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ABSTRACT: ZrO, films with one, two, and three layers were prepared on a 304 stainless steel surface through the sol—gel
method, followed by sintering at 500, 600, and 700 °C. The crystal structure and the surface morphology of the films were
characterized by X-ray diffraction and atomic force microscopy. The corrosion resistances of uncoated and coated specimens
were studied by electrochemical corrosion tests in a 5% NaCl solution at room temperature. The tribological properties of ZrO,
films were investigated using a tribometer. The results showed that the crystal structure of ZrO, partially transformed from the
tetragonal phase to the monoclinic phase with a rise in sintering temperature. The grain size of the ZrO, films grew, and the
surface roughness of the films increased. However, with an increase in the number of film layers, the grain size and the surface
roughness of the ZrO, films decreased and the films became more uniform and denser. ZrO, films effectively enhanced the
corrosion and wear resistances of the stainless steel surface. With the increase of the sintering temperature and the number of
layers in the film, the corrosion resistance of the ZrO, films increased gradually, but the wear resistance of the films slowly
decreased. The film with three layers, which was sintered at 700 °C, had the highest corrosion resistance. Nevertheless, the film
with one layer, which was sintered at 500 °C, exhibited relatively well wear resistance.
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1. INTRODUCTION

Stainless steels have been widely used in various industries
because of their good corrosion resistance and mechanical
properties. Among of them, 304 austenitic stainless steel is the
commonest type of stainless steels. However, due to the low
hardness, poor wear resistance of stainless steel, sensitive to
pitting corrosion and stress corrosion cracking in chloride
solution," ™ the strength of the stainless steel can be reduced,
which limits its application in industrial production. Therefore,
how to improve the corrosion resistance of stainless steel in
chloride ion solution and the wear resistance of stainless steel
has been a problem. In this case, it came into being and
developed rapidly that the ceramic films were used to coat on
the stainless steel surface.*”°

ZrO, films possess many excellent physical and chemical
properties, such as good light transmission, a high refractive
index, a high dielectric constant, a wide band gap, a high
melting point, and a low thermal conductivity. In recent years,
ZrO, films have been widely used in industries as a component
of optical devices, catalyst supports, oxygen sensors, high-
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temperature fuel batteries, and semiconductors.”~'” In addition,

ZrO, films have a high thermal expansion coeflicient which is a
close match to that of many metals. ZrO, films also present
good chemical stability and high strength, which make them an
ideal protective coating against corrosion and wear. At present,
the number of investigations on the corrosion and tribological
behaviors of ZrO, films is increasing,B_21 which have become a
new direction of research on surface protection for metal
materials.

ZrO, films can be prepared by various techniques, including
chemical vapor deposition,”> plasma spraying,”’ reactive
sputtering,”* electron beam evaporation,” pulsed laser
deposition,”® and sol—gel synthesis.”” The physical and
chemical properties of the ZrO, films mentioned above
strongly depend on the deposition method and the

corresponding heat treatment process. Many researches on
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Table 1. Composition of 304 Stainless Steel Substrate

element Fe C Cr
mass percent ~71 0.032 18.0

Ni Mn Si P S
8.65 1.28 0.62 0.031 0.01

the effects of the preparation process on the corrosion and wear
properties of ZrO, films have been done. However, little work
on the effect of heat treatment temperature on the structural
evaluations, corrosion performance, and tribological properties
of ZrO, sol—gel films on the stainless steel substrate has been
reported. These studies can help to optimize the preparation
process of the ZrO, film, as well as improve its physico-
chemical properties and service life. Nouri et al.>* analyzed the
effect of the heat treatment process on the corrosion
performance of zirconia films produced by the sol—gel dip-
coating method on the 316L stainless steel substrates. The
results showed that a crystalline tetragonal structure of the films
was formed at 700 °C, then transformed to monoclinic phase at
900 °C. The average roughness of the films increased with the
rising heat temperature. The films treated at 500 °C had a
uniform crack-free structure and the strongest corrosion barrier
performance on the 316L stainless steel. Differences in the
electrochemical behavior of ZrO, films at the mentioned
temperatures were related to the development of structure and
microcracks during the sintering process. Tiwari et al.”’
reported that the defect-free 4 mol % yttria-stabilized zirconia
(YSZ) coatings on AISI 316L stainless steel enhanced the
pitting potential of the substrate. The tetragonal zirconia
structure was obtained at and above 400 °C. Crystallinity and
crystallite size were increased and the porosity in the coating
was decreased with the increase of the temperature from 400 to
600 °C in heat treatment. The coatings might be useful for
implants and surgical instruments to enhance the corrosion and
wear resistance.

In this paper, ZrO, sol—gel films with one, two, and three
layers were prepared on the 304 stainless steel substrate surface
by a dip-coating technique. The work aims to provide a
comprehensive understanding of the effect’ of sintering
temperature and film thickness on the surface morphology,
corrosion, and tribological properties of ZrO, films.

2. EXPERIMENTAL SECTION

Tetrabutyl zirconate (Zr(OC,H,),) and absolute ethanol were used as
precursor materials. First, tetrabutyl zirconate, absolute ethanol, and
acetic acid (volume ratio of 1:4:0.1) were mixed together in a beaker
and then vigorously stirred with a magnetic stirrer for 30 min at room
temperature. The obtained sol was further aged at room temperature
for 24 h. The 304 stainless steel sheets produced by Taiyuan Iron and
Steel Group Co., Ltd. were used as substrates. The chemical
composition of this material is given in Table 1. Before deposition,
substrates were mirror-polished with diamond paste, cleaned in an
ultrasonic bath, and rinsed in distilled water. The sol was deposited on
the substrates by a dip-coating procedure with a withdrawal speed of §
mm/min. The film-deposited substrates were dried at 100 °C for 1 h
and subsequently sintered, respectively, at 500, 600, and 700 °C for 2 h
in air to obtain 1-layer crystallization films. The multilayer films were
prepared by repeatedly dip-coating and drying after each deposition.
Finally, the films were sintered at different temperatures for 2 h. In
addition, the xerogel powder was synthesized by the sol through
repeating the above drying—sintering process.

The crystal structures of the ZrO, xerogel were examined by an X-
ray diffraction (XRD) instrument (D/Max-2500, Rigaku) with Cu Ka
radiation at 40 kV and 120 mA with a 3°/min scanning speed. The
thicknesses of the ZrO, films were measured by an optical profiler
(Wyko NT9300, Veeco). The surface morphologies of the samples

were observed by an_atomic force microscope (AFM) (CSPM4000
SPM, Benyuan) at a scanning rate of 1.0 Hz.

The electrochemical corrosion behaviors of the ZrO, films were
investigated in a 5% NaCl aqueous electrolyte by the potentiodynamic
polarization test using an electrochemical workstation (CHI660C,
Chenhua). A three-electrode cell was composed of the specimen,
which had 1 cm?® exposed areas, as the working electrode; Ag/AgCl as
the reference electrode; and Pt as the counter electrode. Electro-
chemical measurements were carried out at a scan rate of 10 mV/s.
The Tafel polarization curves were obtained from —2.0 to 3.0 V. All
experiments were conducted at room temperature. Subsequent to the
electrochemical measurement, the surface morphologies of corroded
specimens were observed with a scanning electron microscope (SEM,
S-3400, Hitachi).

The hardnesses of the ZrO, films were measured by nano-
indentation experiments, using a nanoindenter (G200, Agilent)
equipped with a Berkovich three-sided diamond tip. The maximum
load applied was 5 mN. For each specimen, indentation was conducted
at five different points. The tribological properties of the ZrO, films
were evaluated on a ball-on-disk tribometer (CFT-1, Zhongkekaihua)
under linear reciprocating sliding conditions. The counterpart was a
GCr1S steel ball with a diameter of 3 mm. The friction and wear tests
were carried out at an applied load of 0.5 N, a sliding speed of 25 m/s,
a one-way sliding distance of S mm, and a testing time of 10 min at
room temperature. All of the tribological tests were performed at least
three times under the same conditions. Afterward, the worn surfaces of
the specimens were observed by SEM.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the ZrO, xerogels at room
temperature (RT) and those that were sintered at 500, 600, and

= 210, ° m-Zr0,
(d) 700°°C ﬂ
~ |z R 2 AR 2|
=5
E |@o00eC 7k i
‘@
c o -
8 [wmswoec | .
i=
(@) RT

10 20 30 40 350 60 70 80
26(Degree)

Figure 1. XRD patterns of the ZrO, xerogel at different sintering
temperatures.

700 °C for 2 h. As shown in the Figure 1, the ZrO, xerogels
display an amorphous phase at room temperature, and then the
ZrO, is crystallized at high sintering temperature. After
sintering at 500 °C, the ZrO, mainly consists of the tetragonal
phase (t-ZrO,) and is accompanied by a small amount of the
monoclinic phase (m-ZrO,). When the sintering temperature
rises to 600 °C, the t-ZrO, diffraction peak intensity is
enhanced, and the fraction of the m-ZrO, crystal phase is also
increased. However, when the sintering temperature is 700 °C,
the intensity of the t-ZrO, diffraction peaks decreases, and the
intensity of the m-ZrO, peaks clearly increases. This is in good
agreement with the published data for the sol—gel derived

28265 DOI: 10.1021/acsami.5b07915

ACS Appl. Mater. Interfaces 2015, 7, 2826428272


http://dx.doi.org/10.1021/acsami.5b07915
zhk
铅笔



ACS Applied Materials & Interfaces

3 2 3 3 3 ] 8 -1
=] =] =] =] =] 5 Q =] =] o
g ‘ g E F &8 & . g & & &

Figure 2. AFM images of the ZrO, films after sintering at different temperatures: (a) S00 °C 1-layer, (b) 500 °C 2-layer, (c) 500 °C 3-layer, (d) 600
°C 1-ayer, (e) 600 °C 2-layer, (f) 600 °C 3-layer, (g) 700 °C 1-layer, (h) 700 °C 2-layer, (i) 700 °C 3-layer.
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Figure 3. Average grain size of the ZrO, films. Figure 4. Surface roughness of the ZrO, films.
Zr0,.*° Meanwhile, with the sintering temperature increasing, phases are narrowed, which indicates that the grain size of ZrO,

the width of diffraction peaks of the tetragonal and monoclinic increased gradually. This can be explained by the growth
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Figure 5. Surface morphologies of the specimens after the corrosion test: (a) substrate, (b) 500 °C 1-layer, (c) 500 °C 2-layer, (d) 500 °C 3-layer,
(e) 600 °C 1-layer, (f) 600 °C 2-layer, (g) 600 °C 3-layer, (h) 700 °C I-layer, (i) 700 °C 2-layer, (j) 700 °C 3-layer.
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Figure 6. Potentiodynamic polarization curves in $% NaCl for specimens sintering at (a) 500, (b) 600, and (c) 700 °C.

kinetics of ZrO, crystallites. Compared to the monoclinic
phase, the amorphous structure of ZrO, is more close to the
metastable tetragonal phase structure (t'-ZrO,). Therefore, the
amorphous ZrO, in the sintering process gave priority to the

formation of t'-ZrO,. However, with the increase of sintering
temperature, the ZrO, molecules got more and more kinetic
energy, and the ZrO, powder was gradually transformed from
t'-ZrO, to m-ZrO,. On the other hand, the grain growth can be
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Table 2. Corrosion Parameters Estimated from the
Potentiodynamic Polarization Curves for Specimens in a 5%
NaCl Electrolyte Solution

film layer E.. (V) 10g icore (A/cm?) R, (Q cm?)
substrate —0.96 —6.12 24
500 °C 1-layer —-0.99 —6.84 22
500 °C 2-layer -0.92 —7.02 59
500 °C 3-layer —-0.93 —=7.11 98
600 °C 1-layer -0.95 —6.63 42
600 °C 2-layer —-0.89 —7.06 190
600 °C 3-layer —-0.76 —7.28 281
700 °C 1-layer —1.04 —6.16 23
700 °C 2-layer —0. 69 —6.84 156
700 °C 3-layer —0. 65 -7.16 242
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Figure 7. Hardness of the ZrO, films.

regarded as the mutual connection between the grains; that is,
the grain growth is caused by the mutual contact and
connection between the grains so that the grain boundaries
are formed, which leads to the disagppearance of small grains
and the formation of large grains.”"*>

The thicknesses of the ZrO, films with one, two, and three
layers were approximately 150, 210, and 280 nm, respectively.
The results obtained by AFM are displayed in Figure 2. The
observed area of the surface was S ym X S ym. The surface
morphologies of one, two, and three layers of ZrO, films which
were sintered at 500 °C are shown in Figure 2a—c. It can be
observed that the surfaces of the one-layer films are not smooth
and there are remarkably large vertical fluctuations which were
caused by the polishing scratches on the substrate surface.
When the substrate was coated with two layers of ZrO, films,
the surfaces of the specimens became smooth and the grains
possessing a cone shape were distributed compactly. With the
film thickness increasing, the fluctuations in the height were
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Figure 9. Friction coefficient of the ZrO, films.
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Figure 10. Wear rate of specimens.

reduced. When the number of film layers is three, as shown in
Figure 2c, the films’ surfaces are smoother, the densification of
the ZrO, grains is increased, and the grain size of the cone-
shaped particles is decreased.

Figure 2d—f presents the AFM images of the one, two, and
three layers of ZrO, films that were sintered at 600 °C,
respectively. In comparison with Figure 2a, the sintering
temperature to 600 °C results in an apparent increase of the
grain size of the one-layer film and its particles are loosely
distributed, as shown in Figure 2d. In addition, the increase in
the number of film layers obviously improves the smoothness
of the films surface (in Figure 2e,f). With more layers, the grain
densification is progressively increased, and the grain size is
gradually decreased.

Furthermore, when the sintering temperature rises to 700
°C, the resultant film surface is uneven, as shown in Figure
2g,h; the ZrO, grains with an ellipsoidal shape are unevenly
distributed. However, the surface of the three-layer film is
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Figure 8. Friction coefficient curves of specimens sintered at (a) 500, (b) 600, and (c) 700 °C.
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Figure 11. Worn morphologies of specimens’ surface: (a) 500 °C 1-layer, (b) 500 °C 2-layer, (c) 500 °C 3-layer, (d) 600 °C 1-layer, (e) 600 °C 2-
layer, (f) 600 °C 3-layer, (g) 700 °C 1-layer, (h) 700 °C 2-layer, (i) 700 °C 3-layer.

uniform with the reduced grain sizes that are evenly distributed,
as shown in Figure 2i.

Figures 3 and 4 show the variations in the average grain size
and in the root-mean-square roughness (Sq) of ZrO, films as a
function of the sintering temperature. When combined with the
data in Figure 2, it can be observed from Figures 3 and 4 that
there is a gradual decrease in the observed grain size and
roughness with the number of layers increasing (for a given
sintering temperature). However, with increasing sintering
temperatures, the grain sizes and surface roughnesses of the
ZrO, films gradually increased. The grain sizes of one-, two-
and three-layer ZrO, films sintered at 500 °C are 53.7, 49.3,
and 45.8 nm, and their surface roughnesses are 2.7, 2.6, and 2.5
nm, respectively, whereas the grain sizes of the one, two, and
three layers that were sintered at 600 °C are 62.4, 59.1, and
53.6 nm, and the surface roughnesses are 3.8, 3.5, and 3.1 nm,
respectively. When the sintering temperature is raised to 700
°C, the grain size of the one-, two-, and three-layer films
increases to 80.1, 68.1, and 59.6 nm and the surface roughness
increases to 11.8, 11.1, and 4.9 nm, respectively. This is because
it was only at the same temperature that the smoothness of the
films’ surfaces improved with the increase of the number of film
layers. Furthermore, the surface grains are better distributed
and more compact, which is reflected in the decreased grain
size and surface roughness. Nevertheless, the roughness
increased with sintering temperature and could be associated
with the accretion of grain size, which caused greater differences
between the hills and the valleys detected by AFM.>

Figure 5 shows the surface morphologies of the specimens
after corrosion testing in a NaCl solution. It is observed that the
surface of the uncoated stainless steel substrate contains many
irregular and deep pits, as shown in Figure Sa. The
morphologies of the corroded surface of ZrO, films with one,
two, and three layers that were sintered at 500 °C are displayed
in Figure Sb—d. It can be observed that the surfaces of the one-
layer films are severely corroded. A large number of film
fragments are scattered on the specimen surface. The corrosion
of the two-layer film surface is uniform with many small and
shallow pits, but deep crevice corrosion exists at the boundaries
of the large grains. The damage done to the three-layer film
surface is reduced, and the corrosion pits are well distributed.
Figure Se—g shows the morphologies of the corroded surface of
ZrO, films with one, two, and three layers that were sintered at
600 °C. As shown in Figure Se, the surface corrosion of the
one-layer film is serious, and most of the film is corroded into
sparsely distributed microparticles. In comparison to the single
layer of ZrO, films, the corrosion area of the two-layer film
surface is reduced. Furthermore, only a small portion of the film
surface is corroded in the three-layer film (in Figure Sg), and
the film’s surface is relatively intact except for the crevice
corrosion between the large fragments of the film. Compared to
the films sintered at 500 and 600 °C, the surface morphology of
the films sintered at 700 °C, as shown in Figure Sh—j, displays
larger regions that appear not to be affected by corrosion, and
the regions of the corroded films decrease with the film
thickness increasing. In particular, the surface of the three-layer
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film is nearly the original state. With only a small quantity of
shallow corrosion pits, the remaining film surface regions are
identical to the film morphology prior to corrosion. These
results indicate that the three-layer ZrO, films sintered at 700
°C exhibit the best corrosion barrier performance compared to
other films.

Figure 6 presents the potentiodynamic polarization curves in
5% NaCl for specimens that were sintered at different
temperatures. As observed in Figure 6, the current density of
the coated specimens in the cathodic polarization region
gradually decreases with an increase in the electric potential,
which is similar to that of the stainless steel substrate. When the
electric potential is greater than —1.0 V, the specimens enter
the anode polarization process and the corrosion potentials of
the specimens exhibit a positive shift with an increase in the
number of film layers. In general, the value of the corrosion
potential (E_,,,) can be used to estimate the corrosion tendency
of the specimen. At the same time, the corrosion current
density (log icy) decreased and the polarization resistance (R,)
increased, which implies that the corrosion rate decreases and
the corrosion resistance of the specimen increases. Therefore, it
is necessary to simultaneously consider the values of E_,,, log
i and R, to evaluate the corrosion performance of the
specimen.

The corrosion parameters estimated from the potentiody-
namic polarization curves of all of the specimens are
summarized in Table 2. It can be observed from the table
that the corrosion current density gradually decreases just as
the polarization resistance gradually increases with an increase
in the sintering temperature and the number of film layers.
Combined with the morphological data in Figure 5, it can be
concluded that the corrosion resistance of ZrO, films was
gradually improved with increasing sintering temperatures and
a greater number of layers (thicker film). The film with three
layers, which was sintered at 700 °C, shows excellent corrosion
resistance. This is because the quality of the films has an
important effect on their corrosion behavior. Structural defects
such as cracks, pores, and pinholes in the films could be used as
channels for the corrosion of substrate so that the corrosion
was far more serious than the films with no defects.”
Moreover, a higher sintering temperature and more film layers
lead to the gradual improvement of the film surface
morphology, and higher quality films contribute to the
enhancement of corrosion resistance.”#*>

The hardness of the specimen was determined by nano-
indentation tests. The hardness value of the 304 stainless steel
substrate is 4.86 GPa, and the hardness of the ZrO, films is
shown in Figure 7. As observed from the figure, the hardness of
the films decreases with increasing sintering temperatures. The
hardnesses of the one-layer films sintered at 500, 600, and 700
°C are approximately 7.54, 7.39, and 7.35 GPa, respectively.
This variation in the hardness values can be associated with the
increased grain size and surface roughness, which is observed at
high temperatures.*>*® In addition, with the number of film
layers increasing, the hardness value of the film is progressively
increasing. The hardness values for two and three layers of
ZrO, films sintered at 500 °C are raised to 7.71 and 7.94 GPa,
respectively. This is because the grain size and surface
roughness decreased with an increase in film thickness, which
is characteristic of film surfaces becoming smoother and more
compact.?’7

Figure 8 shows the representative friction coeflicient curves
of the specimens that were sintered at different temperatures. It

can be observed that the friction coefficient of the stainless steel
substrate fluctuates around 0.86 while it is sliding against the
steel ball, Nevertheless, in the initial stage of sliding, the friction
coefficients of the coated specimens clearly decrease, and the
fluctuations in the curves are insignificant. This finding
indicates that the ZrO, films can significantly reduce the
friction coefficient of the substrate surface. In addition, with a
prolonged sliding time, the friction coefficient of the coated
specimens abruptly increases and then fluctuates before
equalizing at a value near 0.86. This is because the high
hardness and low friction coefficient of the ZrO, films initially
resists abrasion by the steel ball. With increasing in sliding time,
the films rupture and delaminate under frictional forces. The
stripped film fragments become grinding materials that
accelerate film failure by rapidly increasing the friction
coefficient.”® Afterward, the ZrO, films are gradually worn
down to the stainless steel substrate, where the friction
coeflicient is stabilized.

Meanwhile, the wear life of ZrO, films can be estimated from
the duration beginning at the initial contact and ending with
the abrupt increase in the friction coeflicient. As shown in
Figure 8, the friction coeflicient of the one-layer film sintered at
500 °C retains a value of approximately 0.31 after contact with
the sliding steel ball for 10 min. However, it is readily observed
that the wear life of the films reduces with the increase of the
number of film layers. This may be due to the fact that the
single layer of ZrO, films covered on the substrate surface
closely and uniformly during the dip-coating and sintering
process. Nevertheless, when the number of film layers was
increased to two or even three layers, the former flat film layer
became the deposition surface for the next film. Then, the next
film sol covered on the former film’s surface and was
crystallized in the subsequent sintering process. Because the
starting surface is different and the bonding between the film
layers is weak, the films become more vulnerable to damage.
Furthermore, under repetitive contact with the sliding steel ball,
the thermal and contact stresses can lead to fatigue of the
interfacial adhesion between the film layers. As a result, brittle
fracture and delamination of the films occurred and wear debris
was produced. Subsequently, the debris could result in severe
abrasiveness on the films.”

Figure 9 shows the variation of the average friction
coeflicient of the ZrO, films with the sintering temperature
and number of the film layers. As observed, the friction
coefficient of ZrO, films is increased with the sintering
temperature increasing. This is because the surface roughness
and grain size of the ZrO, films increased with the increase of
sintering temperature, and accordingly, the hardness decreased.
At the same time, the friction coefficient of ZrO, films increases
with the increase of the number of film layers. This is also
because the hardness the ZrO, films improved with the
increasing film layers, and the wear debris was more prone to
be produced for multilayer films, which results in a high friction
coefficient.*

The wear rate of the stainless steel substrate is 1.26 X 107*
mm®/Nm. Meanwhile, the wear rate of the specimens as a
function of the sintering temperature and the number of film
layers is demonstrated in Figure 10. It is observed that the wear
rate of the specimen coated with one layer of ZrO, films
sintered at 500 °C is 1 X 10~ mm?®/Nm, which was lower than
the substrate’s. However, the wear rates of the specimens
coated with two- and three-layer films sintered at 500 °C are
1.45 X 10™* and 1.52 X 10~* mm®/Nm, respectively. When the
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sintering temperature increased to 600 and 700 °C, the wear
rates of one-, two-, and three-layer films are enhanced by 51%,
18%, 16% and 74%, 28%, 25% compared with those sintered at
500 °C, respectively. These enhanced wear rates were a
reflection of the gradual increase in the grain size and the
surface roughness with the sintering temperature increase.
Moreover, the brittle fracture and delamination was more
prone to occur for multilayer films, which produced severe
surface fracture, relatively high friction coefficients and material
wear rates.”’

Figure 11 shows the worn surfaces of specimens. It can be
observed from Figure 11a that the wear track of the specimen
surfaces coated with one layer of the ZrO, films and sintered at
500 °C is relatively smooth. There are few abrasive particles,
and narrow, shallow ploughs are the result of slight scratching.
Nevertheless, with the increase of the number of film layers,
serious film rupture occurred, which generated many particles
and debris such that a wide, deep, and rough wear track is
produced. The peeling films produced a scaly plastic
deformation belt that shows the features of fatigue wear.
Furthermore, as shown in the wear tracks of the specimens after
sintering at 600 and 700 °C, fatigue fracture occurred and an
even larger number of abrasive particles were generated. The
surfaces of these specimens were severely worn, the wear tracks
were rough, and much deeper furrows existed there.

4. CONCLUSIONS

In summary, we have successfully synthesized the ZrO, films as
a surface modification layer for 304 stainless steel through the
sol—gel techniques. The effect of sintering temperature and the
number of film layers on the corrosion and tribology properties
of the ZrO, films was discussed in detail. The three-layer films
sintered at 700 °C displayed optimal structure characteristics of
uniform and dense surface morphology, which significantly
enhanced the corrosion resistance of the 304 stainless steel
substrate in a 5% NaCl solution at room temperature.
Therefore, this ZrO, film can be applied to a broad range of
devices as a protection barrier layer for stainless steel in
automotive, household appliances, business machines, and
heavy construction such as marine and chemical industries.

With respect to the tribological behavior of the films coated
on stainless steel, it was concluded that the wear resistance of
the ZrO, films did not depend on the sintering temperature
and the film’s thickness. Nevertheless, the one-layer films
sintered at 500 °C displayed better tribology properties, which
is due to their relatively lower friction coeflicient and longer
wear life. Consequently, by selecting the suitable sintering
temperature and the number of film layers, it will be possible to
obtain the ZrO, films with microstructure and tribology
properties optimized to satisfy the requirements of specific
applications as protection barriers.
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