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Electrochemical Corrosion and Tribocorrosion Properties
of Sol-Gel ZrO> Films Coated on Stainless Steel in the
Diverse NaCl Aqueous Solutions
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Abstract: ZrO; films were deposited on 304 stainless-steel substrates by a sol-gel spin coating method. Electrochemical

testing technology and a to-and-fro wear test apparatus were used to study the electrochemical corrosion and tribocorrosion

properties of the films in different NaCl solutions. According to the results, the coated specimens are better than the bare

matrix in resistance to corrosion and tribocorrosion. In the NaCl solutions, increasing either the solution temperature or

concentration decreases the protective effects of the ZrO, films; study of the solution temperature factor show that serious

pitting corrosion and obvious cracking occur on the surface of the coated specimens; study of the solution concentration factor

show pitting corrosion on the sample surfaces. Regarding the tribocorrosion of the coated specimens, as the NaCl

concentration increases from 2% to 6.5%, the abrasive wear is more obvious, and the corrosive wear is aggravated.
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With the modern development of industrial science and
technology, steel has been extensively applied in all fields
of industrial production and national life due to the mature
processing and manufacturing technology for steel with
excellent physical and chemical properties. Steel has be-
come one of the most important engineering materials in
national production and life!"). Among the types of steel,
stainless steel has excellent mechanical properties and
broad applications®™*!. Accordingly, 304 stainless steels are
widely used in certain equipment exposed to corrosion by
virtue of the low price, good comprehensive mechanical
performance and high corrosion resistance of this material.
However, the further use of 304 stainless steel is restricted
by low hardness and poor wear resistance”.. Moreover, in
corrosive environments, wear and corrosion are the main
forms of material failure, resulting in material degradation,
especially in an environment containing chloride ions. With
the mutual effects of wear and corrosion in a corrosive en-
vironment, tribocorrosion also occurs on the working sur-
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face!®. Problems with tribocorrosion are encountered in
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processes such as those in chemical, aerospace, marine!”),

biomedical, and automotive applications'™. In view of these
problems, a surface treatment is generally required to im-
prove the surface performance of the material; thus, ce-
ramic coatings are deposited on stainless-steel surfaces in
many studies to account for insufficient surface perform-
ance’ ',

The related literature reports that oxide ceramic coatings
can improve the wear resistance and corrosion resistance of
metals!'?!. Moreover, ceramics and ceramic coatings gener-
ally have good passivity, which are insulators or have low
conductivity and exhibit good corrosion resistance in cor-
rosive media ', Among the ceramics used, ZrO, is a spe-
cial ceramic material with high ionic conductivity, low
thermal conductivity, and good mechanical strength and
114161 "and the thermal expansion coeffi-
cient of ZrO, closely matches those of most metalst'”,
which can reduce surface crack formation during the high

corrosion resistance

temperature sintering of thin films. ZrO, has been widely
studied due to its promising properties and has been exten-
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sively applied, such as in capacitance sensors!'®!

[20]

, optical
thin films"?!, high-temperature solid fuel cells and pro-
tective coatings'>'!. Furthermore, ZrO, is a promising can-
didate material as a protective coating for stainless steel™.
The related research shows that in a 3.5 wt% NaCl solution,
the presence of a ZrO, film can reduce the corrosion current
and provide a protective barrier for the substrate’®’!. Com-
pared with a bare substrate, fewer exposed holes exist on
the surface of a matrix coated with ZrO, thin films, and
ZrO, films of monoclinic phase and tetragonal phase inhibit
the ingress of corrosive ions”¥. In addition, for NiTi alloys,
the existence of a ZrO, coating can reportedly remarkably
ameliorate the corrosion resistance of the alloy with de-
crease of the friction coefficient™!. A study of titanium ma-
trices found that the addition of ZrO, decreases the friction
coefficient under much higher loads and hence improves
the wear performance of the matrix*®; with respect to ma-
terial coatings, related research shows that the addition of
Zr0, to Ti-Ni coatings noticeably improves the tribocorro-
sion properties of the coatings *”\. Therefore, the tribocor-
rosion performance of ZrO, films requires further experi-
ments and investigation; the tribocorrosion properties of
these layers and metal-related materials are the subject of
numerous studies, and these research studies are more sig-
nificant because of the lack of studies on the corrosion-wear
of ZrO, films. However, the properties of ZrO, films are
limited by many factors. The physical and chemical proper-
ties of ZrO, films strongly rely on the deposition meth-
0ds?®. The discrepancy in the corrosion resistances of ZrO,
films prepared by different deposition methods is a critical
issue that must be addressed. The methods used in the
preparation of ZrO, films are mainly chemical vapor depo-
sition”), sputtering””, ion-beam deposition”'!, plasma
spraying”®? and sol-gel spin coating™*). Sol-gel spin coating
is an environmentally friendly method for the preparation
of ZrO, thin films that has been widely used by researchers
because this method is economical, convenient and easy to
operate[34’36].

Currently, a number of studies focus on the properties
and characteristics of ZrO, films; moreover, the tribocorro-
sion properties of ZrO, composite materials prepared by
different techniques are a concern of many researchers.
However, few investigators have further studied the corro-
sion and tribocorrosion behaviors of ZrO, films prepared by
the sol-gel spin coating process in different NaCl solutions.
Accordingly, it is of great significance to study the electro-
chemical corrosion and tribocorrosion properties of ZrO,
films prepared by the sol-gel spin coating method in dif-
ferent NaCl solutions for the improvement and advance-
ment of the corrosion properties to provide a reliable basis
for the accurate evaluation of the performance of ZrO,
films. In this paper, ZrO, sols were prepared by a sol-gel
process and then spin coated on a stainless steel surface.

Based on the solution temperature and concentration factors,
the electrochemical corrosion and tribocorrosion behaviors
of the coated specimens were studied in different NaCl so-
lutions.

1 Experiment

1.1 Preparation and treatment of materials

In the present experiment, the matrix material used for
sample preparation was 304 stainless steel sheets with a
size of 20 mm x 10 mm x 1 mm that were produced by
Taiyuan Iron and Steel Group Co. Ltd. Before deposition of
the films, the mirror sides of the stainless steel sheets were
cleaned in an ultrasonic bath and rinsed in distilled water.
The sols needed for deposition were produced. Zr(OC,Hy),
was used as a precursor for the preparation of the sols. As
shown in Fig.1, 30 mL of ethanol was mixed with 8 mL of
precursor, and then, 2.5 mL of anhydrous acetic acid was
added during an agitation process of continuous stirring for
140 min, preparing the stable ZrO, sols. Combined with the
sol-gel technology, as seen in Fig.1, in the spin coating
process, the ZrO, sols were quickly coated on the surface of
the stainless steel by a vacuum rotary coating machine; the
Zr0, thin films were gradually formed through the homog-
enization and gelation of the ZrO, sols. Finally, the samples
were dried for 30 min at 100 °C and then sintered for 5 h at
600 °C. ZrO, thin films with good performance were ob-
tained.
1.2 Experimental tests and characterization
1.2.1 Film surface characterization

The phase composition of the ZrO, films was examined
by Raman spectroscopy by a Renishaw InVia (Argon,
532 nm), and its phase composition was also determined by
X-ray diffraction. Moreover, the surface chemical composi-
tion of the products was investigated by X-ray photoelec-
tron spectroscopy (XPS), and the cross-sections of the
coated specimens were obtained for thickness measure-
ments. In addition, the surface morphologies of the samples
were observed by an atomic force microscope (AFM)
(CSPM4000 SPM, Benyuan).
1.2.2  Electrochemical tests

The electrochemical tests were carried out by an elec-
trochemical workstation (CHI660C, Chenhua), including
electrochemical impedance spectroscopy, potentiodynamic
polarization testing technology and electrochemical noise
technology. In the electrochemical tests, 1 cm” areas of the
coated specimens and matrix samples were exposed as the
electrochemical measurement surfaces, while other non-
working surfaces were encapsulated with paraffin wax, and
three electrode potentiodynamic scans were performed by
the three aforementioned electrochemical technologies;
when the electrochemical impedance spectroscopy and po-
tentiodynamic polarization testing technology were used,
the substrate samples or coated samples were the working



3750

Zr(0C4Hy),

Stir for 140 min

| CH3;COO

Preparation of ZrO, sols

>
>

Fig.1

electrode (WE), Pt was the counter electrode (CE), and
Ag/AgCl was the reference electrode (RE); when the elec-
trochemical noise technology was used, two coated samples
were working electrode 1 (WE1) and working electrode 2
(WE2), and Ag/AgCl was the reference electrode (RE).

For the electrochemical impedance spectroscopy, the low
frequency and high frequency of the experimental scanning
was 0.01 Hz and 1x10° Hz, respectively. In the potentiody-
namic polarization tests, the scanning rate was 10 mV/s, and
the applied potential ranged from -2.0 to +3.0 V at a test tem-
perature of 25 °C. When electrochemical noise technology was
used, the sampling interval was 0.1 s, and the running time
was 1200 s.

NaCl solutions with mass fractions of 0.5%, 2%, 3.5%, 5%,
6.5% and 8% were obtained from distilled water and ana-
lytically pure NaCl and were used as the corrosive media.

In the process of electrochemical testing, for the study of
the solution temperature factor, electrochemical impedance
spectroscopy (EIS) was used to study a coated specimen in
3.5% NacCl solutions with different solution temperatures.
In addition, this technology was also used to investigate a
bare substrate in 3.5% NaCl solutions of 25 °C. For the
coated sample, the experimental solution temperatures were
25, 35, 38, 40, 45, 50, 55, 60, 65 °C. The coated sample was
successively placed in the NaCl solutions with the nine
aforementioned solution temperatures, and then, a series of
electrochemical impedance spectroscopy was obtained for
the coated specimen in each NaCl solution with different
solution temperatures. After the electrochemical impedance
spectroscopy tests, the coated sample surface was observed
by optical microscope.

For the study of the NaCl concentration factor, electro-
chemical impedance spectroscopy (EIS) was used to study a
coated specimen in NaCl solutions with various NaCl con-
centrations; the experimental temperature was 25 °C, and the
NaCl concentrations (mass fraction) tested were 0.5%, 2%,
3.5%, 5%, 6.5% and 8%. The coated sample was succes-
sively placed in NaCl solutions with the six aforementioned
NaCl concentrations, and then electrochemical impedance
spectroscopy tests were performed. The coated sample was
also observed by optical microscope. Based on the charac-
teristics variation in the electrochemical impedance spectra
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of the coated sample, electrochemical noise technology and
potentiodynamic polarization experiments were used in NaCl
solutions with concentrations of 2%, 3.5% and 5%, which
further studied the corrosion properties of the coated sample
and further determined the electrochemical characteristics of
the coated sample in 2%, 3.5% and 5% NaCl solutions.
Meanwhile, as a contrast, the matrix material was immersed
in the three aforementioned NaCl solutions for potentiody-
namic polarization experiments, and the polarization curves
were measured. Before and after the experiment, the masses
of the coated samples and matrices were determined.
1.2.3 Tribocorrosion tests

Linked with the tribometer and the electrochemical work-
station, ZrO, and SiC ceramics were used as the friction pair
materials. The contact form of the friction was ball/disc con-
tact with a SiC ceramic grinding ball with a diameter of
5 mm; a pattern of reciprocating friction and wear was set,
the experimental speed and load were 33 mm/s and 1.2 N,
respectively, and three electrode potentiodynamic scanning
parameters were scanning rate of 8.89 mV/s and applied po-
tential ranging from -2.0 to +6.0 V at 25°C. The friction and
electrochemical corrosion were applied simultaneously, and
Tafel curves and diagrams of the friction coefficient were
obtained to study the tribocorrosion properties of the coated
samples in NaCl solutions of 2%, 3.5%, 5%, 6.5%. Moreover,
the grinding marks were observed by a scanning electron
microscope (SEM, S-4800, Hitachi). Before and after the
experiment, and the masses of the coated samples and matri-
ces were determined.

2 Results and Discussion

2.1 Film surface characteristics
2.1.1 XPS and phase analysis
Fig.2a is the XPS spectra of the ZrO, film on the sample
surface. Compared with the corresponding standard elec-
tron binding energy, peak 1 and peak 2 at the binding ener-
gies of 182.2 and 184.6 eV, respectively, favorably indicate
the chemical bonding of ZrOz[m. Thus, ZrO, films are ob-
tained on the substrate by the sol-gel spin coating process.
For the phase analysis of ZrO, films, XRD and Raman
spectra were used. Fig.2c is the XRD pattern of the coated
sample. Compared with the standard data, it is found that the
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ZrO, film on the surface of the coated sample mainly consists
of monoclinic and tetragonal phases. In order to further deter-
mine the phase composition of the film, Raman spectra was
used to further analyze the ZrO, film.

Generally, there are three kinds of phases in ZrO, thin
films, the monoclinic phase, tetragonal phase and cubic
phase. The tetragonal phase corresponds to Raman peaks
at 270, 315, 455, 602 and 645 cm™, and the monoclinic
phase corresponds to Raman peaks at 192, 335, 347, 382,
476 (strong), 556, 617 and 638 cm™ **. Fig.2b is the Ra-
man spectrum of the surface of the ZrO, film, which
shows the spectral peaks of the monoclinic phase at 192
and 556 cm™ and those of the tetragonal phase at 270, 315
and 645 cm™'. Accordingly, under the present experimental
sintering technology, the main phase of ZrO, is the
tetragonal phase with the existence of certain monoclinic

phases. Among these phases, tetragonal phase ZrO, pos-
sesses good expansion uniformity without mutation or
31 Furthermore, the presence of the
tetragonal phase is vital for good corrosion and wear re-

brittle fracture

sistance of ZrO, thin films in service.
2.1.2 Surface morphology

The surface morphologies of the ZrO,-coated sample are
observed by optical microscope and SEM. As shown in Fig.3a,
the surface has a color distribution of spots on the film sur-
face. Based on the observations of the optical microscope,
scanning electron microscopy (SEM) is used to further in-
vestigate the film surface. Fig.3b and Fig.3c are SEM im-
ages at different magnifications; the surface is smooth and
flat at the micron scale, and at the nanometer scale, the par-
ticles are uniformly distributed, and the thin film has ex-
cellent compactness.
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Fig.2 XPS spectra (a), Raman spectrum (b), and XRD pattern (c) of ZrO; films

Fig.3 Surface morphologies of the ZrO, film: (a) optical image and (b, c) SEM images

The surface morphologies of the film are observed by
atomic force microscopy (AFM). As seen in Fig.4 and Table
1, the average roughness (R,) and root mean square rough-
ness (RMS) of the film are obtained by image analysis
software. In Fig.4, certain protrusions can be observed.
Overall, the ZrO, film is deposited well on the surface of
the substrate. In Table 1, the average surface roughness of
the ZrO, thin film is 11.7 nm, and the film surface is flat
and compact in Fig.3c.

2.1.3 Film thickness

For the coated sample through sintering molding, a

cross-section of the sample is obtained by processing and

machining. Fig.5 is SEM image of the cross-section of the
coated sample. The film thickness of the coated sample is
approximately 340 nm.
2.2 Solution temperature factor analysis

In an electrolyte solution, the electrochemical character-
istics of the coated sample vary at different temperatures.
The solution temperature is one of the factors affecting the
electrochemical process. Therefore, the electrochemical
impedance spectroscopy of the coated sample in 3.5% NaCl
solutions with solution temperatures ranging from 25~65
°C is used to study the influence of the solution temperature
factor on the electrochemical characteristics, and the elec-
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Fig.4 AFM morphologies of the ZrO, thin film

Table 1 Surface roughness of ZrO; thin film

Collection area R./nm RMS/nm

3440 nm»3440 nm 11.7 15.3

Fig.5 SEM image of the cross-section of the coated sample

trochemical impedance data are obtained, as shown in Fig.6.

Fig.6a is the equivalent circuit diagram (R (CeioaReoar)
(CPE(R.W))) corresponding to the electrochemical imped-
ance spectroscopy of the coated sample at various solution
temperatures. In the equivalent circuit diagram, R, is the
electrolyte solution resistance, C.y, is the ZrO, film ca-
pacitance, R, is the ZrO, film resistance, R, is the charge
transfer resistance, CPE is the equivalent constant phase
angle element in the process of charge transfer, and W is the

Warburg impedance in the process of charge transfer; these
equivalent elements are connected in series and parallel
according to the equivalent circuit in Fig.6.

Fig.6b shows the electrochemical impedance spectra of
the coated sample in 3.5% NaCl solutions at different tem-
peratures. As shown in Fig.6, the capacitive resistance arc
at the moderate and high frequencies gradually decrease
with the increase of the solution temperature. Fig.7 is the
diagram of the electrochemical data fitting parameter of the
coated samples at different temperatures. As shown in
Fig.7a, the film resistance R, decreases with the increase
of the solution temperature, which is consistent with the
variation of the moderate and high frequency capacitive arc
in Fig.7b, reflecting a decrease in the corrosion resistance
of the ZrO, film. When the coated sample is immersed in
the 3.5% NaCl solution, the chloride ions acceleratingly
diffuse toward the inner part of the ZrO, film with the in-
crease of the solution temperature, and the protective effect
of the film is relatively weakened, accompanied by the ad-
sorption of many more chloride ions at local sites of the
passivation film, resulting in local damage of the passiva-
tion film. Accordingly, in the damage position, the matrix
acts as an anode; correspondingly, a cathode is formed out-
side the ZrO, film, and the following electrochemical proc-

esses occur inside and outside the film™“":

a
R.

Solution

0 2000 4000 6000 8000 10000
Zm]/Q-cm2

Fig.6  Electrochemical impedance spectroscopy of the coated
specimen in the 3.5% NaCl solution: (a) equivalent circuit
and (b) Nyquist diagram at the solution temperature of
25~65 °C
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Anodic process: Fe —Fe*™ + 2¢ )

Cathodic process: O, + 2H,0 + 4¢ — 40H 2)

At the electrochemical reaction site, Fe*' separates from
the anode and further reacts with OH in the electro-
chemical medium, i.e., the following reaction process:

Fe*'+20H —Fe(OH), 3)

In a NaCl electrolyte solution, the presence of chloride
ions is beneficial to the electrochemical corrosion process.
Fig.7b is a graph of the charge transfer resistance at differ-
ent solution temperatures, which shows that the charge
transfer resistance increases with the increase of the solu-
tion temperature. In Fig.7c, the Warburg impedance greatly
fluctuates with variation of the solution temperature. Over-
all, the fluctuation of Warburg impedance trends downward,
and the value of the second fluctuation peak is smaller than
that of the first fluctuation peak. Beyond a solution tem-
perature of 55 °C, the fluctuation of the Warburg impedance
is stable at a lower level. The trends are distinct in the
charge transfer resistance and Warburg impedance with so-
lution temperature. Indeed, the solution temperature affects
the electrochemical reaction rate, oxygen content and diffu-
sion in the solution.

As the coated sample is immersed in the 3.5% NaCl so-
lution, the chloride ions gradually penetrate the film, and
then contact the substrate with further electrochemical re-
action, and the electrochemical process is mainly oxygen
absorption corrosion. With the increase of the solution
temperature, the rate of the electrode reaction increases.
Moreover, the amount of reaction products formed in-
creases, and iron hydroxides are located at tiny corrosion
sites, hindering the charge transfer; thus, the charge transfer
resistance R increases gradually.

Meanwhile, increasing solution temperature decreases
the solubility of oxygen in the NaCl solution, and the ca-
thodic process in the corrosion area is affected. Below a
solution temperature of 38 °C, the oxygen content in the
electrolyte solution is sufficient; with the increase of the
solution temperature, the adsorption of chloride ion in-
creases at the corrosion site, the electrochemical reaction
process accelerates, and the Warburg impedance increases,

which is positively related to the reaction rate. As shown in
Fig.7c, the first fluctuation peak appears.

The lower the Warburg impedance is, the higher the dif-
fusion rate is, and the slower the corrosion rate is because
the diffusion controls the corrosion. Above a solution tem-
perature of 38 °C, with the increase of the solution tem-
perature, the oxygen content gradually decreases, the ca-
thodic process slows and the Warburg impedance decreases;
new corrosion sites are gradually formed on the surface of
the coated specimen. At new corrosion sites, the corrosion
rate increases with solution temperature, and the Warburg
impedance increases; moreover, the second wave peak ap-
pears, as seen in Fig.7c. As the solution temperature ex-
ceeds 55 °C, the oxygen content in the electrolyte solution
is at a lower level, the rate of oxygen absorption corrosion
slows, and the Warburg impedance steadily fluctuates near
a lower value.

The electrochemical characteristics of the coated sample
in NaCl solutions at various solution temperatures were
analyzed by electrochemical impedance spectroscopy. To
observe the surface characteristics of the coated specimen
after testing, the surface morphology of the coated speci-
men was investigated by optical microscopy. Fig.8 shows
optical microscopic images of the surface of a coated sam-
ple after electrochemical impedance spectroscopy testing.
In Fig.8a, cracks and certain corrosion spots appear on the
surface of the coated sample. Fig.8b shows a corrosion hole
caused by electrochemical corrosion. Although different
types of failure characteristics are exhibited on the speci-
men surface, obvious destruction phenomenon emerges in
certain regions of the surface film; as shown in Fig.8c, most
areas of the ZrO, film remain intact after the electrochemi-
cal experiments. In the 3.5% NaCl solutions, with the in-
crease of the solution temperature, the heat resistance de-
creases on the film surface of the local sample area, and the
appearance of local cracks indicates that there is slight thermal
fatigue on the surface; moreover, the local corrosion is domi-
nated by pitting in the immersion process, as shown by the
corrosion holes on the surface. Therefore, in the 3.5% NaCl
solutions, the continuous increase of the solution temperature

* Yvs. X a + Vs 7 ~ Yvs. X . Cc
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“= 4000 §s a
3) 2 4000 =)
S <] 33
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Solution Temperature/°C

Solution Temperature/°C
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Fig.7 Electrochemical data fitting parameter of the coated sample at different temperatures: (a) Rcoat, (b) Ret, and (c) W
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500 pm

200 pm 200-pm

Fig.8 OM images on the surface of the coated sample after electrochemical impedance spectroscopy tests: (a) destruction area, (b) the

corrosion hole, and (c) undamaged area

eventually leads to the appearance of local cracks and cor-

rosion holes on the surface of the coated sample.

2.3 Solution concentration factor study

2.3.1 Electrochemical impedance spectroscopy (EIS)
analysis

For a coated sample immersed in NaCl solution, the
electrolyte concentration also affects the occurrence of the
electrochemical process. Accordingly, in the study of the
electrolyte concentration factor, the solution temperature is
constant at 25 °C, and the experimental electrolyte concen-
tration ranges from 0.5%~8%. Fig.9 is the electrochemical
impedance spectroscopy and the equivalent circuit diagram
of the coated sample in 0.5%~8% NaCl solutions. Fig.10 is
the electrochemical data fitting parameter diagram of the
coated sample in 0.5%~8% NaCl solutions. As shown in
Fig.9a, in the equivalent circuit diagram (Ry(C_oaRcoa)(CPE
Ryus5)), Ry is the solution resistance, C, is the film capaci-
tance, R.q is the film resistance, Ry, is the passive film re-
sistance, and CPE is the corresponding equivalent constant
phase angle element. In Fig.9b, the capacitance arc at high
frequency decreases gradually with increasing NaCl con-
centration, which is consistent with the trend of the film re-
sistance R.., in Fig.10a.

In Fig.10b, the passive film resistance R, first decreases
and then increases with NaCl concentration, and there is a
minimum near the concentration of 3.5% which may be re-
lated to the variation of the oxygen content in the electro-
lyte solution. In the electrolyte solution, the augmentation
of the NaCl concentration also reduces the oxygen content
in the solution. When the NaCl concentration is less than
5%, the oxygen content changes minimally with the con-
centration, while the oxygen depolarization process gradu-
ally accelerates, and the passive film is continuously de-
stroyed at the corrosion site, resulting in the decrease of the
passive film resistance R,,s. Beyond NaCl concentration of
5%, with the increase of the NaCl concentration, the oxy-
gen content obviously decreases in the electrolyte solution;

Rs

Solution
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A 35%NaCl
30000 < sounact
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£
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0 ! L L
0 20000 40000 60000
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Fig.9 Electrochemical impedance spectroscopy of the coated
specimen in the different NaCl solutions: (a) equivalent
circuit and (b) Nyquist diagram at the solution concentra-
tion of 0.5%~8%

the oxygen depolarization process is inhibited, the passive
film can be repaired, and the resistance Ry, progressively
increases.

The surface morphologies of the coated sample was ob-
served after the electrochemical impedance spectroscopy
(EIS) tests. Fig.11 shows optical microscope images of the
surface morphology of the coated sample after the EIS tests.
In Fig.11a, for the coated samples, the surfaces are corroded
by chloride ions in different NaCl solutions with continuous
electrochemical reaction processes, and obvious corrosion
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holes ultimately appear on the surfaces of the coated speci-
mens, but no significant corrosion characteristics are found
in most areas, as shown in Fig.11b. Therefore, in the NaCl
solution, with increasing NaCl concentration, slight pitting
corrosion occurs on the surface of the coated specimen.
2.3.2 Electrochemical noise study

The study of electrolyte concentration factor shows that
the passive film resistance Ry, has a turning variation in
the concentration range of 2%~5%. Based on the above
changing feature, electrochemical noise technology and
potentiodynamic polarization tests are used to investigate
the changing electrochemical characteristics. Fig.12 is the
time domain diagrams of the coated samples immersed in
2%, 3.5% and 5% NaCl solutions. With the increase of the
NaCl concentration, obvious noise peaks gradually appear
in the time domain diagram, and the appearance of noise

peaks indicates the occurrence of electrochemical corrosion.

In the 2% NaCl solution, as shown in Fig.12, a small noise
peak appears when the sample is immersed for 600~800 s.
For the coated sample tested in the 3.5% NaCl solution, as
seen in Fig.12, a large noise peak appears in the initial stage
of immersion, with the potential fluctuating steadily after
recovery, reflecting the existence of obvious electrochemi-
cal corrosion during the immersion process.

Fig.11 OM images on the surface of the coated sample after
electrochemical impedance spectroscopy tests: (a) pitting

corrosion and (b) undamaged area

2% NaCl
0.041 / ————— 3.5% NaCl
i:; =++="5% NaCl
i
> :
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g
°
/&~ 0.00
-0.02 L L L " s
0 200 400 600 800 1000 1200

Time, #/s

Fig.12 EN diagrams of the coated specimen immersed in 2%,
3.5%, 5% NaCl solutions

When the NaCl concentration continues to increase, the
corrosion is more significant and the fluctuations in the po-
tential progressively increase. For the coated sample im-
mersed in the 5% NaCl solution, Fig.12 shows a slight po-
tential fluctuation in the initial stage of immersion, and a
larger potential fluctuation slowly emerges in the latter
stage. Therefore, when the NaCl concentration varies from
2% to 5%, the potential fluctuation is more obvious, and the
corrosion is more significant, which further explains the
trend of the electrochemical impedance spectroscopy in the
concentration range of 2%~5% in Fig.9b.
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2.3.3 Potentiodynamic polarization analysis

Fig.13a and Fig.13b are the Tafel curves of the bare ma-
trix and the coated specimen at NaCl concentrations of 2%,
3.5% and 5%, respectively. From these figures, the corro-
sion potential of the aforementioned samples increases with
the increase of the NaCl concentration, and the electro-
chemical corrosion becomes more prone to proceed. In
Fig.13b, the current density i, in the passivation region of
the Tafel curve increases with the concentration, i.e., #,-2%
<1,-3.5% < i,-5%, and the passivation ability of the coated
samples decreases, further confirming decrease of the pas-
sive film R, in Fig.10a. Moreover, as labeled in Fig.13b,
the breakdown potential E, of the coated sample is greater
than zero in the 2% and 3.5% NacCl solutions. Fig.13c is the
corrosion current density of the bare matrix and the coated
specimen at NaCl concentrations of 2%, 3.5% and 5%.
When the experimental samples are immersed in electrolyte
solution, electrochemical corrosion occurs on the surface
with the generation of the corrosion current. In Fig.13c,
these corrosion current densities present a similar increase
with the increase of the NaCl concentration. The corrosion
current density of the matrix is greater than that of the
coated specimen. Fig.13d is the mass loss of the bare matrix
and the coated specimen before and after the experiment at
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NaCl concentrations of 2%, 3.5% and 5%, which shows an
increase in the mass loss with the increase of the NaCl
concentration. The mass loss of the matrix is greater than
that of the coated specimen, which is consistent with the
trend of the corrosion current, indicating that the electro-
chemical corrosion becomes more serious with the increase
of the NaCl concentration.

The above evidence shows that corrosion resistance of
the coated specimen is better than that of the bare matrix,
and when the NaCl concentration varies from 2% to 5%, the
corrosion current increases, and the electrochemical corro-
sion becomes more serious, which corresponds to the de-
crease in the film resistance R, of the coated specimen
with the increase of the NaCl concentration, as shown in
Fig.10a.

2.4 Tribocorrosion behavior
2.4.1 Electrochemical characteristics and friction coef-
ficient

Combined with the above analysis, NaCl concentrations
of 2%, 3.5%, 5% and 6.5% were used to investigate the
tribocorrosion behavior of the matrix and the coated sam-
ples, and the properties of the ZrO, films were further
evaluated. Fig.14 shows the Tafel curves of the matrix dur-

ing tribocorrosion tests of the four aforementioned
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Fig.13 Potentiodynamic polarization curves in 2%, 3.5% and 5% NaCl solution recorded on the matrix (a) and the coated specimens (b);

corrosion current density (c) and the mass loss (d) of the matrix and the coated specimens measured in 2%, 3.5% and 5% NaCl

solutions
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NaCl solutions, and Table 2 is the electrochemical parame-
ters obtained from the polarization curves of the substrates
during the tribocorrosion tests in the NaCl solutions. Com-
bined with the Tafel curves in Fig.14, as shown in Table 2,
when the NaCl concentration increases from 2% to 6.5%,
the corrosion current density of the matrix increases, and
the absolute value of corrosion potential increases; thus,
electrochemical corrosion is more prone to occur during the
tribocorrosion process.

Fig.15 shows the potentiodynamic polarization curves of
the coated specimens and the corresponding corrosion cur-
rent density and corrosion potential during tribocorrosion
tests in 2%, 3.5%, 5% and 6.5% NaCl solutions. Fig.15b
shows the corrosion current densities and potentials ob-
tained from the Tafel curves of Fig.15a. In Fig.15b, with the
increase of the NaCl concentration in the range of 2% to
6.5%, the corrosion current density of the coated samples
increases and the corrosion potential decreases during the
tribocorrosion process, which is consistent with the trends
of the substrates. Moreover, as labeled in Fig.15a, the
breakdown potential E\, is less than zero, but the breakdown
potential E, is greater than zero in Fig.13b for the single
electrochemical corrosion, i.e., Ey_yibocorrosion < Eb-corrosions 11~
lustrating that pitting corrosion is more prone to occur dur-
ing tribocorrosion than during the single corrosion process
of the coated specimens.
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Fig.14 Potentiodynamic polarization curves of substrates during
tribocorrosion test in 2%, 3.5%, 5% and 6.5% NaCl so-
lution

Table 2 Electrochemical parameters of substrates during

tribocorrosion test

NaCl concentra- Corrosion poten- Corrosion current,

tion/wt% tial, Ecor/ V feor/* 107 A-em™
2 -0.61828 2.8734
3.5 -0.78016 5.9366
5 -0.64482 9.8616
6.5 -0.90983 29.81

Fig.16a is the mass loss of the matrix and the coated spe-
cimens in the process of tribocorrosion under the four
aforementioned NaCl concentrations. Fig.16b is the friction
coefficient of the matrix and the coated specimen during
tribocorrosion in different NaCl solutions. From Fig.16a,
the mass losses of the matrix and the coated specimen in-
crease with the increase of the NaCl concentration, and the
mass loss of the matrix is greater than that of the coated
specimen, providing additional evidence that more serious
tribocorrosion occurs on the surface of the matrix compared
with the coated specimen.

As shown in Fig.16b, the average friction coefficient of
the matrix has an increasing trend, but the minimum of the
average friction coefficient appears for the sample in the
3.5% NaCl solution. According to the electrochemical im-
pedance spectroscopy analysis based on the solution con-
centration factor, as shown in Fig.10b, the passive film re-
sistance R, reaches a minimum near the concentration of
3.5% NacCl, corresponding to the minimum of the average
friction coefficient of the matrix during tribocorrosion. The
two sides or protruding parts on the outer edges of the
grinding marks produced by abrasive wear are strong areas
of plastic deformation in the 3.5% NaCl solution!*"
removed by the accelerating electrochemical corrosion

and are

during the process of friction and wear; thus, the average
friction coefficient decreases during the tribocorrosion of
the matrix in the 3.5% NaCl solution.
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Fig.15 Potentiodynamic polarization curves of the coated spe-

cimens (a) and the related corrosion current density and
potential during tribocorrosion test in 2%, 3.5%, 5% and
6.5% NaCl solutions (b)
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Fig.16 Mass loss (a) and friction coefficient (b) of matrix and the coated specimens during tribocorrosion test in different concentrations
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Fig.17 SEM images of the grinding marks of the coated specimens during tribocorrosion test performed in 2% (a, a'), 3.5% (b, b'), 5% (c, ¢’), and
6.5% NacCl solution (d, d")
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For the coated samples, in Fig.16b, the corresponding
average friction coefficient decreases. From Fig.16a, the
existence of the ZrO, films reduces the material loss and
has a protecting effect on matrix; furthermore, with the in-
crease of the NaCl concentration, the protruding areas on
the surface are prone to removal by electrochemical corro-
sion, which may be the reason for the decrease in the aver-
age friction coefficient of the coated specimen during tri-
bocorrosion.

2.4.2 Wear morphologies during tribocorrosion

Under the coupled conditions of electrochemical corro-
sion and wear, the grinding mark morphologies of the
coated specimens were distinguished at different NaCl
concentrations. Fig.17a~17d are the morphologies of the
grinding marks of the coated specimens in the 2%, 3.5%,
5% and 6.5% NaCl solutions, respectively. In Fig.17a, as
seen in the red marked area, an aggregation of corrosion
holes appears in the center of the grinding mark, linear
scotches are produced on the grinding mark, and pitting
corrosion and abrasive wear occur on the surface. In the
3.5% NacCl solution, as shown in Fig.17b, obvious corro-
sion holes appear on the edges of the grinding mark, and a
series of tiny corrosion pits exist in the center; as indicated
in the red marked area, obvious pitting corrosion is gradu-
ally aggravated, indicating that pitting corrosion is more
prone to occur during tribocorrosion, which is correspond-
ing to the negative breakdown potential E, of the coated
sample during the tribocorrosion from Fig.15a. Currently,
corrosion wear becomes more serious with significant abra-
sive wear in the 3.5% NaCl solution.

As shown in Fig.17c, linear scotches still appear in the
wear area with the appearance of microcracks and shedding
of surface material, and obvious adhesive wear begins to
appear. Thus, the wear evolves into abrasive wear, adhesion
wear and corrosion wear under an NaCl concentration of
5%. With the increase of the NaCl concentration, due to the
synergistic effects of electrochemical corrosion, the wear is
aggravated, and the amount of wear debris increases. When
the NaCl concentration increases to 6.5%, as shown in
Fig.17d and its enlarged graphs, obvious microconvex bod-
ies exist on the surface because of the accumulated wear
debris; accompanied by furrows and scratches on the sur-
face, the adhesion wear is even more obvious. Furthermore,
for the coated specimen, the tribocorrosion process is
mainly dominated by abrasive wear, adhesion wear and
corrosion wear.

3 Conclusions

1) For the solution temperature factor, in the range of 25~
65 °C, the resistance to electrochemical corrosion decreases
with the solution temperature for the coated sample, after
electrochemical impedance spectroscopy experiments at
various solution temperatures, serious pitting corrosion and

obvious cracks exist on the surface of the coated specimen.

2) Within the concentration range of 0.5%~8%, the chlo-
ride ion attack is hindered by the ZrO, film, but the protec-
tive effect of the film weakens with the increase of the NaCl
concentration. Furthermore, pitting corrosion appears on
the surface of the coated specimen after electrochemical
impedance spectroscopy experiments at different NaCl
concentrations.

3) The presence of the ZrO, films reduces the material
loss caused by tribocorrosion and single electrochemical
corrosion compared with that of the bare matrix.

4) Compared with single electrochemical corrosion, pit-
ting corrosion is more prone to occur in the process of tri-
bocorrosion. Under the synergistic action of electrochemi-
cal corrosion and wear of the coated sample, the wear
mechanisms are mainly abrasive wear, adhesion wear and
corrosion wear. Increasing the NaCl concentration from 2%
to 6.5%, the abrasive wear is more significant, and corro-
sion wear are aggravated at higher concentrations with the
existence of adhesion wear.
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