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haracteristics of TC4, 316 stainless
steel, and Monel K500 in artificial seawater

Chen Jun *ab

The corrosion wear behaviors of TC4, 316 stainless steel, and Monel K500 in artificial seawater were

systematically investigated in this study. The contribution of corrosion and wear on corrosion-wear

synergism and damage-recovery process of passive film for the three alloys were addressed. It can be

concluded that wear loss for these three alloys at cathodic polarization was lower than that at anodic

polarization and OCP. The passive film was damaged due to mechanical wear, resulting in low OCP and

high corrosion rate. Electrochemical test showed that the passive film in the wear track area was only

partially destroyed during the corrosion wear test. The ratio of the actual damage area in the wear track

Se/Sm of 316 stainless steel and TC4 was much larger than that of Monel K500.
1. Introduction

Over the past few years,the corrosion wear behaviors of passive
alloys was a research hotspot. Generally, typical passive alloys
can form protective oxide lm and maintain passivity in
a corrosive solution. However, in many situations, these alloys
were subjected to wear also, resulting in corrosion wear. In most
cases, wear loss caused by corrosion wear was greater than the
simple sum of the pure mechanical wear and pure corrosion.1–3

In general, various electrochemical methods have been per-
formed to obtain electrochemical data on the corrosion-wear
synergism and electrochemical reactions of alloys. The degra-
dation of passive lm can be evaluated through the change of
corrosion potential or anodic current.4 Goldberg et al.5 have
suggested an equation in which the repassivation current can be
modeled and predicted by a single scratch test. Mischler et al.4,6,7

have proposed a model to calculate the average current per
stroke during a reciprocating wear-accelerated corrosion test of
passive metals by considering the real depassivated area. The
concept of active wear track area was proposed by Garćıa8 as
a way to investigate the mechanism of corrosion wear behaviors
of passive materials under sliding conditions. The active wear
track area indicated that a part of the wear track temporarily
loses its passive characteristics due to mechanical interaction.
Iwabuchi et al.9–13 have studied the electrochemical factor in the
corrosion wear of stainless steel and TC4 in a Na2SO4 solution.
Moreover, they have considered the synergistic effect as dynamic
corrosion. Olsson14,15 proposed an interesting approach, which
made it to easy to obtain the values of the passive lm thickness
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with time during corrosion wear, without converting the charge
densities. Using Olsson's model, Henry16,17 obtained values of
lm thickness of 316L stainless steel and TA6V4, in good
agreement with the results obtained by XPS and EQCM, indi-
cating that it is a powerful and interesting tool to determine the
thickness and growth kinetics of the passive lm.

Generally, stainless steel, Ti alloy, Ni alloy, Al alloy, and
CoCrMo alloy have been frequently used for corrosion wear
research due to their excellent corrosion resistance and good
mechanical properties.7,18–23 Excellent corrosion resistance of
these alloys was provided by spontaneous formation of oxide
lm on the metallic surface.16,17,24 Marine tribology has been
developed in the recent years due to the increasing exploitation
of ocean resources. The metal material, high polymer material,
and nonmetal material are widely used in marine engineering
equipment. A large number of metal materials are used in
ships, oil gathering, offshore wind power generation devices,
deep-sea drilling, underwater robots, underwater equipment,
and other marine equipment. Ceramic materials have been
used in marine lubricating ceramic bearings and friction pairs
as well. Because seawater is corrosive, the resistance of marine
equipment, especially the friction pairs, to corrosion and
corrosive wear should be considered. In the present study, the
selected alloys were TC4, 316 stainless steel, and Monel K500.
Corrosion wear behaviors of these three alloys including
corrosion-wear synergism, abrasion and electrochemical
control mechanisms, and corrosion wear maps have been
studied by many researchers. Various electrochemical methods
mainly including open circuit potential, potentiodynamic
polarization, polarization, and impedance were normally per-
formed to provide essential information on corrosion evalua-
tion. However, the damage-recovery process and destruction
proportion of the passive lm have not been fully explored. In
the present study, the electrochemical and corrosion wear
RSC Adv., 2017, 7, 23835–23845 | 23835
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Table 1 Chemical composition (wt%) of the three alloys

TC4 Monel K500 316 stainless steel

Al 6.25 Cu 30 Cr 17.2
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behaviors of TC4, 316 stainless steel, and Monel K500 were
investigated. Specically, the contribution of corrosion and
wear to synergism and the destruction degree of the passive lm
were analyzed in detail.
V 4.21 Al 3 Ni 10.2
H 0.0073 Ti 0.6 Mo 2.1
O 0.19 Fe 1 C 0.04
Fe 0.22 C 0.1 S #0.03
Ti Balance Ni Balance Si #1

Mn #2
Fe Balance
2. Experiments

The corrosion wear test setup is illustrated in Fig. 1. This setup
was combined with an in situ electrochemical measurement
system. Sliding wear tests were carried out by a MMW-1 pin-on-
disk tribometer manufactured by Jinan Testing Machine
Manufacturing Company. A stationary ring was abraded by
a rotating pin during sliding, with the rotation speed controlled
by a computer data control system. Normal load was applied by
a lever mechanism. Moreover, the friction coefficient was
measured and obtained by an attached strain gauge. Electro-
chemical measurements were carried out using a CHI760C
electrochemical workstation manufactured by CHI Instru-
ments. The electrochemical cell was lled with about 300 mL
articial seawater. A saturated calomel electrode (SCE) was
inserted into the cell close to the upper surface of the ring
specimen to serve as a reference electrode, and a platinum wire
was used as a counter electrode. All the potentials in this study
are given with respect to the saturated calomel electrode (SCE).

The metallic materials used in the present study are TC4, 316
stainless steel, and Monel K500. Their chemical compositions
are listed in Table 1. The ring samples of metallic materials were
machined into a size with an outer diameter of 54 mm and inner
diameter of 38 mm. Before carrying out the corrosion wear test,
each metallic specimen was mechanically abraded using a series
of SiC grinding papers up to 1500 grit, followed by cleaning in
running water and acetone. Before being immersed into the
electrochemical cell, all the surfaces except the upper surface of
the ring were covered with paint for insulation. The area in
contact with articial seawater was about 11.5 cm2. A rotating
alumina pin with a diameter of 4.7 mm was matched with
a stationary metallic specimen. The wear track was a ring with
Fig. 1 The schematic of the corrosion wear apparatus.

23836 | RSC Adv., 2017, 7, 23835–23845
a mean diameter of 46 mm and a width of 4.7 mm (diameter of
the Al2O3 pin). The area of the wear track was 8 cm2. The corro-
sive solution in this study was articial seawater, which was
prepared according to the ASTM D1141-98 standard. In this
study, the temperature of articial seawater during experiment
was maintained at 25 �C. The corrosion wear tests were carried
out at the rotation speed of 200 rpm, which means the linear
velocity was 0.54 m s�1. A normal load of 100 N was applied,
corresponding to a nominal contact stress of about 1.5 MPa. This
normal load was selected to generate a contact stress much
smaller than the yield strength of the metallic materials to avoid
plastic deformation. Sliding tests were conducted for 60 min.
Aer corrosion wear, ring specimens were ultrasonically cleaned
with acetone. The gravimetric measurements were carried out
using a TE214S-OCE analytical balance. Then, the volume loss of
the metallic specimens could be obtained. The morphology of
the worn surfaces was obtained using a JEM-5600LV scanning
electron microscope (SEM). All the tests were repeated at least
three times to check for reproducibility.

Several electrochemical measurements were conducted to
investigate the effect of wear on corrosion. (1) Open circuit
potential (OCP) variation curves were monitored before, during,
and aer corrosion wear. (2) Potentiodynamic polarization
measurements, which involve measurement of the polarization
curves of the metallic specimens under corrosion-only and
corrosion wear conditions, were performed aer attaining
a stable OCP. The potential was swept from �1 V to +1 V at the
sweep rate of 1.67 mV s�1. CHI soware was used to analyze the
polarization data. (3) During potentiostatic polarization
measurement, a constant potential E was imposed on the
metallic specimen. The selected potential was maintained at
a xed value, and the current was measured as a function of
time to follow the evolution of corrosion kinetics. (4) For
simulating the damage and restoration process of the passive
lm and evaluating the destruction proportion of the passive
lm, potential pulse method (PPM) was applied. A constant
cathodic potential E was imposed on the metallic specimen to
eliminate the passive lm. Then, the potential was increased to
a given value within 1 ms. With the change of potential, the
current rapidly increased and then exponentially decreased.
This electrochemical variation was considered to simulate the
exposure and recovery of the passive lm. An example of the
change in potential and current is shown in Fig. 2.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The evolution of open circuit potential as a function of time.
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3. Results and discussion
3.1 Electrochemical measurements

OCP curves can be obtained by acquiring the potential differ-
ence of a working electrode and a reference electrode. The
measured potential during the corrosion wear is a mixed
potential reecting the states of both the unworn surface and
worn surface. Therefore, a galvanic coupling between the worn
and unworn areas takes place. The OCP value depends on the
following parameters: (1) the potential of the metals in the worn
and unworn areas, (2) the area ratios of the worn and unworn
surfaces, (3) the relative positions of the worn and unworn
areas, and (4) the mechanism and kinetics of the anodic and
cathodic reactions.25,26

The evolutions of OCP for TC4, 316 stainless steel, and
Monel K500 are shown in Fig. 3. It can be observed that at the
start of the corrosion wear, OCP sharply dropped to a more
negative value. The similar cathodic shi phenomenon during
the corrosion wear has been observed in other passive metallic
materials at different corrosion wear systems.10,26,27 Passive
oxide lm on the metal surface is mechanically destroyed or
partially removed by sliding.25,28 Active surface can increase the
anodic reaction, and the released electrons cathodically
polarize the surrounding surface. Therefore, OCP shis towards
the cathodic direction. A relative steady state is reached in
potential owing to the establishment of an equilibrium level
between mechanical depassivation and electrochemical repas-
sivation rates. When friction stops, OCP starts to abruptly
increase (anodic shi). This indicates the re-establishment of
the passive state in the worn area.25

The polarization curves of TC4, 316 stainless steel, and
Monel K500 under both corrosion-only and corrosion wear
conditions are shown Fig. 4. The aim of corrosion-only test was
to investigate the chemical stability of the passive lm without
any mechanical damage. Typical passivation phenomenon can
be clearly observed for the three alloys. Polarization curves
during corrosion wear can analyze corrosion and repassivating
ability when the passive lm is mechanically destroyed.
However, the weak point of this method is the unsteady state of
the electrochemical test system, which results in signicant
oscillations of the current data. Moreover, the contact positions
Fig. 2 An example of the change in potential and current of PPM meth

This journal is © The Royal Society of Chemistry 2017
of the pin-ring system continuously change, which contributes
to the oscillations and instabilities of the polarization curves.29

The polarization curves of the three alloys during corrosion
wear shown in Fig. 4 exhibit clear current oscillations. As the
contact area of the friction couple is constant, the calculation of
the corrosion current density is based on the area of the wear
track. It can be seen that friction obviously affects the shape and
position of the potentiodynamic polarization curves with
respect to the corrosion-only reference curves. Table 2 presents
the values of the corrosion potential E, corrosion current
density it, ic, and the ratio of it/ic. The corrosion current during
corrosion wear is much higher than that under the corrosion-
only condition. This indicates that a rapid dissolution occurs
in the worn surface. The it/ic value was calculated to explain the
effect of wear on corrosion. The it/ic values indicated that the
effect of wear on corrosion for TC4 was more signicant than
that for 316 stainless steel and Monel K500. In addition, Monel
K500 exhibited a much lower corrosion current compared to
that of 316 stainless steel and TC4. Low wear-accelerated-
corrosion effect occurred for Monel K500, which may be the
reason for its low OCP value, as shown in Fig. 3.26

In the potentiostatic polarization test, the applied cathodic
potentials were�0.9 V,�0.8 V, and�0.6 V for TC4, 316 stainless
steel, and Monel K500, respectively, and the applied anodic
potentials were 0.2 V, �0.2 V, and 0.1 V for TC4, 316 stainless
od: (a) variation of potential and (b) variation of current.

RSC Adv., 2017, 7, 23835–23845 | 23837
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Fig. 4 The polarization curves under corrosion-only and corrosion wear conditions: (a) TC4; (b) 316 stainless steel; and (c) Monel K500.

Table 2 The values of E, i and it/ic for the three alloys in corrosion-only
and tribocorrosion conditions

Materials

Corrosion-only Tribocorrosion

it/icic (mA cm�2) E (V) it (mA cm�2) E (V)

TC4 1.86 �0.497 317 �0.627 170.4
316 stainless steel 10.89 �0.625 192 �0.712 17.6
Monel K500 2.44 �0.396 38.4 �0.562 15.7
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steel, and Monel K500, respectively. The anodic potential was
selected to maintain the alloys in a passive state.2,26,30

Fig. 5 exhibits the evolution of the current density under
cathodic and anodic polarization conditions during corrosion
wear. It can be observed that the measured currents were
cathodic (negative) before, during, and aer sliding under
cathodic polarization conditions for the three alloys, conrm-
ing that no corrosion occurred. Clearly, under this cathodic
condition, material loss was only caused by pure mechanical
wear.10,26,27 At anodic potential, the current sharply increased at
the beginning of sliding. The current curves exhibit signicant
oscillations, demonstrating the unsteady state of the electro-
chemical test system. TC4 and 316 stainless steel exhibit large
corrosion currents as compared to Monel K500 under anodic
conditions. Mechanical wear leads to thinning or local removal
of the passive lm, which subsequently repairs itself by oxida-
tion of the metals. As a consequence, corrosion wear leads to
a sharp increase of anodic current. The cyclic abrasion
23838 | RSC Adv., 2017, 7, 23835–23845
maintains the current at relatively high values. Aer corrosion
wear stops, the current decreases again to a lower value. It
proves that the current change is indeed caused by mechanical
wear.
3.2 Friction and wear

Fig. 6 shows wear loss under cathodic polarization, OCP, and
anodic polarization conditions for the three alloys. It is evident
that wear loss at the cathodic potential is lower than that at the
anodic potential and OCP. During cathodic polarization, the
dissolution of metal ions was negligible, and the material loss
was mainly through mechanical wear. Wear loss at the anodic
potential was higher than that at OCP. The wear loss of 316
stainless steel was much larger than that for TC4 and Monel
K500. Clearly, corrosion has a signicant effect onmaterial loss,
as has been discussed in the next section. Similar results have
been observed for many alloys under the corrosion wear
condition.16,31–34

The evolution of friction coefficient with time is shown in
Fig. 7 for the three alloys. Friction coefficient rapidly reached a
steady state, exhibiting signicant peaks at fairly regular time
intervals. These uctuations are attributed to the formation
and ejection of wear debris as well as the uneven wear
surface.35 Friction coefficient was apparently large at cathodic
polarization. When corrosion takes place, this leads to an
increase in the surface roughness and, consequently, a reduc-
tion in the contact area.31 Moreover, 316 stainless steel
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The evolution of the current density under cathodic and anodic polarization conditions: (a) TC4; (b) 316 stainless steel; and (c) Monel
K500.

Fig. 6 The wear volume loss for the three alloys.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
1:

51
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
exhibits a large friction coefficient compared with TC4 and
Monel K500.
3.3 Material degradation

In addition to the commonly observed phenomena during
corrosion wear related to the cathodic shi of OCP, the increase
of anodic current, and the accelerated wear loss, the synergism
between corrosion and wear and the accelerated wear loss
caused by anodic potential need to be further discussed. The
wear loss obtained at cathodic potential can be regarded as pure
mechanical wear. The results summarized in Fig. 6 clearly show
that high wear loss is obtained when corrosion occurs, either
This journal is © The Royal Society of Chemistry 2017
under OCP or anodic potential conditions. Polarization curves
(Fig. 4) and corrosion current measurements (Fig. 5) show the
increase in corrosion current during corrosion wear. There are
signicant synergistic effects between corrosion and wear,
resulting in corrosion-induced wear and wear-induced corro-
sion. Efforts have been made to quantify this synergistic effect
using the following general approach.10,18,36–38 The wear loss data
can be explained by dening the following terms:

Kwc ¼ Kc + Kw ¼ Kwo + DKw + Kco + DKc (1)

where Kwc is the total wear loss, Kw is the wear loss induced by
wear, and Kc is the wear loss induced by corrosion. Kwo is pure
wear loss without corrosion, which can be estimated by
measuring at cathodic potential. DKw is wear loss caused by the
effect of corrosion on wear. Kco is wear loss induced by corrosion
without wear, and DKc is wear loss caused by the effect of wear
on corrosion or the enhancement of corrosion induced by wear.
Material loss K caused by corrosion including values of Kco and
Kc can be obtained by Faraday's equation.

The results of various contributions to total material loss are
given in Table 3. Note that the contribution of Kco to total
material loss for the three alloys is very small, indicating the
negligible effect of pure corrosion. Overall, pure mechanical
wear and synergistic effect between wear and corrosion are
dominating factors. Fig. 8 shows the specic values of Kc/Kw,
DKc/Kc, and DKw/Kw. It can be noticed that wear (Kw) is
RSC Adv., 2017, 7, 23835–23845 | 23839
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Fig. 7 The evolution of COF at different electrochemical conditions: (a) TC4; (b) 316 stainless steel; and (c) Monel K500.
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dominant for the three alloys, and the value of Kc/Kw is high
under anodic conditions compared with that under OCP
conditions. The proportion of Kc in wear loss for Monel K500 is
higher than that for 316 stainless steel and TC4. Obviously, wear
loss caused by corrosion is almost equivalent to the wear-
induced corrosion. The values of DKw/Kw are in the range of
20–40% for the three alloys.

Wear-induced corrosion and corrosion-induced wear play
a dominant role in material loss. Fig. 9 shows the fraction of
DKc, DKw, and Kwo for the three alloys. Note that relative
contribution of pure wear to total material loss is in the range of
45–72%. Moreover, the contribution of pure wear to total wear
loss is high under OCP compared with that under anodic
conditions, indicating that corrosion plays a great role in the
material loss especially at high potential. Importantly, the
contributions of wear-induced corrosion and corrosion-induced
wear are very important, especially for Monel K500 at anodic
Table 3 The results of various contributions to total volume loss

Potential Materials Kwc (mm3) Kw (mm3) Kc

OCP 316 185 183.3 1.7
TC4 68.7 66.5 2.2
Monel K500 2.18 1.93 0.2

Anodic potential 316 216 210.8 5.2
TC4 77.4 72.5 4.9
Monel K500 3.42 2.76 0.6

23840 | RSC Adv., 2017, 7, 23835–23845
potential. Note that although the electrochemical dissolution is
signicantly promoted and corrosion rate is highly increased
due to sliding, the contribution of DKc to total material loss is
not very large. Actually, it is in the range of 0.92–6.29% for 316
stainless steel and TC4. Moreover, it is not more than 20% for
Monel K500. On the contrary, the ratio of corrosion-induced
wear to total wear loss is very large, and it is in the range of
16.9–35.2%. The results obtained in this present study show
that the ratio of wear-accelerated corrosion to the total wear loss
is small, and pure mechanical and corrosion-induced wear are
dominant factors during corrosion wear.

Fig. 10 shows the typical images for the three alloys. It can be
seen that these alloys exhibit different wear mechanisms. The
worn surfaces of TC4 and Monel K500 are characterized by
mainly at regions interrupted by furrows parallel to the sliding
direction. The worn surfaces of 316 stainless steel are domi-
nated by sharp ridges and thin akes.29,30 Moreover, the
(mm3) Kwo (mm3) DKw (mm3) Kco (mm3) DKc (mm3)

134.8 48.5 0.0049 1.7
3 43.8 22.7 0.031 2.2
5 1.56 0.37 0.0025 0.25

134.8 76 0.017 5.18
43.8 28.7 0.023 4.87

6 1.56 1.2 0.0079 0.65

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The special values of Kc/Kw, DKc/Kc, and DKw/Kw.

Fig. 10 The typical images of the wear surface: (a) TC4; (b) 316
stainless steel; and (c) Monel K500.
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electrochemical state may affect the deterioration mechanism
and surface morphology. At the cathodic potential, the wear
track is generally very smooth and featureless, except for some
isolated furrows for TC4 and Monel K500 and some ridges and
thin akes for 316 stainless steel. At OCP and anodic potential,
the worn surfaces exhibit typical deformation features. These
images also show some wear debris.
Fig. 9 The fractions of DKc, DKw, and Kwo: (a) TC4; (b) 316 stainless stee

This journal is © The Royal Society of Chemistry 2017
3.4 Passive lm failure mechanism

Passive lm can be damaged due to wear, resulting in low OCP
and high corrosion rate. The damage-recovery process of the
l; and (c) Monel K500.
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passive lm and formation of a fresh surface is an important
eld for corrosion wear research. For simulating the damage-
recovery process of the passive lm and evaluating the
destruction proportion of the passive lm, potential pulse
method (PPM) was used in this research, as shown in Fig. 2. The
applied cathodic potentials were �0.9 V, �0.8 V, and �0.6 V for
TC4, 316 stainless steel, and Monel K500, respectively. The
given OCP potentials were �0.22 V, �0.23 V, and �0.26 V for
TC4, 316 stainless steel, and Monel K500, respectively, and the
given anodic potentials were 0.2 V, �0.2 V, and 0.1 V for TC4,
316 stainless steel, and Monel K500, respectively. The evolu-
tions of the currents are shown in Fig. 11. It can be seen that the
values of the currents are negative at cathodic potential, indi-
cating the disappearance of the passive lm and the formation
Fig. 11 The evolution of current during PPM test: (a) TC4; (b) 316 stainle

23842 | RSC Adv., 2017, 7, 23835–23845
of a fresh lm. When the applied potential instantaneously
changed from cathodic potential to a given potential, the
current sharply increased in a moment, then quickly decreased,
and nally stabilized at a low positive current value. This elec-
trochemical variation procedure can simulate the
passivation process of the fresh lm. The evolution of current
exhibits the corrosion kinetics of the re-establishment of the
passive state.

The variation extent of the corrosion current is very large, as
shown in Fig. 11, and this causes much difficulty in the quan-
titative analysis. Therefore, the concept of the electricity value Q
and average current density Ipm was introduced to evaluate the
passivation process. The electricity charge Q can be dened as
follows:
ss steel; and (c) Monel K500.

This journal is © The Royal Society of Chemistry 2017
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Table 4 The results of various corrosion parameters of the three alloys by PPM electrochemical approach

Alloy
Electrochemical
condition Ipm (mA cm�2)

I
(mA cm�2) Sm (cm2) Se (cm

2) Se/Sm

TC4 OCP 4.75 3.17 8 5.34 66.7%
Anodic 6.99 6.15 8 7.04 88.1%

316 OCP 2.67 1.92 8 5.75 71.9%
Anodic 6.18 5.38 8 6.96 87.1%

Monel K500 OCP 1.88 0.26 8 1.11 13.8%
Anodic 2.69 0.59 8 1.75 21.9%
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Q ¼
ðt1
t0

Imdt (2)

where Im is the evolution of corrosion current during the PPM
test, as shown in Fig. 11. For a combination of the PPMmethod
and corrosion wear process, the recovery time of the passive
lm should be equal to a friction period. Thus, t0 and t1 are the
start and end times of a friction cycle, respectively. The friction
test period T is 300 ms in this experiment. The average current
density Ipm of the passive lm in a worn area can be expressed as
follows:

Ipm ¼ Q

T
(3)

For a special corrosion wear process, the passive lm in
a wear scan area may not be completely damaged. Therefore,
the actual breakdown area of the passive lm Se can be derived
by the following formula.

Se ¼ I � Sm

Ipm
(4)

where I is the corrosion current obtained from potentiodynamic
and potentiostatic polarization. The area of the wear track Sm
has a xed value of 8 cm2.

The results of various corrosion parameters using the
PPM approach are given in Table 4. It can be observed that
the average current density Ipm is obviously higher than the in
situ measured corrosion current density I, indicating that
passive lm in the wear track is only partially destroyed in
this experiment. Considering the actual damage area of
the passive lm Se, the three alloys exhibited different trends.
The ratio of the actual damage area Se/Sm for 316 stainless
steel and TC4 was very large. This was 66.7% and 71.9% at OCP
and 88.1% and 87.1% at anodic polarization. However, the
values of Se/Sm for Monel K500 were relatively small. It
was only 13.8% at OCP and 21.9% at anodic polarization. It
indicates that the passive lm of Monel K500 exhibits
high resistance to sliding damage compared with 316 stainless
steel and TC4. More importantly, the electrochemical
state had a signicant inuence on the destruction proportion
of the passive lm during corrosion wear, and the actual
damage area of the passive lm Se was high under the anodic
conditions than that under the OCP conditions for the
three alloys.
This journal is © The Royal Society of Chemistry 2017
4. Conclusions

Based on the results obtained in the present study, several
conclusions can be drawn regarding the corrosion wear
behavior of the three alloys in articial seawater under sliding
contact with an alumina pin. Specically, the contribution of
corrosion and wear to synergism and the damage-recovery
process of the passive lm were addressed.

(1) The cathodic shi of OCP was conrmed, and the current
density was obviously increased during corrosion wear for the
three alloys.

(2) The wear loss for the three alloys at cathodic potential was
lower than that at OCP and anodic potential. The wear loss of
316 stainless steel was much larger than that measured for TC4
and Monel K500. Friction coefficients were apparently large in
cathodic polarization compared with those in anodic
polarization.

(3) The contribution of pure corrosion to total material loss
for three alloys was very small. Considering the synergy between
wear and corrosion, the ratio of wear-accelerated corrosion to
the total wear loss was small. Pure wear and corrosion-induced
wear were dominant during corrosion wear.

(4) The passive lm in the wear track was only partially
destroyed in this experiment. The ratios of the actual damage
area Se/Sm for 316 stainless steel and TC4 were much larger than
that for Monel K500. The actual damage area of the passive lm
Se was high under anodic conditions compared with that under
OCP conditions for the three alloys.
Acknowledgements

The research was nancially supported by the National Natural
Science Foundation of China (Grant No. U1604130 and
51675162).
References

1 E. Boese, J. Rothig, I. Garz, et al., Tribocorrosion of stainless
steels, Mater. Corros., 1998, 49, 98–107.

2 S. W. Watson, F. J. Friedersdorf, B. W. Madsen, et al.,
Methods of measuring wear corrosion synergism, Wear,
1995, 181, 476–484.

3 Y. Zhang, X. Yin, J. Wang, et al., Inuence of potentials on
the tribocorrosion behavior of 304SS in articial seawater,
RSC Adv., 2014, 4, 55752–55759.
RSC Adv., 2017, 7, 23835–23845 | 23843

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03065g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
1:

51
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4 D. Landolt, S. Mischler and M. Stemp, Electrochemical
methods in tribocorrosion: a critical appraisal, Electrochim.
Acta, 2001, 46, 3913–3929.

5 J. R. Goldberg and J. L. Gilbert, Electrochemical response of
CoCrMo to high-speed fracture of its metal oxide using an
electrochemical scratch test method, J. Biomed. Mater. Res.,
1997, 37, 421–431.

6 J. O. Bello, R. J. K. Wood and J. A. Wharton, Synergistic
effects of micro-abrasion–corrosion of UNS S30403, S31603
and S32760 stainless steels, Wear, 2007, 263, 149–159.

7 S. Mischler and a I. Muñoz, Wear of CoCrMo alloys used in
metal-on-metal hip joints: A tribocorrosion appraisal,
Wear, 2013, 297, 1081–1094.
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