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Abstract: The tribocorrosion behavior of Inconel 690TT in NaOH (pH = 9.8) solution at different
normal forces was investigated by an electrochemical method. The results indicated that normal force
had a great effect on the tribocorrosion behavior and mechanism. When normal force increased from
15 to 30 N, fretting regime was in gross slip regime (GSR), and wear volume gradually increased.
When normal force further increased to 45 N, wear volume significantly decreased due to the fretting
regime changing from GSR to partial slip regime (PSR). When fretting ran in GSR, the corrosion
resistance decreased with the negative shift of open circuit potential (OCP). However, when the
fretting regime changed to PSR, the corrosion reaction significantly decreased due to the adhesive
wear. Fretting wear broke the passive film at the contacting surface, which caused the worn surface
to be more active and prone to corrosion. However, the broken passive film was quickly repaired
in subsequent oxidation. The break and repair of passive film strongly depended on normal force.
In GSR, the increase in normal force aggravated the break of passive film. In PSR, the passive film
was not easy to break with a further increase of normal force.

Keywords: tribocorrosion; electrochemistry; passive film; normal force

1. Introduction

Inconel 690TT (thermally treated) has been widely used as a structural material for steam generator
(SG) tubes in nuclear power plants due to the fact of its outstanding mechanical strength and corrosion
resistance [1]. However, fretting can occur in the SG tubes, which is an important issue due to the
flow-induced vibration in the pressurized water reactor (PWR) [2].

Due to the pH value of the secondary side water in the PWR being usually controlled at 9.0~10.0 [3,4],
the solution can act as an electrolyte for the electrochemical corrosion of the SG tube. Combined with
fretting, the mechanical removal of passive oxide film accelerated the material’s deterioration [5]. Therefore,
fretting corrosion of SG tubes is a combination of two simultaneous interfacial processes: One is the
mechanical removal of material in the form of wear debris. The other is the chemical degradation
which can be accelerated by fretting. In recent years, many investigations on fretting corrosion of
Inconel 690TT have been carried out with the fretting parameters including displacement amplitude [6,7],
normal force [6-8], cycle number [9,10], temperature [3,11-13], and microstructure evolution [14-18].
However, the electrochemical effects are ignored under such a corrosive environment, especially the
evolution of passive film.

The passive oxide layer plays an important role in wet environments which not only protects
the contacting materials from corrosion but also reduces the friction coefficient and wear volume [19].
Under fretting conditions, the passive film can be destroyed to make more fresh metal exposed to
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the solution and accelerate the corrosion behavior [20]. Therefore, fretting corrosion is closely related
to the depassivation and repassivation of passive film which can be studied using electrochemical
methods [21-24]. The changes in open circuit potential (OCP) can give a semi-quantitative assessment
of the corrosion regime and surface state of metal material [25] which indicates the evolution of passive
film. However, only a few studies have used electrochemical methods for Inconel 690TT.

In addition, the sliding regime can be transformed by the change in the normal force accompanied
by the variation of wear mechanism [26-28]. Meanwhile, the electrochemical corrosion behavior of
passive metal can be affected by wear behavior. Therefore, the interaction between wear and corrosion
can be affected by the change of passive film on the contacting surface of Inconel 690TT. In the present
study, the varied normal force was applied to investigate the interaction of wear and the electrochemical
corrosion behavior of Inconel 690TT in alkaline solution.

2. Materials and Methods

An Inconel 690TT tube was split into four sections in the axial direction and subsequently rolled
into square plates with a length of 14.7 mm and a thickness of 1 mm. Then, the plates were heat-treated
(715 °C/15 min) to remove the residual stress. Finally, the specimens were mechanically polished to a
surface roughness of Ra =~ 0.04 um. Before the fretting test, all specimens were ultrasonically cleaned
in ethanol and acetone. The chemical composition of Inconel 690TT is shown in Table 1.

Table 1. Chemical composition of Inconel 690TT (wt.%).

Element
Ni Fe Cr C Ti Mn Si P S
Inconel 690TT Bal 116 299 0.025 030 025 033 0.086 0.0025

Specimen

The 690TT plate was attached to the aluminum disk with a diameter of 52 mm and a thickness of
3 mm using a conductive adhesive which can ensure good electrochemical conductivity as shown in
Figure 1a. The positive bare surface of the aluminum disk was sealed with liquid silicone which can
provide electric insulation from aluminum disk to solution. As shown in Figure 1b, the upper ball was
stable, and the lower disk was driven by the crank-connecting rod shown in Figure 1c. The formulas of
the piston’s velocity and the stroke were:

v =sin0 + (%)sine 1)

A
s=1—cosG+(Z)(1—c0526) )
A=7 )

Here, A is the ratio of crank radius and connecting rod length, and its value during this test was
approximately 1/500. The curves of the two formulas are shown in Figure 1d,e, respectively. The solid
line in Figure 1d is the real value of the velocity which is opposite to the dashed line. From Figure 1c-e,
the following conclusions can be obtained:

(1) when the crank starts rotating from point A, both the velocity and stroke values of piston are zero;

(2) when the crank rotates to point B, the stroke value becomes half of the maximum, which means
the ball is at the middle way of the scratch, the velocity value of piston comes to the maximum;

(3) when the crank rotates to point C, the stroke value of piston comes to the maximum, while the
velocity value becomes zero, the ball is at the other endpoint of the scratch, and the piston starts
to move to the opposite direction;

(4) when the crank rotates to point D, the condition is the same to that at point B;
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Figure 1. Images of (a) specimens and (b) the oscillating friction and wear tester (MFT-R4000) used
in present study, along with the (c) schematic diagram of the crank-connecting rod in the wear tester;
(d) the piston velocity in the crank-connecting rod; and (e) the piston stroke in the crank-connecting rod.

When the crank rotates to point A again, both values come back to zero, one cycle of fretting
finishes, and a new cycle starts.

All fretting tests were carried out in NaOH (pH = 9.8) solution at a displacement amplitude of
180 um and a frequency of 0.02 Hz. The normal force was applied at 15, 20, 30, and 45 N, respectively.

The integrated 3 electrode electrochemical workstation (CS-350) was used with the tribocorrosion
tester (MFI-R4000) to monitor the electrochemical response at the contact area. The sample worked
as the working electrode, the high-purity graphite worked as the counter electrode, and the saturated
calomel electrode (SCE) worked as the reference electrode. The open circuit potential (OCP) and friction
coefficient (FC) values were continuously recorded to quantify the fretting corrosion behavior throughout
the test. After the test, the wear volume was measured by laser scanning confocal microscope (LSCM).
The morphologies of wear surface were obtained by scanning electron microscope (SEM).

3. Results

Figure 2 shows the curves of OCP and FC at different normal forces in the fretting corrosion test.
It can be found that there was a 10 min soaking time just before the fretting test. All FC curves kept
to zero and the OCP curves continuously increased. Once the fretting started, all FC curves slowly
increased with the test time, and their values changed in the range of 0.20~0.32. Meanwhile, all the
OCP curves immediately dropped first, then decreased slowly with the test time. It is worth noticing
that the OCP curves had fluctuations within a small range (0.001~0.008 V) during the fretting test.
Finally, when the fretting test finished, all FC values decreased to zero immediately, and all OCP values
quickly increased.



Materials 2020, 13, 3959

a 05
g fretting finishes 0%
Ty 04 N .
= fretting starts
% 0.24 @)
Q 03 o)
3] o
g =
g 02+ —0.28 ™~
3]
=] i
B~ 0. [
0.0
0 600 1200 1800 2400 3000 3600 4200 4800
Time (s)
C 0.5
- 30}f fretting finishes _{ |5,
5 04 1/ ‘ fretting starts
2 —
!.g :\ 0.24
= |
D 03| | @)
*] | @)
Q | 028 @
g 02 | E 5
= !
‘5 | 103
E 01 WHH
‘ I 0.36
HHH‘ I

0.0
0

600

Time (s)

1200 1800 2400 3000 3600 4200 4800

oy

Friction coefficient

Friction coefficient .

0.5

RO N

04 »// /j] T/

fretting starts

fretting finishes

4-0.20

03 2
.6
028 ~
02} S
4-03
0.1
i mmm
0.36
0.0
0 600 1200 1800 2400 3000 3600 4200 4800
Time (s)
0.5
45 T\{' 4-0.20
/ fretting ﬁmshes
0t/ L/frettmg starts !
0.2
4-0.24
0.26
—0.28

0 600

1200

1800 2400 3000

Time (s)

3600 4200 4800

(A) dDO

40f 14

Figure 2. The open circuit potential (OCP) and friction coefficient (FC) curves with test time at the
normal forces of (a) 15 N, (b) 20 N, (¢) 30 N, and (d) 45 N.

Figure 3 shows the differences of OCP in different time durations at different normal forces.
AELl is the difference of OCP between 10 and 15 min, which represents the negative shift of OCP at
the initial process of the fretting test. The AE2 is the average value of OCP fluctuation during the
whole fretting test, representing the change of OCP under each fretting cycle. The AE3 is the difference
of OCP between 10 and 70 min, which means the overall negative shift of OCP through the fretting
test. The AE4 is the difference of OCP between 70 and 80 min, which represents the recovery of OCP
after the fretting test. It can be seen that all the differences in potential increase significantly when the
normal force increases from 15 to 30 N. However, when the normal force further increases to 45 N,
all of them decreased significantly.
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Figure 3. The differences in OCP for different time durations at different normal forces. The error bar

was calculated by the standard deviation of three data sets.
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Figure 4 shows the average FC in the whole fretting test and the wear volume of wear scar
at different normal forces. When the normal force increased from 15 to 30 N, the average value of
FC exhibited a small change in the range of 0.23~0.26. When the normal force further increased to
45 N, the FC value decreased to 0.16. Correspondingly, the wear volume increased from 25,000 to
71,000 pum?, when the normal force increased from 15 to 30 N. Then, the wear volume sharply decreased
to approximately 10,000 um?, when the normal force further increased to 45 N.
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Figure 4. The average FC and wear volume at different normal forces. The error bar was calculated by
the standard deviations of three data sets.

Figure 5 shows the SEM images of wear scars at different normal forces. It can be found that the
width of the wear scar increased, while the length decreased with increasing normal force. The abrasive
grooves can be found on the wear surface in Figure 5a—c. The density of the grooves increases with
the increase of normal force. However, when the normal force further increased to 45 N, no abrasive
groove could be found in the center of the wear scar. In addition, a dark annular region could be found
surrounding the center circular area in the wear scar when the normal force was 45 N.

100pum

100pm X ! : 100pm

Figure 5. SEM images of the wear scars at normal forces of (a) 15N, (b) 20 N, (c) 30 N, and (d) 45 N.
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Figure 6 presents the high magnification images of marked zones in Figure 5. When the normal
force increased from 15 to 30 N, many abrasive grooves could be found in the center of the wear scar as
shown in magnified parts in Figure 6a—c. When the normal force further increased to 45 N, only traces
of adhesive wear could be found in the center of the wear scar as shown in the magnified part in
Figure 6d.

Figure 6. The magnified images of positions (a) A, (b) B, (c) C, and (d) D in Figure 5.

Figure 7 shows the size of the semi-major axis, semi-minor axis, and relative displacement of the
wear scar at different normal forces. The wear scar was found as an eclipse which can be described
using sizes of a semi-major axis and a semi-minor axis. The size of the semi-major axis of the wear
scar always decreased with the increase of normal force. By comparison, the size of the semi-minor
axis first increased when the normal increased from 15 to 30 N, then decreased when the normal force
further increased to 45 N. The relative displacement of the wear scar showed a downward trend with
increasing normal force. It almost became zero when the normal force was 45 N.
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Figure 7. The sizes of the semi-major axis, semi-minor axis, and relative displacement of the wear scar
at different normal forces. The error bars were calculated by the standard deviations of three data sets.
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Figure 8 shows the EDS mapping—scanning results of wear surface at the normal force of 30 N.
It can be found that the oxygen content on the wear surface was higher than that on the intact area,
chromium content had little difference while nickel and iron contents were lower on the wear surface
than that on intact surface.

O Ka1

Cr Ka1 Ni Ka1

Fe Ka1

Figure 8. EDS mapping-scanning results of wear surface at the normal force of 30 N.

Figure 9 shows the high magnification images of part I, II, and III of tribocorrosion curves in
Figure 2. It is noted that the friction sensor can only record the values in one direction during the test,
resulting in the lack of data for FC in the opposite direction which is almost the same as the recorded
values. In order to analyze the data conveniently, the missing values were made up by dashed lines
utilizing a simulation method. From parts I in Figure 9, it was found that when the fretting test starts,
the FC curves increased immediately and showed some changes at the beginning. While the OCP
curves decreased step by step. From parts Il in Figure 9, it was found that in the middle of the fretting
test, the FC and the OCP curves keep stable and fluctuated regularly, and the changes of the FC show a
correspondence with the changes of OCP in half of one fretting cycle. After 60 min, when the load was
removed, the FC curves came back to zero immediately, while the OCP curves continually increased as
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shown in parts Il in Figure 9. However, when the normal force was 45 N, the OCP first decreased to
about 0.025 V as soon as the fretting finished and increased continually. The value of the decreasing
OCP was much larger than the fluctuation value of potential during the fretting test.
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Figure 9. The high magnification images of part I, II, and III of the tribocorrosion curves in Figure 2 at
the normal forces of (a) 15N, (b) 20 N, (¢) 30 N, and (d) 45 N.

It is worth noting that more details can be found in the fluctuations of the OCP and FC curves
during the fretting test. From Parts II in Figure 9 demonstrating the OCP and FC changes for 4 cycles
obtained during the fretting tests with different normal forces, an interesting repetitive cyclic OCP
change can be seen when the normal force increased from 15 to 30 N, demonstrating a potential peak
around an FC peak when the fretting started and then a potential nadir around a higher FC peak.
When the normal force further increased to 45 N, the potential nadir was around the only FC peak.
The fluctuation of OCP and FC can be consistently seen throughout the fretting test. The time period
between the nadir and the peak of the OCP was similar in all cases, which was 12 + 1 s. The time
period of one fretting cycle was 50 s; one fretting cycle contained two cyclic changes of OCP.

4. Discussion

It was reported that the fretting corrosion behavior was greatly affected by the mechanical factors
and electrochemical corrosion [25]. The protective passive film can be broken and repaired by the
interaction of wear and corrosion.
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4.1. Surface State

The shape of the wear scar was found as an ellipse due to the slip that happened in the contacting
area which was parallel to the fretting direction and larger than the contact size [29] as shown in
Figure 5. When the normal force increased from 15 to 30 N, the wear scar size of the semi-major axis
was larger than the size of the semi-minor axis as shown in Figure 7. The abrasive grooves were found
in Figure 6, forming a typical gross slip morphology in the wear scar [16]. When the normal force
increased to 45 N, the shape of the wear scar became round which was indicated by the sizes of the
semi-major axis and semi-minor axis shown in Figure 7. No abrasive groove was found in the wear
scar, as shown in Figure 5. In addition, the dark annular region around the wear scar was defined as s
micro-slip region [30], where a micro-slip happened at the edge of interface due to the increase of shear
stress and decrease of friction.

The relative displacement shown in Figure 7 was used to analyze the fretting conditions. It was
found that the relative displacement decreased with the increasing normal force. When the normal
force increased to 45 N, the relative displacement was almost zero, the contact pressure was high
enough to prevent the relative displacement at the interface which indicated the fretting wear kept
in stick-slip condition [31]. Obviously, when the normal force increased from 15 to 30 N, the fretting
regime was mainly a gross slip regime; when the normal force further increased to 45 N, the fretting
regime changed to a partial slip regime.

4.2. Wear and Corrosion Behaviors

It is proposed that the surface damage under fretting corrosion mainly resulted from mechanical
wear, corrosion, and interaction of wear and corrosion. Hence, the total wear volume (V}) can be
expressed as [32]:

Vit =Ve+ Vi + (Avcm + Avmc) (4)

where Vi is the total wear volume, V. is the wear volume due to the corrosion without fretting, V,, is
the wear volume due to the mechanics without corrosion, AV, is the synergistic wear volume induced
by the corrosion which enhances wear due to the mechanics, and AV, is the synergistic wear volume
induced by mechanics which enhances wear due to the corrosion. In this study, the test solution
and test time were fixed, so the wear volume due to the corrosion without fretting was a constant,
which would not affect the change of total volume.

When the normal force increased from 15 to 30 N, the fretting regime was changed to gross slip
regime and the average friction coefficient had little changes as shown in Figure 4. Some researchers
studied the influence of fretting parameters on friction coefficient and, finally, found that when the
materials and test condition were established, the friction coefficient was independent on normal force
under gross slip regime [33]. Therefore, in this study, the friction coefficient could be seen as a stable
value. On the other hand, the surface state and the wear debris affected the wear state to some extent,
and it was reasonable for the friction coefficient to have some fluctuations.

According to the Archard model, the wear coefficient can often be extrapolated from the following

relationship [33]:

\%
K = 5 5)

where K is the Archard wear coefficient which strongly depends on the wear mode, displacement,
and so on [25], V the mechanical wear volume of the fretting scar in the fretting test, P is the normal
force, and S is the sliding distance which is a constant in this paper. In this paper, the Archard wear
coefficient K can be regarded as a constant in the gross slip regime [25]. When the fretting regime was
in gross slip regime without obvious elastic and plastic deformation in the wear scar, the wear volume
was in a positive correlation with friction. The Archard model can be modified as:

V =K'fS )
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where K’ is the modified wear coefficient, and f is the tangential force. In order to simplify the
calculation and analysis, the tangential force f can be replaced by p-P, where p is the average friction
coefficient. The wear volume induced by mechanical wear mostly with the p can be written as follows:

V = K'uPS @)

When the normal force increased from 15 to 30 N, the u could be seen as a constant, so the normal
force P was the main factor which could greatly influence the mechanical wear volume V,,. As a result,
with the increase of the normal force from 15 to 30 N, the V;; would exhibit an upward trend just like
the total wear volume shown in Figure 4. When the normal force further increased to 45 N, the fretting
regime changed to a partial slip regime; the modified Archard model, which is suitable for a gross
slip regime, could not be utilized in this situation [34]. Under the partial slip regime, the V,, of the
specimen mainly came from elastic and plastic deformation which was relatively smaller compared to
that under sliding wear. As a result, the V;;, would show an obvious decrease in a partial slip regime.
In conclusion, the mechanical wear volume increased with the increasing normal force in the gross slip
regime. However, when the normal force was large enough to change the fretting regime into a partial
slip regime, the mechanical wear volume decreased sharply.

The synergistic wear volume induced by corrosion enhances wear due to the mechanics and
mechanics enhances wear due to the corrosion can be analyzed by the interaction of wear and corrosion.
In an electrolyte, the potential that the material adopts when it is not connected to any external
electrical source called open circuit potential (OCP) [35]. The anodic reaction rate is equal to the
cathodic reaction rate, so the OCP can give a semi-quantitative assessment of material’s passivity
and corrosion regime [35,36]. It was found that all tests showed similar changes of OCP as shown in
Figure 2. When the specimens were immersed into NaOH solution for 10 min, an increasing OCP to
—0.2 V was observed, suggesting the development of new protective oxide film [34]. A sharp decrease
in the OCP in the range of 0.04~0.12 V was found as soon as normal force was applied, suggesting a
mechanically induced depassivation of the surface which increased the corrosion rate [34]. During the
fretting test, regular fluctuations of potential were found demonstrating periodically depassivation
and repassivation of the wear surface. After fretting wear tests, an increase of OCP in the range
of 0.04-0.13 V was found, representing continuous repassivation of the wear surface and apparent
decrease in the corrosion rate [35]. In Figure 3, the negative shift of OCP represented the decrease of
metal corrosion resistance. The larger the negative shift of OCP, the worse the corrosion resistance of
the metal surface exhibited [35]. It is believed that the increase of wear rate induced by increasing
normal force could break more passive film, thus the wear scar would become more active and
the corrosion reaction would be accelerated [34]. Therefore, the corrosion rate increased with the
increase of wear rate. On the other hand, when the normal force increased to 45 N, the fretting regime
changed to partial slip regime, the values of AE1, AE2, and AE3 all decreased significantly, suggesting
the mechanical wear and corrosive effect became weak. The reaction area would decrease greatly
when only micro-slip happened in the surrounding partial slip regime, making a little decrease and
fluctuation of potential, as shown in Figure 3. When the fretting finished, the fresh worn surface would
be exposed to the solution, a great decrease of OCP took place once the load was removed, as shown in
Figure 8. In addition, corrosion behavior could also accelerate the wear behavior at the same time.
The corrosion reaction could make the material loose and porous, so the material could be scraped
more easily which would increase the wear volume [35].

In conclusion, the promotion of wear to corrosion reaction would increase with increasing normal
force in gross slip regime then decrease in partial slip regime. The change of (AV,y, + AVy,) would be
consistent with the changes of AE1, AE2 and AE3 in Figure 3.
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4.3. Changes of Passive Film

Inconel 690TT has high corrosion resistance in wet environment for its passive film formed on the
surface which can provide resistance to localized corrosion [21]. The passive film on nickel-based alloys
in aqueous solution was generally considered as a duplex film structure [37]. The inner layer of the
chromium oxide was dense and less porous, which can protect the metal surface from electrochemical
corrosion. The outer layer of the iron oxide was porous and less adhesive, which was usually formed
by dissolution or precipitation mechanism. Based on References [37,38], the steady-state oxide of
Inconel 690TT was FeCr,O4 at low potential in alkaline solutions. Presumably, the new oxide formed
on the surface of Inconel 690TT, as shown in Figure 8, which could thicken the passive film which was
a mixture of Cr,O3 and FeCr,O4 when the samples were immersed into NaOH solution for 10 min in
region one as shown in Figure 2. This barrier could stop metal ions being released to the environment
and make positive transition of OCP. Fretting wear tests started in region two where rapid negative
potential shifts were found followed by a steady state potential evolution. The negative shift of
potential was related to damage of the protective film due to fretting, and the surface became more
active [32]. In region three the potential moved to the positive direction immediately after fretting
wear stopped, indicating that a “recovery” of the damaged passive film occurred [25].

From Figure 9, the OCP curves decreased step by step at the beginning of the fretting test,
which indicated that the original passive film on the surface was thick enough to be removed layer
by layer. During the fretting tests, original passive film on worn surface was broken by fretting wear,
wear surface became more active with accelerated oxidation. Then new chromium oxide and iron
oxide formed on the wear surface, which could compose a new passive film [21]. The more serious
the damage of the passive film was, the more active the wear surface became. Therefore, the break of
passive film could promote the corrosion reaction during the fretting wear. The broken passive film
would be repaired indicated by the fluctuations of OCP as shown by the part Il in Figure 9. In addition,
the changes of FC showed a negative correlation to the changes of OCP in the regular fluctuations,
because the passive film could reduce friction coefficient for its lubrication effect [19]. Connecting with
the piston’s velocity and stroke curves shown in Figure 1c, it was proposed that there were five special
points in every fretting cycle marked for the changes of the passive film in gross slip regime, as shown
in Figure 10. When the fretting cycle started in point A, the ceramic ball was in the left endpoint of
the wear scar, the velocity of the piston was zero, the potential was near to the peak while the FC
was zero. The FC increased to a peak rapidly in a few seconds while the potential was at the peak.
The relative fretting motion between the ball and plate started at this point A" due to the existence
of static friction [39]. The crank kept rotating and the velocity of piston increased to the maximum
in point B, where the ceramic ball should be in the midpoint of the wear scar. From point A’ to B,
the FC had an upward trend on the whole, while the OCP had a downward trend. In this progress,
the damage of the passive film on the contact area dominated with the increase of the piston’s velocity
and the lubrication effect of passive film reduced, which led to a negative shift of OCP and increase of
FC. Then the fretting motion kept going, the piston’s velocity decreased to zero at point C, where the
ceramic ball should be in the endpoint of the wear scar. From point B to C, the FC first increased
then decreased to zero, while the OCP first had a negative shift then a positive shift. In this process,
the oxidation behavior was enhanced by the former mechanical wear, the repair of the passive film
dominated with the decrease of the piston’s velocity, which led to a positive shift of the OCP. It is worth
noting that the peak of FC curve occurred just at the nadir the OCP curve marked as point B’ close to
point B. This phenomenon should happen at point B, where the damage extent of the passive film is at
a maximum theoretically. The reasons for this delay phenomenon might be the elastic deformation,
influence of wear debris, and sensitivity of the machines. Cyclic fretting motion in one direction
finished in point C, the values of OCP and FC were the same to those in point A, and the situations
happened in the opposite direction. The break and repair of passive film dominated repeatedly and
mutually during the whole fretting test. However, when the fretting regime changed to a partial slip
regime, no slip happened at the interface barely. The break and repair of passive film only happened in
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the micro-slip region, which is much smaller than the adhesive region; therefore, the fluctuation of
potential would be much smaller compared to those at lower normal forces as shown in Figure 3.
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Figure 10. Schematic diagrams of the evolution of passive films at different normal forces during the
tribocorrosion test.

5. Conclusions

In this study, the tribocorrosion behavior of Inconel 690TT in alkaline solution at different normal

forces was investigated. The FC and OCP were obtained by in situ electrochemical measurements.
The main conclusions are as follows:

1.

The normal force had a great effect on the tribocorrosion behavior and mechanism. When the
normal force increased from 15 to 30 N, the fretting regime was in a gross slip regime and the
wear volume had an upward trend. When the normal force further increased to 45 N, the wear
volume decreased significantly due to the change in the fretting regime from a gross slip regime
to a partial slip regime;

The electrochemical behavior on the worn surface strongly depended on the fretting wear
mechanism. The fretting wear accelerated the corrosion reaction at the contact area. When fretting
ran in a gross slip regime, the corrosion resistance decreased with the increase of normal force
by negative shifts of OCP. However, when the fretting regime changed to a partial slip regime,
the corrosion reaction decreased significantly due to the adhesive wear;

Passive film played an important role in the fretting corrosion behavior. Fretting wear broke the
passive film at contacting surface, which caused the worn surface to be more active and more
prone to be corrosive. However, the broken passive film was quickly repaired by oxides produced
in subsequent oxidation, and the corrosion continued to occur only after the break of passive film
by the fretting wear;

The break and repair of passive film on the wear scar strongly depended on the normal force.
In the gross slip regime, the increase of normal force aggravated the break of passive film. In the
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case of a partial slip regime, the passive film was as easily broken with a further increase in the
normal force.

Author Contributions: Conceptualization, L.X.; methodology, L.X.; validation, L. X. and L.J.; investigation, L.X.;
writing—original draft preparation, L.X.; writing—review and editing, L.X. and L.J.; project administration, L.J.;
funding acquisition, L.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Fundamental Research Funds for the Central Universities (Grant No.
FRF-GF-19-029B).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guo, X.L,; Lai, P; Li, L.; Tang, L.C.; Zhang, L.F. Progress in studying the fretting wear/corrosion of nuclear
steam generator tubes. Ann. Nucl. Energy 2020, 144, 107556. [CrossRef]

2. Cai, 2B, Li, Z.Y,; Yin, M.G.; Zhu, M.H.; Zhou, Z.R. A review of fretting study on nuclear power equipment.
Tribol. Int. 2020, 144, 106095. [CrossRef]

3. Liu, X.C,; Ming, H.L.; Zhang, Z.M.; Wang, ].Q.; Tang, L.C.; Qian, H.; Xie, Y.C.; Han, E.H. Effects of temperature
on fretting corrosion between Alloy 690TT and 405 Stainless Steel in Pure Water. Acta Metall. Sin. Engl. Lett.
2019, 32, 1437-1448. [CrossRef]

4.  Guo, X.L,; Lai, P; Tang, L.C.; Lu, ].Q.; Wang, ].M.; Zhang, L.F. Fretting wear of alloy 690 tube mated with
different materials in high temperature water. Wear 2018, 400401, 119-126. [CrossRef]

5. Stojadinovi¢, J.; Bouvet, D.; Declercq, M.; Mischler, S. Effect of electrode potential on the tribocorrosion of
tungsten. Tribol. Int. 2009, 42, 575-583. [CrossRef]

6. Ming, HL,; Liu, X.C; Lai, J.; Wang, ].Q.; Gao, L.X.; Han, E.H. Fretting wear between Alloy 690 and
405 stainless steel in high temperature pressurized water with different normal force and displacement.
J. Nucl. Mater. 2020, 529, 151930. [CrossRef]

7. Guo, X.L; Lai, P; Tang, L.C.; Wang, ]. M.; Zhang, L.F. Effects of sliding amplitude and normal load on the
fretting wear behavior of alloy 690 tube exposed to high temperature water. Tribol. Int. 2017, 116, 155-163.
[CrossRef]

8.  Ming, H.L,; Liu, X.C.; Zhang, Z.M.; Wang, ].Q.; Han, E.H. Effect of normal force on the fretting wear behavior
of Inconel 690TT against 304 stainless steel in simulated secondary water of pressurized water reactor.
Tribol. Int. 2018, 126, 133-143. [CrossRef]

9. Xin, L.; Han, YM.; Ling, L.G.; Zhang, W.D.; Lu, Y.H.; Shoji, T. The evolution of fretting wear behavior and
damage mechanism in Alloy 690TT with Cycle Number. Materials 2020, 13, 2417. [CrossRef]

10. Li,J; Ma, M,; Lu, Y.H,; Xin, L. Evolution of wear damage in Inconel 600 alloy due to fretting against type 304
stainless steel. Wear 2016, 346, 15-21. [CrossRef]

11. Mi, X,; Xie, H.; Tang, P,; Cai, Z.B.; Peng, ].F.; Zhu, M.H. Effect of environmental condition on the chemical
behavior of 690 alloy during fretting wear. Tribol. Int. 2020, 146, 106202. [CrossRef]

12.  Lai, P; Gao, X.C,; Tang, L.C.; Guo, X.L.; Zhang, L.F. Effect of temperature on fretting wear behavior and
mechanism of alloy 690 in water. Nucl. Eng. Des. 2018, 327, 51-60. [CrossRef]

13. Hong, J.K.; Kim, L-S. Environment effects on the reciprocating wear of Inconel 690 steam generator tubes.
Wear 2003, 255, 1174-1182. [CrossRef]

14. Ming, HL.; Liu, X.C.; Yan, H.L.; Zhang, Z.M.; Wang, ].Q.; Gao, L.X,; Lai, J.; Han, E.H. Understanding
the microstructure evolution of Ni-based superalloy within two different fretting wear regimes in high
temperature high pressure water. Scr. Mater. 2019, 170, 111-115. [CrossRef]

15.  Xin, L.; Huang, Q.; Han, YM.; Lu, Y.H.; Zhang, W.D.; Shoji, T. The damage mechanism of Alloy 690TT
against Alloy 600 caused by fretting wear in room temperature pure water. Mater. Charact. 2020, 161, 110176.
[CrossRef]

16. Xin, L.; Yang, B.B.; Li, J.; Lu, Y.H.; Shoji, T. Wear damage of Alloy 690TT in partial and gross slip fretting
regimes at high temperature. Wear 2017, 390, 71-79. [CrossRef]

17.  Xin, L,; Yang, B.B.; Li, J.; Lu, Y.H.; Shoji, T. Microstructural characteristics of Alloy 690TT subjected to fretting
corrosion in high temperature water. Corros. Sci. 2017, 123, 116-128. [CrossRef]

18. Xin, L.; Luo, H.J.; Han, YM.; Lu, Y.H.; Shoji, T. Damage mechanism of Alloy 690TT mated with Type 304

stainless steel during fretting wear in partial slip regime. Mater. Charact. 2017, 132, 284-292. [CrossRef]


http://dx.doi.org/10.1016/j.anucene.2020.107556
http://dx.doi.org/10.1016/j.triboint.2019.106095
http://dx.doi.org/10.1007/s40195-019-00929-9
http://dx.doi.org/10.1016/j.wear.2018.01.001
http://dx.doi.org/10.1016/j.triboint.2008.04.009
http://dx.doi.org/10.1016/j.jnucmat.2019.151930
http://dx.doi.org/10.1016/j.triboint.2017.07.001
http://dx.doi.org/10.1016/j.triboint.2018.05.020
http://dx.doi.org/10.3390/ma13102417
http://dx.doi.org/10.1016/j.wear.2015.10.011
http://dx.doi.org/10.1016/j.triboint.2020.106202
http://dx.doi.org/10.1016/j.nucengdes.2017.12.007
http://dx.doi.org/10.1016/S0043-1648(03)00208-4
http://dx.doi.org/10.1016/j.scriptamat.2019.05.037
http://dx.doi.org/10.1016/j.matchar.2020.110176
http://dx.doi.org/10.1016/j.wear.2017.07.006
http://dx.doi.org/10.1016/j.corsci.2017.04.009
http://dx.doi.org/10.1016/j.matchar.2017.08.024

Materials 2020, 13, 3959 14 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wang, Z.H.; Lu, Y.H,; Li, J.; Shoji, T. Effect of pH value on the fretting wear behavior of Inconel 690 alloy.
Tribol. Int. 2016, 95, 162-169. [CrossRef]

Li, J.; Yang, B.B.; Lu, YH.; Xin, L.; Wang, Z.H.; Shoji, T. The effects of electrochemical polarization condition
and applied potential on tribocorrosion behaviors of Inconel 690 alloys in water environment. Mater. Des.
2017, 119, 93-103. [CrossRef]

Huang, J.; Wu, X.Q.; Han, E.H. Electrochemical properties and growth mechanism of passive films on Alloy
690 in high-temperature alkaline environments. Corros. Sci. 2010, 52, 3444-3452. [CrossRef]

Lv, J.L,; Liang, T.X.; Chen, W.; Guo, T. Comparison of corrosion behavior between coarse grained and
nano/ultrafine grained alloy 690. Appl. Surf. Sci. 2016, 360(Part A), 403—408. [CrossRef]

Tekin, K.C.; Malayoglu, U. Assessing the tribocorrosion performance of three different nickel-based
superalloys. Tribol. Lett. 2010, 37, 563-572. [CrossRef]

Li, B.; Gao, YM.; Li, C.; Guo, HJ.; Zhao, S.Y. Tribocorrosion properties of NiCrAlY Coating in different
corrosive environments. Materials 2020, 13, 1864. [CrossRef]

Lgried, M.; Liskiewicz, T.; Neville, A. Electrochemical investigation of corrosion and wear interactions under
fretting conditions. Wear 2012, 282, 52-58. [CrossRef]

Xin, L.; Lu, Y.H.; Shoji, T. The role of material transfer in fretting wear behavior and mechanism of Alloy
690TT mated with Type 304 stainless steel. Mater. Charact. 2017, 130, 250-259. [CrossRef]

Li, J.; Yang, B.B.; Lu, YH.; Xin, L.; Wang, Z.H.; Shoji, T. The effect of normal force on fretting corrosion
behavior of Inconel 690 in 3.5% sodium chloride. Mater. Charact. 2017, 131, 224-233. [CrossRef]

Xin, L.; Yang, B.B.; Wang, Z.H,; Li, J.; Lu, Y.H.; Shoji, T. Effect of normal force on fretting wear behavior and
mechanism of Alloy 690TT in high temperature water. Wear 2016, 368-369, 210-218. [CrossRef]

Archard, J.F. Contact and rubbing of flat surfaces. |. Appl. Phys. 1953, 24, 981-988. [CrossRef]

Xin, L.; Huang, Q.; Han, YM.; Ji, H.C.; Lu, Y.H.; Shoji, T. Insights into the fatigue cracking of Alloy 690TT
subjected to fretting wear under partial slip conditions. Mater. Charact. 2020, 159, 110040. [CrossRef]

Xin, L.; Wang, Z.H,; Li, J.; Lu, Y.H.; Shoji, T. Fretting wear behavior and mechanism of inconel 690 Alloy
Related to the displacement amplitude. Tribol. Trans. 2017, 60, 913-922. [CrossRef]

Geringer, J.; Macdonald, D.D. Friction/fretting-corrosion mechanisms: Current trends and outlooks for
implants. Mater. Lett. 2014, 134, 152-157. [CrossRef]

Fouvry, S.; Kapsa, P.; Vincent, L. An elastic—plastic shakedown analysis of fretting wear. Wear 2001, 247,
41-54. [CrossRef]

Bryant, M.; Farrar, R.; Brummitt, K.; Freeman, R.; Neville, A. Fretting corrosion of fully cemented polished
collarless tapered stems: The influence of PMMA bone cement. Wear 2013, 301, 290-299. [CrossRef]
Sivakumar, B.; Kumar, S.; Sankara Narayanan, T.S.N. Fretting corrosion behaviour of Ti-6A1-4V alloy in
artificial saliva containing varying concentrations of fluoride ions. Wear 2011, 270, 317-324. [CrossRef]

Xie, ZW.; Chen, T.; Chen, Q.; Yang, Q.; Tan, S.; Wang, Y.J.; Luo, YM.; Luo, Z.Z.; Hua, M.Q. Tribocorrosion
behaviors of AIN/MoS2-phenolic resin duplex coatings on nitrogen implanted magnesium alloys. Surf. Coct. Tech.
2015, 266, 64-69. [CrossRef]

Kuang, W].; Wu, X.Q.; Han, E.H. Influence of dissolved oxygen concentration on the oxide film formed on
Alloy 690 in high temperature water. Corros. Sci. 2013, 69, 197-204. [CrossRef]

Lv, J.L,; Liang, T.X.; Wang, C.; Gao, W.L. Investigation of passive films formed on the surface of alloy 690 in
borate buffer solution. J. Nucl. Mater. 2015, 465, 418-423. [CrossRef]

Zhu, M.H.; Zhou, Z.R. On the mechanisms of various fretting wear modes. Tribol. Int. 2011, 44, 1378-1388.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.triboint.2015.10.025
http://dx.doi.org/10.1016/j.matdes.2017.01.032
http://dx.doi.org/10.1016/j.corsci.2010.06.016
http://dx.doi.org/10.1016/j.apsusc.2015.11.031
http://dx.doi.org/10.1007/s11249-009-9552-1
http://dx.doi.org/10.3390/ma13081864
http://dx.doi.org/10.1016/j.wear.2012.02.001
http://dx.doi.org/10.1016/j.matchar.2017.06.020
http://dx.doi.org/10.1016/j.matchar.2017.04.015
http://dx.doi.org/10.1016/j.wear.2016.09.018
http://dx.doi.org/10.1063/1.1721448
http://dx.doi.org/10.1016/j.matchar.2019.110040
http://dx.doi.org/10.1080/10402004.2016.1230686
http://dx.doi.org/10.1016/j.matlet.2014.06.167
http://dx.doi.org/10.1016/S0043-1648(00)00508-1
http://dx.doi.org/10.1016/j.wear.2012.12.042
http://dx.doi.org/10.1016/j.wear.2010.09.008
http://dx.doi.org/10.1016/j.surfcoat.2015.02.013
http://dx.doi.org/10.1016/j.corsci.2012.12.003
http://dx.doi.org/10.1016/j.jnucmat.2015.06.033
http://dx.doi.org/10.1016/j.triboint.2011.02.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Surface State 
	Wear and Corrosion Behaviors 
	Changes of Passive Film 

	Conclusions 
	References

