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ABSTRACT

The fretting tribocorrosion resistance of steam generator tubes essentially affects
on the pressurized water reactor power plant’s safety and stable operation. In
this study, a high-performance CrAlTiN coating deposited by plasma spraying
technique on the surface of an Inconel 690 alloy tube was fabricated, and its
fretting wear and electrochemical corrosion behaviors were investigated.
Although the CrAlTiN coating’s surface compressive residual stress is lower
than the Inconel 690 alloy tube, its more excellent surface nano-hardness and
elastic modulus help reduce the tribocorrosion degree of the treated alloy tubes.
In addition, this coating decreased the friction coefficient. Electrochemical cor-
rosion tests show that the corrosion rate was reduced by the CrAlTiN coating,
and an increased normal load would accelerate the corrosion degree. Moreover,
the primary tribocorrosion mechanism includes pitting corrosion, abrasive, and
oxidation wear.
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Introduction steam generator tubes and their support plates [2].

Furthermore, desalting and boracic seawater that
served as coolants are corrosive, thus making fretting

Fretting tribocorrosion is always derived from the
simultaneous action of the chemical, electrochemical,
and mechanical, thus resulting in a degradation of
materials in fretting contact modes under corrosion
conditions [1]. Inner the steam generators of nuclear
pressurized water reactors, with the turbulent buf-
feting, Strouhal periodicity, and fluid elastic insta-
bility excitation mechanisms in place, led to the
fretting wear behaviors commonly occur between
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wear and corrosion simultaneously happening, that
is, fretting tribocorrosion. Approximately 40% of
abnormal shutdown accidents in nuclear reactors
were caused by the fretting tribocorrosion failure of
steam generator tubes [3].

Fretting tribocorrosion belongs to a complicated
dynamic damage process that is affected by the
coupling effect of various mechanical, environmental,
and material factors. Major mechanical parameters
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refer to normal load, displacement amplitude, and
fretting frequency. Liao and Li et al. concluded that
the normal load would significantly affect the initia-
tion and propagation mechanism of fretting corrosion
fatigue cracks of Inconel 690 alloy [4, 5]. Meanwhile,
Zhang and Xin et al. found that the increased fretting
frequency would accelerate the removal of the ultra-
fine grained wear debris and aggravates the plastic
deformation of the nanostructured TTS layer, which
finally exacerbates fretting corrosion [6, 7]. Xin
reveals in detail the formation and metastasis of
oxide in the fretting corrosion process of the Inconel
690 TT alloy in high-temperature and high-pressure
pure water under partial slip conditions [8]. How-
ever, the real working condition of nuclear steam
generator tubes is very complex and rigorous. Envi-
ronmental factors such as temperature, pH, dissolved
oxygen or hydrogen, and impurity concentrations of
coolant could affect the fretting corrosion behavior of
steam generator tubes. Liu found that the fretting
corrosion degree of alloy 690 TT under 100 °C water
is higher than the level of room temperature or
200 °C[9]. The pH value of the coolant mostly
depends on the content of impurities, and extremely
acidic or alkaline conditions would aggravate corro-
sion problems in steam generator tubes [2, 10].
Moreover, according to Xin et al., the changes to the
dissolved oxygen will affect the competition between
the surface film rupture rate, re-passivation rate, and
the initiation of corrosion fatigue cracks [11].
Abnormal amounts of some impurities such as
chloride, magnetite, zinc, and ferrite can negatively
affect the composition and structure of corrosion
oxidation film [12-14]. As for the material factors,
pieces of the literature can be indexed primarily
because steam generator tubes belong to nuclear
grade material, and there are very limited types
applied to the engineering practice [15].

In general, the corrosion behavior of steam gener-
ator tubes is accompanied by an electrochemical
process. From this, electrochemical techniques have
been widely applied to characterize the corrosion
dynamic behavior of the alloy tube in the active,
passive, and trans-passive states, including the cor-
rosion rate, polarization resistance, and corrosion
mechanism [16]. In virtue of the electrochemical
technique, Peraud et al. revealed the dissolution
kinetics and passivation tendency of alloy 600 and
alloy 800 under acid sulfate solutions at 315 °C [17].
Meanwhile, Betova investigated how the addition of
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lead affects the electrochemical behavior of the alloy
690 tube in acidic and alkaline crevice solutions at
278 °C [18]. Furthermore, Wang and Li et al. applied
high-temperature and pressure in situ electrochemi-
cal technology to reveal how the temperature vari-
ables affect the corrosion dynamic behaviors of the
690 alloy [19, 20]. Euch also revealed how the oxi-
dation properties of alloy 690 surface influenced its
electrochemical behaviors under simulated service
conditions [21]. Thus, an in-depth study of the cor-
rosion behaviors of steam generator tubes is impor-
tant for nuclear power plants because corrosion
failure may cause several serious problems [10].

Herein, several surface intensity technologies such
as ultrasonic surface rolling process [22, 23], shot
peening [24], and localized heat treating [25] have
been investigated to further improve the surface tri-
bocorrosion resistance of steam generator tubes. In
addition, surface coating technology has been widely
applied to create a different thin-film material on the
substrate to enhance some of its service properties.
Given that CrAlTiN coatings have the advantages of
excellent hardness, toughness, wear resistance, anti-
oxidation, and fatigue strength, it has been widely
applied in transportation, aviation, and petrochemi-
cal fields [26-28].

Considering the excellent quality of the CrAITiN
coating, this study applied specific magnetron sput-
tering technology to fabricate CrAITiN coatings on
the outer surface of the Inconel 690 alloy tube. Then,
with the help of a self-made fretting tribocorrosion
test rig, it is investigated how this coating influences
the fretting wear mechanism and electrochemical
corrosion performances of the Inconel 690 alloy tube
in 3.5% NaCl solution.

Moreover, open circuit potential (OCP), potentio-
dynamic polarization  (PP), and electrochemical
impedance spectroscopy (EIS) were analyzed to
comparatively evaluate the electrochemical corrosion
properties of both substrate and coating-treated alloy
tubes. Furthermore, fretting failure behaviors, wear
interface dynamic response, and dissipated friction
energy of all test samples were studied.
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Experimental procedures
Substrate materials

The as-received Inconel 690 alloy tube was made by
the Zhejiang JiuLi Hi-Tech Metals Co., Ltd. The
nominal chemical composition of this base alloy tube
is approximately: C 0.0258%, Cr 27.33%, Fe 9.66%, Ni
50.76%, and some trace elements. The specification of
all tested tubes was set as follows: external diameter,
thickness, and length of 17.48, 1.01, and 10 mm,
respectively. In addition, the substrate should be
mirror polished and ultrasonically cleaned with
ethanol before being used.

Coating preparations

High vacuum magnetron, the sputtering process, has
the advantage to precisely controlling the composi-
tion, thickness, homogeneity, and mechanical prop-
erties of deposited coatings [29]. In this study, the
spraying process was performed in the MDP650
magnetron sputtering vacuum ion plating system
which adopts pure metallic targets. The alloy tubes
that need to be sprayed were fixed at a table that
rotates at 5 rpm. Then, nitrogen was introduced into
the system to form nitride coatings with evapo-
rated cathode materials, and the argon gases with
a constant flow rate of approximately 20 sccm
were applied to maintain a stable working pressure
of about 0.17 Pa. Subsequently, further surface
preparation was carried out by preheating the sub-
strates to 550 °C, and sputter cleaning with Ar*
plasma was performed inside the vacuum chamber
for 30 min. After reducing the base pressure to
approximately 1.33 x 107> Pa, the substrates were
biased with a pulsed direct current voltage of — 500
V with a frequency of 250 kHz. A thin Cr bond layer
was deposited during deposition, followed by a thin
CrN layer and then a compositionally graded CrAl-
TiN layer.

Fretting tribocorrosion tests

All the experimental tests were performed on a fret-
ting tribocorrosion test rig, as shown in Fig. 1. The
working principle of this rig can be referred to [23].
Meanwhile, the specific fretting parameters of this
study are exhibited in Table 1. Furthermore, the
Al,O5 ceramic column (length: 10 mm and diameter:
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10 mm) was selected as the up-friction pair to ensure
the electrochemical corrosion test results are accurate
and reliable. During the fretting process, the alloy
tube was fixed on a jig and reciprocating sliding
under the drive of voice coil motor. Normal load was
applied through the static up-friction pair.

All electrochemical measurements were carried out
through a ChenHua CHI600E-650E electrochemical
workstation, and the electrolyte was an aqueous 3.5%
NaCl solution (pH~8.98). The measurements were
made in the conventional three-electrode cell, in
which saturated calomel was employed as the refer-
ence electrode, the counter electrode was a platinum
plate, and a working electrode of the sample was
connected to a leading wire and then mounted with
resin, thereby leaving an exposed working circle area
with a diameter of approximately 2 mm. In addition,
the polarization curves were measured from the
corrosion potential (E.,y) in cathodic and anodic
directions, with a scan rate of 0.5 mV/s. The elec-
trochemical impedance spectroscopy (EIS) measure-
ments were performed at OCP with a frequency
range from 10° to 0.01 Hz using a 10-mV amplitude
sinusoidal voltage. Moreover, each experiment test
was repeated thrice to ensure the accuracy and
repeatability of all test results.

Characterization methods

In this study, the microstructure and chemical com-
position of all test samples and fretting tribocorrosion
scars were observed using scanning electron micro-
scopy equipped with an energy dispersive X-ray
spectrometer (Nova 200 NanoSEM). The phase char-
acterization of all test samples was measured by XRD
(Bruker D8 Advance). The wear volume and depth of
all worn scars were characterized by a white-light
interferometer (Bruker Contour GT-1 Germany).

Results
Characterization of samples

The surface morphology, EDX graph, XRD pattern,
and cross-sectioned CrAlTiN coating are expressed in
Fig. 2. In general, the coating surface looks pretty
dense; however, there are various irregular distribu-
tions of large particles, pits, and micro-cracks
(Fig. 2a). These large particles were primarily caused
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(a) Schematic diagram

Figure 1 Fretting tribocorrosion test rig.

Table 1 Parameters of the fretting tribocorrosion test

Item Values

Test samples Substrate, coating-treated

Sliding displacement 200 pm

Fretting frequency 20 Hz
Temperature RT, air condition
Normal load 30 N, 60 N
Fretting time 3h

by the high-temperature energetic ion bombardment
on the growing coating. The pits are induced by the
debonding of poorly adhered metal particles. Given
the shrinkage behavior of deposited coatings, tensile
stresses are existed, thereby leading to some micro-
cracks that formed among the loosely bounded dro-
plets detached from the coating [30]. Furthermore,
the thickness of the sprayed coating is approximately
8 num, and it displayed perfect bonding performance
with the substrate (Fig. 2b).

The chemical compositions of the CrAITiN coating
measured from the surface are presented in Fig. 2c. A
certain amount of Cr was observed in this coating
(~ 65.2% wt%). The primary diffraction peaks of the
nanolayered CrAlTiN coating primarily belonged to
the (111), (101), (200), (220), and (312) crystalline
planes, and the corresponding chemical compositions
were AITiC, CrN, CrFeNi, TiO, and TiN, respectively
(Fig. 2d).

Figure 3 exhibits some surface mechanical prop-
erties of both substrate and CrAITiN coating-treated
samples. Meanwhile, indentation loading curves of
both the substrate and coating-treated alloy tubes are
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(b) Physical map

exhibited in Fig. 3a. The load—-depth plot of the
CrAlTiN coating-treated sample is smooth, which
indicates that the coating’s surface is dense and uni-
form to some extent. The maximum penetration
depth of the untreated alloy tube is approximately
550 nm, then about 350 nm for the coating-treated
sample. The surface nano-hardness of the Inconel 690
alloy tube was improved from around
4.36-15.81 GPa after the coating was treated. This
improved hardness is primarily attributed to the
existence of some nano-scale grains which could
impede the dislocation movements effectively.
However, its residual compressive stress decreased
from approximately 962.69 to 512.91 MPa after the
coating was treated. The coating’s residual stress was
generated primarily by the peening effect of coating
particles, and it was always affected by various fac-
tors such as deposition condition, spraying thickness,
and material properties [31].

Fretting wear behavior

The optical micrographs of all worn scars are exhib-
ited in Fig. 4. The wear area increased with the nor-
mal load, and the worn scar for the substrate sample
is bigger than that of the CrAlTiN coating-treated
sample when suffered the same normal load. This
indicates that the fretting tribocorrosion resistance
had been improved by the CrAlTiN coating. The
surface hardness and elastic modulus of the material
are key properties to assess its fretting wear behavior,
and these improved properties could help optimize
wear resistance. In addition, the worn area of the
coating-treated samples is brighter and smoother
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Figure 3 Mechanical properties of test samples.
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(a) Substrate/60N

Figure 4 Optical graphs of worn scars.

than that of the blank Inconel 690 alloy tube. Thus,
the oxidation reaction for the base alloy tube is more
serious than that of the coating-treated sample.
Danek et al. pointed out that the increased content of
the Cr element could enhance the material’s oxida-
tion resistance [32]. Herein, the Cr content in the
CrAlTiN coating is higher than that of the blank
Inconel 690 alloy tube.

Figure 5 illustrates the fretting tribocorrosion data
for the friction coefficient defined as the measured
maximum tangential friction force during each slid-
ing cycle divided by the constant normal load. In
general, the friction coefficient increased at the initial
stage of the fretting test and then entered a steady but
fluctuated slightly state. When the normal load was
30 N, the average friction coefficients of the blank
alloy tube and CrAlTiN coating-treated alloy tube
were approximately 0.328 and 0227, respectively, and
these values changed to about 0.204 and 0.142 as the
normal load increased to 60 N. The coating’s wear-
resistant phases such as CrN and TiN can improve its
fretting performance and decrease the friction coef-
ficient [28].
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(b) Coating-treated/60N

Herein, wear volume and depth of the worn scar
are important features of test samples’ fretting tri-
bocorrosion resistance. The average wear volume and
maximum wear depth of each worn scar are pre-
sented in Fig. 6. When the normal load was 30 N, the
maximum wear depth of the substrate and CrAITiN
coating-treated samples were approximately 7.14 and
3.83 um, and the corresponding wear volume was
about 9.7 x 10° and 5.3 x 10° um?, respectively
(Fig. 6a). Meanwhile, the maximum wear depth of
the substrate and CrAIlTiN coating-treated samples
are increased to approximately 12.45 and 6.89 um as
the normal load increased to 60 N, and the corre-
sponding wear  volume was increased
to ~ 19.3 x 10° um3 and 12.5 x 10° um3, respec-
tively (Fig. 6b). All these values provide further
explanations of the strengthening effects of CrAITiN
coating on the fretting tribocorrosion behavior of the
Inconel 690 alloy tube.

The microtopography of each test sample’s worn
center area was observed to further understand the
tribocorrosion failure mechanism of all test samples,
as shown in Fig. 7. There were evident ploughing
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Figure 5 Friction coefficient versus fretting time.
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Figure 6 Wear volume and maximum wear depth of worn scars.

among all worn surfaces, thereby indicating that the
tribocorrosion behaviors were dominated by
mechanical wear. The test samples of the blank
Inconel 690 alloy tube presented craters, with evident
plastic deformation, surface delamination, and
adhesion. Meanwhile, for the CrAITiN coating-trea-
ted samples, numerous peeling pits and wear parti-
cles existed because of their semi-brittle property.
Some lamellar structures also appeared, this phe-
nomenon was primarily induced by the synergy
effect between wear and sea water corrosion. The
worn surface that was damaged by friction force
would lead to more sea water immersed into the
interior of the coating or the Inconel 690 alloy tube.

In addition, the fretting wear tracks of the substrate
tubes were smoother than that of the CrAlTiN coat-
ing-treated alloy tubes. It is because the surface of the
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Inconel 690 alloy tube is softer than the coating,
thereby leading to their contact extent with the up-
friction pair has become tight. Moreover, the worn
surfaces that formed under the 60 N normal load are
more distinct than that of the 30 N normal load.

EDS mapping was applied to analyze the distri-
bution of several typical elements in the worn center
area, as shown in Fig. 8. The content of oxygen for the
substrate is higher than that of the CrAITiN coating-
treated samples, and a higher normal load would
increase this content. The distribution of Fe and Ni
elements on the substrate surface is relatively uni-
form (Fig. 8a and c), and for the coating-treated test
sample is the Cr element (Fig. 8b and d). In addition,
both Fe and Ni elements have been measured on the
CrAlTiN coating-treated test samples, this is pri-
marily caused by the wear of the coating.
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Electrochemical corrosion behavior

Figure 9 exhibits the open circuit potential (OCP)
versus time response curves of all test samples under
various fretting conditions. The OCP was often
applied to reflect the thermodynamic stability that
was the oxidation tendency of the tribocorrosion
surface. The thickness and the composition of the
fretting oxide films are always a complex dynamic
process because of the evolution behavior of the
microstructure; hence, the curve of OCP may fluctu-
ate. The increment of the potential was primarily
because of the formation of passive film on the tri-
bocorrosion surface, and the broken of the oxide layer
would decrease this potential [33]. Therefore, in this
study, the testing process was divided into three
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Scratch

Debris
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phases: initial immersion (1000 s), fretting tribocor-
rosion test (3 h), and post-test immersion (1000 s).
During the phase of fretting tribocorrosion, the
sample surface suffered mechanical abrasion and
formed oxide film was removed, leading to the
decrease in OCP. Moreover, the OCP signals for
coating-treated test samples were smoother than that
of the substrates, thereby indicating that the CrAITiN
coating would enhance its self-lubricity through anti-
wear performance.

Furthermore, the OCP values of the coating-treated
test samples are higher than that of the substrate, this
indicates that the thermodynamics resistance and
inert behavior to corrosion of the CrAlTiN coating are
more pronounced than the Inconel 690 alloy.
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Figure 8 EDS analysis on fretting tribocorrosion scars.
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The typical potentiodynamic polarization curves
for all test samples under various fretting tribocor-
rosion conditions are displayed in Fig. 10. The pas-
sive region could be found among all test samples,
thereby indicating that stable oxide films have
formed. The breakdown potential of the coating-
treated samples is always higher than that of the
substrate samples, thereby indicating that the passive
film that formed on the substrate sample surface is
easier to destroy, and its local corrosion resistance is
poorer than that of the CrAITiN coating-treated test
samples.

Under the static condition, the corrosion current
(Icory) Of the coating-treated sample is bigger than the
substrate, that is, the corrosion rate of the CrAITiN
coating-treated sample is higher than the untreated
Inconel 690 alloy tube. This is primarily because the
inherence coating defects, such as droplets, porosity,
and low compressive residual stress, cannot be easily
avoided. Hence, this would produce a potential dif-
ference between the noble coating and the substrate,
and, finally, accelerate the localized or galvanic cor-
rosion behaviors of alloy tubes [34].

However, the corrosion current of the substrate
alloy tube becomes higher than the coating-treated
samples when the normal load was 30 N or 60 N. The
CrAlTiN coating had better wear resistance than the
substrate, less worn area, and smaller surface damage
would exist than the substrate Inconel 690 alloy tube.
This coating serves as a barrier layer to prevent the
diffusion of the electrolyte into the substrate, thereby
retarding the corrosion behaviors.

Furthermore, Nyquist plots of both substrate and
CrAlTiN coating-treated Inconel 690 alloy tubes that
are obtained under different fretting conditions are

J Mater Sci (2023) 58:6313-6328

displayed in Fig. 11. The curves of all test samples
show a similar shape, thus exhibiting a large and
incomplete capacitive semicircle, and Warburg
impedance appeared, thereby indicating that the
electrochemical corrosion behavior in the fretting
process is primarily controlled by a moderate diffu-
sion transfer reaction. The bigger diameter of the plot
describes a more stable and thicker protective passive
film on the tribocorrosion surface. Regardless of
whether in static, 30 N or 60 N fretting conditions, the
coating-treated alloy tube’s Nyquist semicircle
diameter is bigger than that of the blank alloy tube.
This indicates improved fretting tribocorrosion
resistance of the tube’s surface by CrAlTiN coating.

In addition, the terminate impedance values of the
substrate samples are lower than that of the coating-
treated alloy tubes, thereby suggesting that the cor-
rosion product may not deposit on the base alloy
tube’s surface.

The bode plot that measured the resistance and
phase versus the logarithm of the frequency for all
test samples is exhibited in Fig. 12. In general, each
bode diagram can roughly be divided into three
stages [35]. Herein, the impedance at the high-fre-
quency region is applied to describe how the elec-
trolyte influences the passivation films, and the
impedance at low frequency represents the protective
efficiency or corrosion resistance of the interfaces. In
this study, the module of the impedance of the
CrAlTiN coating-treated samples is much higher
than the substrate in the low-frequency region, thus
representing the excellent polarization resistance of
this coating. In the low-frequency region (about from
0.01-1 Hz), there is a linear relationship found
between the impedance and log frequency, thereby
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Figure 10 Potentiodynamic polarization curves for all test samples.
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Figure 11 Nyquist plots of all test samples.

indicating a typical capacitive performance existed
among the tribocorrosion interface. Meanwhile, with
the increase in frequency, all impedances tend to
nearly approach 0, thus indicating a representative
response of solution resistance that delays the pro-
cesses of charge transfer into lower frequency
regions.

The phase angle platform of the coating-treated
samples is always wider than that of the substrate
alloy tubes, thereby indicating the CrAITiN coating
shows larger resistance of the electrode reaction
process and a stronger capacitance response.

Furthermore, the increased normal load would
decrease the amplitude of resistance and the fre-
quency range of the high phase angle region caused
by enhanced fretting tribocorrosion behavior.

Discussion

In this study, the Abaqus/Explicit finite element
package was applied to this analysis attributed to it
can well solve nonlinear dynamic problems and
recognize the stress—strain change of the alloy tube’s
surface when it is subjected to fretting tribocorrosion
[36]. Figure 13 shows the fretting wear model, the
finite element mesh graph of the tube, and the
application condition of normal load and sliding
displacement. The sizes of both cylinder and tube are
the same as the real experimental test samples.
Herein, the cylinder is regarded as a rigid body. The
alloy tube is modeled by the J-C models, eight-node
brick hexahedral elements with reduced integration
and hourglass control (C3D8R) are applied to realize
finite element grid division. Moreover, the meshes in
the wear contact area are much finer than other areas
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Figure 12 Tafel plots of all test samples.
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Figure 13 Diagram of numerical simulation.

to enable a more precise analysis of the fretting stress
and strain. Table 2 exhibits the mechanical property
parameters of all simulated materials and the inter-
facial friction coefficient of various fretting
conditions.
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Furthermore, the alloy tube here was assumed to
be isotropic, linear elastic, and following the von
Mises yield criterion. However, only one fretting
cycle was analyzed here; hence, only elastic defor-
mation occurred on the fretting surface. In addition,
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Table 2 Some mechanical properties of test samples
Test sample Mass density (g/cm® Young’s modulus (GPa) Poisson’s ratio Friction coefficient
30N 60 N
Substrate 8.19 211.15 0.289 0.328 0.204
Coating-treated 542 279.96 0.30 0.227 0.142
Wear pair 3.50 320.00 0.23
S, Mises S, Mises
(Avg: 75%) (Avg: 75%)

+1.813¢+03 +2.018¢+03

+1.662¢+03 +1.850e+03

+1.511e+03 +1.682¢+03

+1.359e+03 +1.514e+03

+1.208e+03 +1.346e+03

+1.057e+03 +1.177e+03

+9.063¢+02 +1.009¢+03

+7.553e+02 +8.410e+02

+6.042¢+02 +6.728e+02

+4.532e+02 +5.046e+02

+3.021e+02 +3.364¢+02

+1.511e+02 +1.682e+02

+7.277e-04 +7.585¢-04

(a) Substrate/30N

S, Mises

(Avg: 75%)
+2.623e¢+03
+2.404¢e+03
+2.186¢+03
+1.967e+03
+1.748e+03
+1.530e+03
+1.311e+03
+1.093e+03
+8.742¢+02
+6.557¢+02
+4.371e+02
+2.186e+02
+1.457¢-03

(¢) Substrate/60N

Figure 14 Surface contact stress.

the effect of sea water on the fretting process was
ignored. The fretting time was 0.05 s and was the
same as that for one cycle of a real experimental test.

Figure 14 shows the maximum stress distribution
nephograms of the alloy tube’s interface under

(b) Coating-treated/30N

S, Mises

(Avg: 75%)
+2.894¢+03
12.653e+03
+2.412¢+03
+2.171e+03
+1.929¢+03
+1.688e+03
+1.447e+03
+1.206e+03
+9.647¢+02
+7.236e+02
+4.824¢+02
+2.412e+02
+1.517¢-03

(d) Coating-treated/60N

different fretting conditions. When the normal load
was 30 N, the maximum contact von Mises stress for
the blank and CrAlTiN coating-treated Inconel 690
alloy was approximately 1.813 x 10° and
2.018 x 10° MPa, respectively. Meanwhile, as the
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Figure 15 Strain energy of the fretting wear model.

normal load increased to 60 N, the corresponding
values increased to 2.623 x 10° and 2.894 x 10> MPa.

It is universally acknowledged that contact stress is
one of the major factors that influence interface wear
behavior, and von Mises stress is equivalent to stress
for yielding [37]. Herein, the Hertz contact theory
was applied to analyze the pressure distribution
during the fretting wear contact process. The profile
of the cylinder contact with the tube could be
reduced to two circles contact, and the maximum
contact stress (Pmax) could be calculated by Eq. (1).
Where Rc and Ry are the outer diameters of the Al,O3
cylinder and Inconel 690 alloy tube, respectively. The
E, is the effective elastic modulus of the cylinder and
tube, which was calculated by Eq. (2) [38]. In general,
greater normal force and bigger elastic modulus of
the test sample always create greater stress on the
contact area. When the normal load was constant, the
higher the maximum stress, the effect of strain rate on
the dynamic response of the fretting wear interface
will be more significant.

Furthermore, high contact stress point is often the
weak region that can easily cause micro-crack
growth.

1\/(RC+RT)*E,*FN
Pmax:_

1
ReRs (1)
1 1—¢2 1—¢
F = Cope ) @
E, nEc nEr

The evolution of strain energy versus fretting time
within the entire wear contact process of each test

@ Springer
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tube is presented in Fig. 15. Hence, the strain energy
was necessary for the material to produce elasto-
plastic deformation. During the fretting process, the
total strain energy increased with time to a maximum
extent. When the normal load was constant, the strain
energy of the substrate alloy tube is higher than that
of the CrAlTiN coating-treated tube. A higher normal
load would increase the strain energy, and the dif-
ference between the two was even starker. This
indicates that the improvement effect of the Inconel
690 alloy tube’s wear resistance is more evident with
the increase in normal fretting load.

Conclusions

This study investigated the fretting wear behavior
and electrochemical corrosion properties of both
blank and CrAlTiN coating-treated Inconel 690 alloy
tubes under seawater conditions. Hence, the follow-
ing conclusions were obtained:

1. The Inconel 690 alloy tube’s surface nano-hard-
ness and elastic modulus had been improved
distinctly by the CrAITiN coating, thus helping
reduce the volume and depth of worn scars.

2. Considering the compressive residual stress of
the CrAIlTiN coating surface was poorer than that
of the blank alloy tube, the static corrosion
resistance of the coating-treated alloy tube was
poorer than that of the substrate. However, the
coating’s better wear resistance could decrease
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the removal of materials and further reduce
corrosion during the fretting corrosion process.

3. An increased normal load increased the tribocor-
rosion degree, the distinction between the sub-
strate and CrAlTiN coating-treated alloy tube on
the wear resistance was becoming more evident
in the higher normal load. In addition, the
primarily wear mechanisms were abrasive wear
and fatigue peeling.
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