Therefore, OCP shifted to more cathodic values as in previous stud-
ies when the rubbing started [20,21]. The wear process was fin-
ished in an hour. At the end of the wear period, the decrease in
the potential continued and finally reached �104 mV at 5400 s,



Fig. 2. Evaluation of OCP and COF in tribocorrosion test.

Fig. 3. Potentiodynamic polarization scans under corrosion and tribocorrosion conditions.
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according to Fig. 2. OCP sharply increased at the end of 5400 s by
the termination of the rubbing. The results pointed out passive
oxide film re-formation in the wear zone, according to Berradja
et al. [40]. However, OCP could not reach its original value before
rubbing period because of the deformed surface. The superimposed
graph of COF with OCP was also given in Fig. 2. According to Fig. 2,
COF increased continuously over time, while OCP decreased. The
average value of COF was determined as 0.37.

Potentiodynamic polarization curves of the AISI 316 in SWE
between � 1 V (SCE) and 2 V potentials under both corrosion
Fig. 4. Corrosion current densities under anodic (0.3 V) and cathodic polarization (-
1 V) conditions.
and tribocorrosion (5 N loaded) conditions were given in Fig. 3.
There were significant differences in the polarisation behaviour
of AISI 316 steel between static corrosion and tribocorrosion
Fig. 5. Evaluation of COF under different electrochemical potentials.



Fig. 6. SEM analysis of AISI 316 specimens after tribocorrosion experiments: a) �1 V, b) OCP, c) 0.3 V.
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conditions. According to Fig. 3, the corrosion potential under tribo-
corrosion condition was � 106 mV, and that was lower than the
static corrosion condition (�79 mV). This was a sign that the wear
effects reduce the corrosion potential. The reported literature was
consistent with the results [21,22]. Fig. 3 showed that the corrosion
potential shifted to a more cathodic potential while corrosion cur-
rent density increased. The corrosion current density increased in
tribocorrosion condition because of exposing the fresh metal sur-
face to the solution by rubbing [42]. However, the fluctuations in
the current density under the tribocorrosion condition which was
seen in Fig. 3 was attributed to de-passivation products generated
by wear [41,42]. Tang et al. and Hacisalihoglu et al. observed sim-
ilar findings for different passive metals such as titanium alloy and
stainless steel in their studies. The passive zone in the potentiody-
namic curve in tribocorrosion conditions constricted slightly
according to corrosion conditions. The delamination of the passive
film in the wear track caused the formation of galvanic coupling
between the bare metal surface and the passive (unworn) surface
[43]. Besides, the risk of pitting corrosion, which constitutes the
weak point of the stainless steels in the SWE, was arisen in poten-
tiodynamic scans. Different researchers confirmed that galvanic
coupling formation will cause the high corrosion potential



Fig. 7. EDS line spectrum: Cl and Na ion determination in the wear track.
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between worn and unworn zones and this will increase anodic dis-
solution and pitting [13,25].

Developments of COF were recorded during potentiodynamic
polarization measurements under sliding conditions. Fig. 3 also
showed the correlation between COF and the corrosion current
density. COF diminished slightly to about 0.3 near OCP, however
re-increased after crossing to the anodic region as in Fig. 3. Ismail
et al. [44] reported similar findings of friction changes depending
on potential under potentiodynamic polarisation conditions in tri-
bocorrosion. These results showed that developing oxide film
could reduce COF in the passive region. Third body formation from
both wear particle of AISI 316 and the degradation of alumina in
the anodic region may cause a relatively high COF [45].

3.2. Effect of electrochemical potential on friction behaviour

Potentiostatic polarization tests were performed under �1 V
and 0.3 V potentials to determine the effect of electrochemical
potential on friction behaviour and material loss of AISI 316 stain-
less steel. The evolution of the corrosion current density in anodic
and cathodic polarization during the tribocorrosion experiments in
natural SWE for AISI 316 were presented in Fig. 4. According to
Fig. 4, the abrasion of the metal surface and thereafter delamina-
tion of the passive film covering the surface caused a sharp
increase in the corrosion current density at the beginning of the
potentiostatic test conducted under 0.3 V potential. Corrosion cur-
rent density in the potentiostatic tests under 0.3 V anodic potential
was at positive values of about 20mA/cm2 during the test. The cor-
rosion current density was at negative values of about (�20) mA/
cm2 during the potentiostatic test conducted under �1 V that
was an indication of achieving the cathodic protection successfully.

Fig. 5 showed the developments and average values of COFs
under OCP and different potentiostatic potentials. The lowest
COF (0.34) was obtained under anodic potential as seen in Fig. 5.
The main reason for this was the reduction of the contact area
because of forming the pits (Fig. 6) and oxides (Fig. 7) in the wear
zone. Obadele et al. confirmed that pits and oxides in the wear
zone could provide a lubricating effect on the surface of AISI 310
and AISI 316 grade steel in 3.5% NaCl solution [23]. The average
COF value (0.35) under �1 V cathodic protection was observed less
than under OCP conditions (0.37) because only the wear effects
occurred. According to Fig. 5, COF has a similar increasing trend
over time in all three potentials. This originated from a few adhe-
sive and mainly abrasive contacts (Fig. 9) between the surface of
the substrate and the counter body. Also, exposure to the fresh sur-
face of the metal to the electrolyte caused an increase in friction
because of corrosion products [49].

3.3. Surface morphology and analysis

After each tribocorrosion experiment conducted under poten-
tiostatic and OCP conditions, changes in surface morphology were
analysed by SEM, EDS and optical microscope. Plastic flow indica-
tions were observed such as scratches, ploughing, micro-cracks,
material detachment and folding in the wear tracks. The structures
of the wear tracks, as well as the width and depth of the tracks
obtained from the SEM, were examined. It was determined that
the width and depth of the wear tracks (the volume of the wear
tracks) increased from the cathodic potential towards the anodic
potential (Figs. 6 and 10).

The surface analysis of the abraded specimen after tribocorro-
sion test, which was done under �1 V cathodic potential, showed
that there was no pit formation or any other form of corrosion
on the surface. Since only the wear effects were observed under
cathodic potential, effects of the rubbing on the wear track were
more pronounced than corrosion effects. In Fig. 6a, many nearly
parallel ploughing and grooves were determined in the wear track
after tribocorrosion test which was conducted under �1 V cathodic
potential. In experiments performed under OCP, micro-cracks were
detected in the wear track, according to Fig. 6b. Bateni et al. con-
firmed the formation of cracks on the worn surfaces in their study
and attributed the formation of cracks to the galvanic cells [50]. It
was reported by different researchers [16,51–53] that these micro-
cracks acted as a diffusion channel and the leakage of Cl ions into
these micro-cracks could accelerate general corrosion with pitting.
Na and Cl ions were also detected in this study in micro-cracks and



Fig. 8. EDS analysis of oxides in the wear track after 0.3 V potentiostatic
tribocorrosion test.
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pits by EDS spectrum analysis, according to Fig. 8. In Fig. 8, amount
of the Fe, Cr, Ni elements decreased between 120 mm and150 mm in
the cross-sectional EDS line spectrum of the wear track while the
Fig. 9. Optical micrograph views of wear tracks und
amount of Na and Cl ions increased in the same interval. Hence,
the potential of Cl ions caused pitting corrosion and penetration
into micro-cracks was revealed. According to Fig. 6c, pits were also
observed in the wear track at 0.3 V potential and corrosion effects
were observed more pronounced.

Na and Cl ions detected in the wear tracks could cause corrosion
products on the surface. Pits (Fig. 6c) and oxide formations (Fig. 7)
were detected in SEM and EDS analysis of the wear track after tri-
bocorrosion tests conducted under the 0.3 V potential. In Fig. 7, the
oxides were defined with the highest element weight ratio (31.3%)
of Oxygen (O) in Spectrum 108. However, the other oxides dis-
persed in the wear track were also circled in Fig. 7. Oxygen also
has the second-highest weight ratio in all other spectrums (Line
sum, 109 and 110), according to Fig. 7. Oxide layer formation on
the surface created an intermediate layer and reduced the COF at
the anodic potential [50]. The reduction of the contact area
between alumina and AISI 316 due to pits and also lubrication
effect of the oxides provided the lowest COF at 0.3 V potential
[54]. Cl ions were detected at very low levels in the point spectrum
at 0.3 V potential, according to Fig. 7.
3.4. Material loss from wear track

Interaction between wear and corrosion, known as synergy,
strongly influences material losses in tribocorrosion. Changes in
electrochemical potential can trigger damage or even complete
removal of the passive film on the contact surface. In this case,
wear-induced corrosion or corrosion-induced wear can be domi-
nant in tribocorrosion [24].

In Fig. 9a, pure mechanical effects were observed such as
ploughing and sharp scratching in and the edge of the wear track.
The adhesion took place at local points of the wear track. Stick-slip
behaviour between the substrate and the counter face contacting
to each other caused the material detachment. Material detach-
ments in the wear track pointed out adhesive wear for local points
as seen in Figs. 9b and 9c. Many pits were determined in the wear
track at 0.3 V potential and also a pit cluster was detected around
the edge of the wear track in Fig. 9c which undergo corrosion.

Fig. 10 showed the wear track structures comparatively. Fig. 10
showed the wear track structures comparatively. According to
Fig. 10, a narrow and superficial track structure formed at �1 V
and a wider and deeper track structure at 0.3 V compared with
at OCP. Material loss volumes under different potentials were
found as 0.00003 mm3 at �1 V, 0.00040 mm3 at OCP and
0.00051 mm3 at 0.3 V in Fig. 10. Moreover, AISI 316 presented 17
times more material loss in the tribocorrosion test at 0.3 V than
�1 V.
er different potentials: a) �1 V, b) OCP, c) 0.3 V.



Fig. 10. Wear track volume under different electrochemical potentials.
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4. Conclusions

In this study, the effects of sliding wear and electrochemical
potential on tribocorrosion behaviour of the AISI 316 stainless steel
in natural SWE were investigated. Based on the experiments, the
following results were summarised:

1. The deterioration of oxide film in the wear track by the mechan-
ical effects resulted in a cathodic shift in the OCP. The disap-
pearance of rubbing effects provided the re-passivation and
potential increase in corrosion.

2. The lowest COF value was obtained as 0.34 at 0.3 V anodic
potential. This result was attributed to pit formation which
caused a reduced contact surface and to the oxides with the
lubrication effect in the wear track. COF values were 0.37 and
0.35 at OCP and �1 V, respectively.

3. Corrosion potential and corrosion current density in potentio-
dynamic scans under tribocorrosion conditions were lower than
under static corrosion conditions. In potentiodynamic scans,
mechanical effects have decreased the corrosion potential.

4. Ploughing, material detachment and micro-cracks were
detected in SEM images of the wear tracks after tribocorrosion
tests were conducted under OCP and �1 V potential. Galvanic
effects between the wear track and unworn areas caused cracks
in the surface at OCP. Cl ions detected in the EDS analysis accel-
erated corrosion and pitting in micro-cracks.

5. Material losses from the wear tracks increased from the catho-
dic potential towards the anodic potential. The lowest wear
track volume (0.00003mm3) was obtained under �1 V cathodic
potential. AISI 316 exhibited 17 times more material loss from
the wear track at 0.3 V potential than�1 V potential in tribocor-
rosion tests.
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