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Abstract: The electrochemical and corrosion—wear behaviors of TC4 alloy in artificial seawater were studied. And the influences of
electrochemical state on passive behavior, failure mechanism of passive film and corrosion—wear synergy were emphatically
analyzed. The corrosion—wear analysis of the alloy was fulfilled by methods of mass loss, electrochemical testing and scanning
electron microscope (SEM). It can be observed that the cathodic shift of open circuit potential and three order of magnitude increase
of current density can be obtained during corrosion—wear process. Total corrosion—wear loss increases with increasing applied
potential, confirming the synergy between wear and corrosion. High polarisation potential results in low coefficient of friction and
high corrosion rate. The relative contribution of pure mechanical wear to total material loss deceases obviously with the increase of
potential from open circuit potential to 0.9 V during corrosion—wear. Contributions of wear-induced-corrosion and
corrosion-induced-wear are significant especially at higher potentials.
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1 Introduction

Titanium-based alloys are the most popular
corrosion-resistant metallic materials used in aerospace,
marine, automotive and biomedical industries due to its
excellent corrosion resistance, high strength and good
fatigue. The excellent corrosion resistance of titanium
alloys is attributed to the formation of stable, continuous
and protective oxide film on the metal surface in contact
with corrosive environment. However, the natural
passive film is poor and thin with a thickness of 3—5 um.
Despite its high corrosion resistance in many corrosive
conditions, the natural oxide film exhibits poor
corrosion—wear properties [1—5].

Protective passive films usually form on the surface
of many alloys in corrosive environments, which can
make the alloy maintaining passivity and prevent
dissolution of bare metal. However, the protective
passive film is not stable especially subjecting to

combined corrosion and wear attack in many situations.
These will cause destruction removal of passive film
from contact surface, leading to accelerated metal
dissolution, which in turn can result in accelerated
wear [6—10]. Material loss caused by corrosion wear is
usually much greater than the simple sum of pure wear
and corrosion. So, corrosion-induced-wear and wear-
induced-corrosion will be the dominant factor of material
failure [11,12]. Over the past few years, study on
corrosion wear of alloys is a research hot spot. Efforts
have been made to identify the corrosion wear behaviors
of passive metals, especially focusing on the synergistic
effect between corrosion and wear [13,14]. HENRY et
al [15,16] have studied the corrosion wear behaviors of
316L stainless steel and Ti6Al4V titanium alloy sliding
against an alumina ball in 0.5 mol/L H,SO, solution
under different applied electrochemical potentials
(cathodic, free or anodic potential) and found that wear
rate of Ti6Al4V alloy is much higher than that measured
for 316L stainless steel and nickel alloy. Moreover, the

Foundation item: Project (LSL-1310) supported by the Open Project of State Key Laboratory of Solid Lubrication, China; Projects (2014QNO013,
2015GJB004) supported by the Research Foundation of Henan University of Science and Technology, China
Corresponding author: Jun CHEN; Tel: +86-15225508091; E-mail: chenjun318822200@163.com

DOI: 10.1016/S1003-6326(16)64164-X



1012 Jun CHEN, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1011-1018

wear loss for the three alloys under anodic condition is
much higher than that under cathodic and free potential
conditions, conforming that electrochemical state has a
significant effect on the corrosion—wear behaviors.
SERRE et al [5] and BARRIL et al [17] have studied the
electrochemical effects on the fretting corrosion
behaviors of Ti6Al4V in 0.9% sodium chloride solution.
It can be obtained that wear rate of Ti6Al4V alloy
depends critically on the prevailing electrode potential.
At anodic potentials, the oxidation of third body particles
dramatically decreases the mechanical energy required
for wear. PRIYA et al [18] have studied the wear and
tribocorrosion behaviors of 304LSS, Zr-702, zircaloy-4
and Ti-grade2 and the synergy between wear and
corrosion for all alloys led to degradation of the passive
materials in tribocorrosion condition. However, the
fundamental =~ mechanism  that  determines the
wear—corrosion synergism during corrosion wear of
Ti-based alloy with different electrochemical states in
chloride containing solution has not been fully
understood.

The purpose of the present research is to assess the
effect of electrochemical state on corrosion wear
behaviors of TC4 titanium alloy in artificial seawater and
the synergistic effect between corrosion and wear is
quantitatively evaluated. Corrosion wear experiments are
completed in a developed apparatus allowing for
well-controlled  mechanical and  electrochemical
conditions.

2 Experimental

The researched metallic material in this experiment
was TC4 titanium-based alloy with the following
chemical composition: 6.25% Al, 4.21% V, 0.22% C,
0.19% Fe, balance Ti. For the corrosion—wear tests, the
TC4 alloy was machined into specimens of a ring (outer
diameter: 54 mm, inner diameter: 38 mm). Only the
upper surface of the metallic specimen was in touch with
corrosive liquid and other surfaces are covered with paint
to avoid electrochemical confusion. Working area of
TC4 specimen was 11.5 cm”. The selected counterpart
was Al,O; pin for insulation with a flat surface at one
end of a cylinder (diameter: 4.7 mm, height: 13 mm).
Before each corrosion—wear experiment, all specimens
were polished down to mirror quality using 220, 500,
1000 grade grit papers and with 1 pm diamond
suspension, following by cleaning in acetone. Corrosive
electrolyte was artificial seawater prepared according to
ASTM DI1141-98 standard. The pH value of this
solution was 8.2. All corrosion wear tests were carried
out at room temperature (20—25 °C).

Corrosion wear setup combined with in-situ
electrochemical measurements is illustrated in Fig. 1.

Sliding wear tests were completed using a MMW-1
pin-on-disk tribometer. The stationary ring was abraded
by a rotating pin during sliding. Normal load was applied
through a lever mechanism and friction coefficient can
be measured through an attached strain gauge and
recorded by computer acquisition system. In-situ
electrochemical measurements during sliding can be
performed wusing a CHI760C potentiostat. For
electrochemical experiment, TC4 specimen was used as
working electrode (WE). A saturated calomel electrode
(SCE) close to the TC4 specimen surface serves as the
reference electrode (RE) and platinum wire was acted as
counter electrode (CE). All potentials in this work were
given with respect to the saturated calomel electrode
(SCE). Electrolytic cell was filled with about 300 mL
corrosive liquid. Rotation speed in this experiment was
200 r/min and normal load maintains at 100 N. The
corrosion wear time was 60 min. During corrosion wear
test, wear track was a ring with a mean diameter of 46
mm and a width of 4.7 mm (diameter of Al,O; pin). And
area of wear track was 6.8 cm’. After corrosion wear
experiment, the TC4 specimen was ultrasonically
cleaned in acetone. Gravimetric measurements before
and after experiment were finished using analytical
balance. Wear loss can be obtained as below:

my —my
Yol

V= ey
where V is the wear loss, mg is the mass of the alloy
before corrosion wear, m; is the mass of the alloy after
corrosion wear, and p is the density of the alloy.
Morphologies of worn surfaces can be examined using
JEM-5600LV scanning electron microscope (SEM).

Seawater

Load IPotentiostat

||| Seawater & |
Y _
|

_[—,—l' -

| Seawater eject

Ring Electrochemical cell

WE: Working electrode
RE: Reference electrode
CE: Counter electrode

Fig. 1 Schematic diagram of corrosion wear apparatus

Several series of electrochemical experiments were
conducted to assess the corrosion wear behaviors of TC4
alloy under different states: 1) Corrosion wear tests were
completed under open circuit potential (OCP) condition
and evolution of open circuit potential can be recorded;



Jun CHEN, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1011-1018 1013

2) Potentiodynamic measurements, involving measure-
ment of polarization curves during corrosion wear and
corrosion-only, were initiated after a stable open
potential condition, which is performed at a sweep rate
of 1.67 mV/s; 3) For obtaining different electrochemical
states of TC4 alloy, potentiostatic tests during sliding
were conducted at constant applied potentials and the
current transients were measured.

3 Results and discussion

3.1 Electrochemical behaviors

Evolution of open circuit potential of TC4 alloy
under corrosion—wear condition is shown in Fig. 2. It can
be obtained that OCP drops sharply down to more
negative value at the start of sliding. The cathodic shift
phenomenon of OCP during corrosion—wear has been
frequently observed for many passive metallic materials
under similar experimental systems [19—21]. The drop of
OCP can be expounded through the destruction of
passive film formed in original surface by mechanical
wear [22,23]. So, a galvanic coupling between passive
surface and passive-damaged surface is formed. The
damage of passive film may increase anodic reactions
and cathodically polarize the surrounding surface,
resulting in the cathodic shift of OCP. When friction
stops, OCP starts to increase (anodic shift) abruptly. This
indicates the re-establishment of passive state in wear
track.
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Fig. 2 Evolution of OCP (p) as function of time for TC4 alloy
under corrosion—wear condition

The appraisal of corrosion kinetics can be carried
out by potentiodynamic polarization [22]. Polarization
under corrosion-only and
conditions for TC4 alloy are shown in Fig. 3. Obviously,
passive region can be seen for TC4 alloy and the passive
current is very low, which suggests that the passivation
ability of TC4 alloy is strong [19—21]. Polarization curve
during corrosion—wear can analyze corrosion behaviors
and repassivating ability when passive film is

curves corrosion—wear

mechanically damaged. Polarization during
corrosion—wear exhibits significant current oscillations.
It can be attributed to instability of experimental system
and simultaneous process of destruction and recovery of
passive film. In addition, friction couples contact
positions of this experimental device change
continuously, which contributes to oscillations of
polarization curves also [24]. Corrosion potential during
corrosion—wear is shifted to lower,
potentials by about 0.3 V compared with corrosion-only
curve, which is consistent with the outcome of OCP test.
More importantly, corrosion current density during
corrosion—wear is increased by three orders of magnitude
compared with that under corrosion-only condition.
Corrosion rate is significantly increased by sliding for
TC4 alloy.
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Fig. 3 Polarization curves under corrosion-only and

tribocorrosion conditions

Another phenomenon obtained during corrosion—
wear is the correlation between coefficient of friction
(COF) and current density, as shown in Fig. 4, where the
polarisation and COF measurements are synchronously
fulfilled. During the potential sweep starting at the
vicinity of —1 V, COF value is around 0.24 in the
cathodic region. With the increase of potential from —1 V
to corrosion potential, a slight decrease in COF can be
marked. When the potential exceeds —0.2 V, a stable
COF about 0.18 can be obtained. These results suggest
that the destroy—repair of oxide film at anode potential
helps to reduce COF. Anode polarisation results in low
COF and high corrosion rate for TC4 alloy during
corrosion—wear.

For potentiostatic experiments, a potential is applied
to the metallic specimen using a three-electrode testing
system. The selected potential is maintained at a fixed
value during corrosion—wear test. Current and COF can
be recorded continuously as a function of time to follow
the evolution of corrosion kinetics and friction behaviors,
respectively. A wide range of potentials are selected in
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this work, as indicated by arrowed dotted lines marked in
Fig. 3. For the purpose of assessing contribution of pure
mechanical wear to total material loss, a sliding test is
conducted at a cathodic potential of —0.9 V, which is
determined at 0.2 V below the corrosion potential during
corrosion—wear. Clearly, the measured current is
cathodic before, during and after sliding test, confirming
no corrosion as shown in Fig. 5. Under such a cathodic
condition, TC4 alloy exhibits no corrosion. Similar
procedures have been employed to evaluate mechanical
wear component during corrosion—wear process [19—21].
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Fig. 4 Polarization curves and COF measured under
corrosion—wear condition
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Fig. 5 Evolution of current density for TC4 alloy at different
applied potentials

With the confirmation of pure mechanical
contribution, it is imperative to determine the
contribution of corrosion—wear synergism. Figure 5
shows the current transients measured at selected
potentials of —0.3, 0.2 and 0.8 V. It can be seen that
corrosion current increases sharply at the beginning of
sliding. Mechanical wear leads to thinning or local
removal of passive film and results in sharp increase of
anodic current. The cyclic abrasion maintains the current
at relatively high value. When sliding stops, the current

decreases to a lower value quickly. Importantly,
corrosion current increases obviously with the increase
of applied potential, confirming significant wear-
accelerated-corrosion phenomenon especially at anode
potential during corrosion—wear.

3.2 Wear behavior

Figure 6 shows wear loss for TC4 alloy at OCP and
applied potential conditions. It is evident that total wear
loss significantly increases with increasing applied
potential. At the cathodic potential (0.9 V), the
dissolution of the metal by corrosion is negligible, and
material  degradation proceeds mainly through
mechanical wear, which results in low material loss. In
anodic polarization and OCP conditions, material loss
can be enhanced by corrosive attack, and synergistic
effect between wear and corrosion results in high
material loss. Clearly, corrosion has a significant effect
on the material loss of TC4 alloy. Furthermore, the
degradation of Al,O; counterpart is negligible through
volume loss analysis under all experimental conditions.
Figure 7 illustrates the evolution of COF with time for
TC4 alloy. All COF values reach a steady state
exhibiting significant peaks at fairly regular time
intervals. Such fluctuations are attributed to the
formation and ejection of wear debris [25]. There is a
general trend that COF decreases with increasing
potential, although the COF values measured at OCP and
—0.9 V are similar.
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Fig. 6 Wear volume loss for TC4 alloy under different
electrochemical conditions

3.3 Corrosion—wear synergy

Except common phenomena of cathodic change of
OCP, increase of corrosion by wear and accelerated wear
during corrosion—wear, the synergy effect between
corrosion and wear especially under different
electrochemical states should be discussed. Wear loss at
—0.9 V can be regarded as the result of pure mechanical
wear. In the existence of corrosion obtained from
Fig. 6, either OCP or anodic potential state, wear loss is
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Fig. 7 Evolution of COF with time for TC4 alloy under
different electrochemical conditions

accelerated. Current measurements and polarization
curves (Figs. 3 and 5) also show the increase in corrosion
rate. There is clear synergy between corrosion and wear,
leading to corrosion-induced-wear and wear-induced-
corrosion. Efforts have been made by many researchers
to quantify such synergistic effect by the following
general approach [6,21,26,27]. Wear loss can be
explained:

KWC:KW+KC (2)

where Ky, is total wear loss, K, is metal loss caused by
wear, and K, is material loss caused by corrosion. There,
K., can be divided into K, and AK,,:

K=Ky TAK,, 3)

where K, is pure wear loss in the absence of corrosion,
AK,, is wear loss owing to effect of corrosion on wear.
And K, can be divided into K, and AK_:

K=KtAK, “

where K., is material loss caused by corrosion in the
absence of wear, AK, is material loss owing to effect of
wear on corrosion, hence, total material loss caused by
corrosion—wear can be expressed as follows:

K=Kyt AKy Koo tAK, ()

The corrosion loss from electrochemical process K,
is given by the Faraday’s equation as

1015
K=MIt/(ZF) (7)

where Q is the charge passed, Z is the number of
electrons involved in corrosion process, F is the
Faraday’s constant (96500 C/mol), M is the relative
atomic mass and can be calculated by considering the
atomic fraction of components, 7 is the corrosion current
and ¢ is the corrosion time. As corrosion current cannot
be directly measured under OCP, current value is taken
as corrosion current calculated from polarisation curves
shown in Fig. 3 by standard Tafel procedure. Current
value under anodic potential conditions can be obtained
by averaging the registered current in Fig. 5.

Results of various contributions to wear loss of TC4
alloy during corrosion—wear are given in Table 1. It can
be obviously seen that pure corrosion without wear
contributes insignificantly to total material loss, which
indicates that the contribution of the term K., to total
material loss can be negligible. This shows that at OCP
and anodic potentials, mechanical wear contributes to
92.6%—96.7% of total material loss and only 3.3%—7.4%
increment in metal loss is caused by corrosion—wear
synergism. The contribution of mechanical wear loss to
total material loss (K,/Ky.) decreases slightly with the
increase of potential. Overall, mechanical wear is
dominated factor for TC4 alloy during corrosion—wear
under this experimental condition.

The contribution of AK, and AK,, to material loss of
TC4 alloy should be discussed. When applied potential is
increased to 0.8V, wear-induced-corrosion and
corrosion-induced-wear play dominant roles in the
increment of metal loss. Figure 8 shows the fraction of
AK,, AK, and K,, to total material loss. Relative
contribution of pure mechanical wear (K,,) to total
volume loss obviously decreases with the increase of
potential from OCP to 0.8 V. Although electrochemical
dissolution of TC4 alloy is significantly promoted and
corrosion is increased by three hundreds of times by
wear, the ratio of wear-induced-corrosion AK, is not very
high. Actually, it is 3.32% under OCP condition, and
continuously increases to 7.83% at 0.9 V. Importantly,
contribution of wear-induced-corrosion and corrosion-
induced-wear becomes dominant especially at high
potential.

Figure 9 shows the typical micrographs taken from

K=0/I(ZF) ©) wear tracks for TC4 alloy. It can be seen that the alloy
Table 1 Various component contribution to total volume loss
Potential Kyo/mm® K/mm® K /mm® Kyo/mm® Keo/mm’® AK,/mm’ AK/mm’® Ky/Kye
OCP 68.73 66.45 2.28 64.12 0.0002 2.33 2.28 0.967
-03V 71.54 68.4 3.14 64.12 0.0006 428 3.14 0.956
02V 75.41 70.92 4.39 64.12 0.0011 6.8 4.39 0.941
038V 82.92 76.8 6.12 64.12 0.0017 12.68 6.12 0.926
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exhibits different failure mechanisms at different
electrochemical states. Worn surfaces at —0.9 V are
characterized by mainly severe deformation regions
interrupted by furrows parallel to the sliding direction as
shown in Fig. 9(a). The driving force for dissolution is
negligible and deterioration is mainly through
mechanical wear. Applied anodic potential can obviously
affect the wear mechanism and surface morphologies. At
OCP and —0.3 V, many wear debris can be observed in
Figs. 9(b) and (c). Wear debris becomes large at 0.2 V
and 0.8 V as shown in Figs. 9(d) and (e), exhibiting
many cracks and micro-cracks in wear track. Failure

mechanism of passive film at anodic potential may be
predicted. The deterioration process can be divided into
three steps: 1) The oxide film formed in worn surface is
divided into many big fragments and large cracks of
passive film forms; 2) Micro-cracks form in the
fragments and split into smaller parts, which cause
local-fragmentation due to uneven distribution of contact
stress; 3) Micro-fragments are removed due to friction
and seawater impact, and then fresh oxide film forms.
The continuous process of remove—repair in passive film
results in large leading to apparent
wear-induced-corrosion. Corrosion-induced-wear can be

corrosion,

(@)

(b)

©)
85.14% AK,,

9.03% AK,,

(d)

1529% AK,,

Fig. 9 Typical micrographs for TC4 alloy taken from wear tracks formed at different potentials: (a) —0.9 V; (b) OCP; (c) —0.3 V;

(d) 0.2 V; (e) 0.8 V



Jun CHEN, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1011-1018

understood through the failure mechanism of passive
film. The form-fragment-remove-repair process of
passive  film becomes significant deterioration
mechanism at high potential. Quick repair of destroyed
passive film accelerates metal failure, resulting in
dominant corrosion-induced-wear of TC4 alloy.
Moreover, breakdown and remove of passive film reduce
real area of contact for subsequent contact cycles, thus
leading to higher contact stress and then higher wear
rates also [26].

4 Conclusions

1) The cathodic shift of OCP due to sliding wear is
confirmed and corrosion current density is increased by
three orders of magnitude in anodic region.

2) Total corrosion—wear material loss increases
obviously with increasing potential. There is a synergy
between wear and corrosion. High potential results in
low COF and high corrosion rate.

3) The relative contribution of pure mechanical
wear to total material loss deceases obviously with the
increase of potential from OCP to 0.9 V during
corrosion—wear. The contributions of wear-induced-
corrosion and corrosion-induced-wear are significant
especially at higher potentials.
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