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Niobium oxide based thin films were deposited on AISI 316 stainless steel substrates using reactive
DC magnetron sputtering. Structure, composition and corrosion resistance of the niobium oxide films
were studied. The corrosion behavior of the specimens was evaluated by electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization. The concentration of niobium and oxygen in the

films was obtained by Rutherford backscattering spectroscopy (RBS). The film structure was analyzed by
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X-ray diffractometry. The corrosion resistance of the substrate was improved by the Nb,Os layers. The
best protective performance was achieved for the deposition time of 15 min.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Niobium oxide films have attracted much attention in materials
science in the past few years. NbO, NbO; and Nb,Os5 are the most
stable phases, being niobium pentoxide the one with the lowest
Gibbs free energy of formation between them and, hence, the most
thermodynamically favorable to form [1]. The growing interest in
Nb,O0s5 arises from its applicability in several advanced devices
such as sensors, solar cells, capacitors and smart windows [2-4].
In these devices electronic and optical properties of Nb,Os films
such as photoelectric and photocatalytic activity, high permittivity,
high refractive index and transparency in the UV-vis-NIR region
have been advantageously exploited to produce a variety of opti-
cal devices [5,6]. Furthermore, high wear resistance, good thermal
stability and biocompatibility have been reported as attributes that
widen the engineering applications of Nb,0s5 layers to additional
areas such as biomedical devices [7] and barrier coatings [8].

In addition to the above-mentioned properties, corrosion
resistance is a must-attend issue of metallic-coated surfaces in
engineering applications [9]. Some reports reveal the good corro-
sion protection ability of Nb,O [10,11].

* Corresponding author.
E-mail address: renato.antunes@ufabc.edu.br (R.A. Antunes).

http://dx.doi.org/10.1016/j.corsci.2015.10.023
0010-938X/© 2015 Elsevier Ltd. All rights reserved.

Several deposition techniques can be used to produce niobium-
based coatings. Sol-gel techniques, chemical vapor deposition
(CVD) and physical vapor deposition (PVD) methods have been
reported [12-14]. The anti-corrosion performance of coatings pro-
duced by PVD is markedly affected by deposition parameters [15].
The development of PVD-based Nb,Os5 coatings with enhanced
corrosion properties can be more promptly accomplished if the
correlation between coatings structure and deposition parameters
is known. However, scientific investigations devoted to the study
of this correlation are lacking in the literature. The present work
investigates the relationship between film structure, electrochem-
ical behavior and deposition time of Nb,Os films produced by DC
magnetron sputtering.

2. Experimental
2.1. Substrate preparation and film deposition

The substrates for the present investigation were AISI 316
stainless steel circular samples with a diameter of 19 mm and
6 mm-thick. The samples were ground up to 600 grit using SiC
paper. The surface was degreased with acetone and thoroughly
washed with distilled water, then dried in a hot air stream prior
to deposition. These samples were used for the electrochemi-
cal characterization. Silicon (100) plates were used as substrates
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for Rutherford backscattering spectroscopy (RBS), X-ray diffrac-
tometry (XRD), scanning electron microscopy (SEM) and also for
thickness measurements by ellipsometry.

Niobium oxide films were produced by reactive DC magnetron
sputtering from a niobium target (99.9% purity) in Ar+0, atmo-
sphere. The oxygen content was kept constant during deposition
and was relatively high to yield Nb,Os films with composition close
to the stoichiometric composition [16]. Deposition was performed
at room temperature. Two different deposition times were tested:
15 min and 30 min. The pressure in the chamber was constant and
kept at 8.40 x 10~2 Pa. The distance between target and substrate
was 15 cm and the direct current (DC) power was 400 W. Argon and
oxygen flows were 100mLmin~! and 15 mLmin~!, respectively.

2.2. Film characterization

The atomic fractions of niobium and oxygen in the films were
obtained by RBS. The analyses were made using a helium beam
of energy 2.2 MeV in an electrostatic accelerator of type Pelletron-
tandem, model 5SDH with a detection angle of 120°. Film thickness
was determined using ellipsometry. The measurements were per-
formed using a Rudolph Research Corporation ellipsometer, model
Auto EL IV MS with incident angle of 70° and wavelength of
632.8nm. A field emission-scanning electron microscope (FEG-
SEM) FEI Quanta 600 was used to observe the cross-sections of the
niobium oxide films with regard to film thickness and compactness.

Film structure was determined using XRD analysis. The mea-
surements were carried out in Philips X'Pert equipment using
Cu-Ka radiation in glancing angle mode with incident angle of 5°
in the range 20-80° with step size of 0.02°.

The electrochemical behavior of deposited films was eval-
uated by EIS and potentiodynamic polarization curves using a
potentiostat/galvanostat Autolab PGSTAT 100 equipped with FRA
(frequency response analyser) module. The electrolyte consisted
of naturally aerated NaCl 3.5wt.% solution at room temperature.
The test setup was comprised of a conventional three-electrode
cell. Pure platinum wire (diameter of 0.5 mm) was used as counter-
electrode, a saturated calomel electrode (SCE) as reference and the
niobium oxide-coated sample as working electrode. Three different
samples of each condition were tested to ensure reproducibility.
The samples remained immersed for 19 days before the tests in
order to achieve a steady state condition for the electrochemical
measurements. Initially, the open circuit potential was monitored
for 1 h. Next, EIS measurements were carried out at the open cir-
cuit potential in the frequency range from 100 kHz to 10 mHz. The
amplitude of the excitation signal was set to 10mV (rms) with
an acquisition rate of 10 points per decade. Following the EIS
measurements, the samples were submitted to potentiodynamic
polarization starting at —0.25 Vgcg versus the open circuit poten-
tial and stopping at +1.0 Vscg at a scanning rate of 1mVs~1, After
polarization, the electrodes were rinsed with deionized water and
the pits formed on the surface were measured by using confocal
laser scanning microscopy (CLSM) (Olympus LEXT OLS4100). The
five deepest pits were measured on each sample in order to give a
representative indication of the pitting corrosion resistance. SEM
micrographs of the top surfaces were obtained before immersion
and after the polarization tests using a TM3000 Hitachi scanning
electron microscope.

3. Results and discussion
3.1. Structure, thickness and composition

Fig. 1 shows the RBS spectra of the films produced with deposi-
tion times of 15 min and 30 min at room temperature. The spectra
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Fig. 1. RBS spectra of the niobium oxide films produced with different deposition
times at room temperature: (a) 15’; (b) 30'.

were fitted using the software SIMRA [17]. The stoichiometry of
the deposited coatings was determined for a fixed oxygen flow
of 15mLmin~!. The Nb/O ratio was found to be 0.3738 for both
films, independently of the deposition time. The RBS measurements
indicate that the films stoichiometry is Nb,05 35 which is close to
Nb,0s5. Small amounts (1.5%) of argon were also found in the films
probably due to incorporation of the argon ions employed to sput-
ter the niobium target [16]. Ramirez et al. [10] have found an Nb/O
ratio within the range 0.39-0.43 for niobium oxide films through
RBS. Serényi et al. [18] have found the compound Nb;,0s 14 with
Nb/O ratio of 0.3891 for niobium oxide sputtered films. The work
by Foroughi-Abari and Cadien [19] showed that the nature of the
niobium oxide formed during DC magnetron sputtering deposi-
tion depends on the oxygen flow. NbO, NbO, and Nb,O5 have been
obtained at oxygen flow rates of 2, 4 and 6 mL min~!, respectively.
The results expressed here are in agreement with the literature and
show that the deposition time did not influence the stoichiometry
of the niobium oxide films.

Ellipsometric measurements have shown that the film thick-
nessincreased with deposition time. In fact, the thickness increased
from 36 nm to 70 nm when the deposition was raised from 15 to
30 min. FEG-SEM cross-sectional views of the niobium oxide films
obtained for the deposition times of 15 and 30 min confirmed this
finding as shown in Fig. 2. The increase of PVD film thickness with
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Fig. 2. FEG-SEM cross-sectional views of the niobium oxide films obtained for different deposition times: (A) 15 min; (B) 30 min.
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Fig. 3. XRD patterns of Nb,Os films obtained at different deposition times.

deposition is expected and has been reported by other authors [20].
Thicker coatings may improve the corrosion resistance of metallic
substrates due to the longer diffusion path of aggressive species
[21].

XRD patterns of the deposited films are shown in Fig. 3. No
reflections can be observed. It is clear that the Nb,Os5 films have
an amorphous character. This is in good agreement with the results
published by other authors [10,18]. The amorphous nature of oxide
films can be advantageously explored to improve the corrosion
resistance of metallic materials. It is reported that corrosion resis-
tance should increase for amorphous surfaces in comparison to
crystalline counterparts due to the lack of crystalline defects such
as grain boundaries and dislocations as well as due to chemical
homogeneity and layer compactness [22].

3.2. Corrosion behavior

3.2.1. Open circuit potential monitoring and electrochemical
impedance spectroscopy

Initially, the open circuit potential (OCP) was monitored for
1h in order to ensure a steady state for the EIS measurements.
Fig. 4 shows the plots of OCP versus time for the bare 316 stain-
less steel substrate and for the Nb,Os-coated specimens. The OCP
of the substrate is more negative than that of the coated specimens,
suggesting that its surface is more prone to corrosion processes in
comparison with the coated substrate. As observed in Fig. 4, a steady
state condition was achieved after monitoring. Thus, EIS measure-
ments were carried out at the open circuit potential obtained at the
end of the monitoring period.
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Fig. 4. Open circuit potential versus time for the uncoated and Nb,0s-coated 316
stainless steel.

The Nyquist plots of the niobium oxide films obtained after 19
days of immersion in 3.5 wt.% NaCl solution at room temperature
are shown in Fig. 5A. The plot obtained for the uncoated substrate is
also shown for comparison. The inset displays the expanded view
of the Nyquist plots in order to more clearly realize the different
EIS responses of the coated and uncoated substrates.

The plots of the niobium oxide-coated substrate are character-
ized by one capacitive loop, independently of the deposition time.
The radii of the capacitive loops are much larger for the coated
material than for the bare substrate. Corrosion resistant surfaces are
associated with high impedance values at low frequencies which
correspond to less flattened capacitive loops with large radius [23].
The small capacitive loop of the uncoated substrate denotes its
lower corrosion resistance when compared to the niobium oxide
coated samples.

The EIS response of the coated and uncoated substrates was also
assessed by Bode phase angle plots (Fig. 5B). The plots of the coated
samples have a wide plateau extending from approximately 1 kHz
up to 0.01 Hz. The plateau reaches —80° at its maximum and then
decreases to —70° at the lowest frequencies. For the uncoated sub-
strate the phase plot is also characterized by a plateau near —80°.
However, it is shorter than the plateau observed for the niobium
oxide coated samples, beginning at approximately 10 Hz, extending
up to 0.01 Hz. It is known from the literature that a pure capacitive
response of the electrode surface would give a phase angle of —90°.
The more the phase angle deviates from this value, the more imper-
fect is the capacitive behavior of the electrode surface [24]. The
phase plots in Fig. 4b also indicate that the coated samples respond
to the sinusoidal perturbation signal at higher frequencies than the
uncoated substrate which is a typical EIS response of coated metals
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[25]. Drop off of the phase angle at low frequencies has been asso-
ciated with decreased corrosion resistance due to charge transfer
reactions at the electrode/electrolyte interface at the base of the
defects of coated metals [26]. This behavior was not observed in
the present work regarding the EIS response of the niobium oxide-
coated samples. The phase angles formed a stable plateau up to the
lowest frequencies, indicating the stability of these films through-
out the test. The high impedance values observed at the lowest
frequencies (Fig. 5A) also confirm this hypothesis. Bode plots show-
ing the variation of the impedance modulus with frequency are also
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Fig. 5. (A) Nyquist and (B) phase plots of the niobium oxide coated and uncoated
substrates obtained after 19 days of immersion 3.5 wt.% NaCl solution at room tem-
perature.
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Fig. 6. ECs used to simulate the EIS experimental data: (a) uncoated 316 stainless
steel; (b) niobium-oxide coated 316 stainless steel.
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Fig. 7. Potentiodynamic polarization curves of the niobium coated and uncoated
substrates obtained after 19 days of immersion 3.5 wt.% NaCl solution at room tem-
perature.

shown in Fig. 5B. The high impedance of the coated specimens is
clearly seen in comparison with the bare substrate.

A more quantitative interpretation of the EIS data was obtained
by fitting the experimental results using equivalent circuits (ECs).
The EC used to simulate the EIS response of the bare substrate is
shown in Fig. 6a. This circuit consists of only one time constant to
model the corrosion processes occurring at the electrolyte/metal
interface and has been used by several authors to represent the
electrochemical behavior of uncoated stainless steels in NaCl solu-
tions [27,28]. A constant phase element (CPE) is used instead of a
pure capacitor to account for the heterogeneity of the electrode
[29]. In this circuit R; denotes the electrolyte resistance, CPE;
models the pseudocapacitance of the double layer at the elec-
trolyte/metal interface and R, is the charge transfer resistance of
the metallic surface. The impedance of a CPE (Zcpg) is defined as
shown in Eq. (1).

Zcpe = [Q(jw)"] ! (1)

In this equation Q is the magnitude of the CPE and n its expo-
nent. For pure capacitors n=1 and n=0.5 for diffusion controlled
processes. The angular frequency is w and j=+/—1[30]. For the nio-
bium oxide-coated samples the best fitting was given by the circuit
showninFig. 6b. Two time constants are used to model the response
of the coated substrate. This circuit is often employed to simu-
late EIS data obtained from coated metals [31-33]. Ramirez et al.
[14] have also used this circuit to simulate EIS experimental data
obtained for PVD niobium oxide-based films deposited on stain-
less steel substrates. In this circuit, R; is the electrolyte resistance,
CPE; is associated with the capacitance of the niobium oxide-based
coating and R; is the coating resistance which is influenced by the
presence of defects such as flaws and pores. The low frequency
time constant is used to model the electrochemical response at the
base of the coating defects, accounting for the electrolyte/substrate
interface. CPE; is associated with the double layer capacitance and
R3 models the charge transfer resistance. The parameters obtained
by the fitting procedure are shown in Table 1.

According to Ramirez et al. [14], the protective nature of coat-
ings is related to the values of both Ry and Rs, scaling up with
them. The data shown in Table 1 expresses much higher values
of charge transfer resistance for the coated sample in compari-
son the uncoated one, thus indicating that the corrosion resistance
of the stainless substrate was significantly improved by the nio-
bium oxide films. However, the relatively low values of R, for the
coated samples imply that the films are not immune to electrolyte
penetration through coating defects. The film obtained at 15 min
of deposition presented a better response than the film obtained
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Table 1

EIS fitting parameters for the bare 316 stainless steel substrate and coated with Nb,Os films.
Sample R; (2 cm?) Q; (104Fcm2s2-1) m R, (k2 cm?) Q (10 3Fcm 252 1) ny R3 (k2 cm?)
Coated 15 min 10 0.13 0.89 118 0.27 0.70 8480
Coated 30 min 7 0.30 0.78 137 2.09 0.97 3830
Substrate 12 1.52 0.89 482 - - -

at 30 min, suggesting that the corrosion resistance was adversely
affected when the coating thickness increased from 36nm (at
15min) to 70nm (30min). High capacitance values are associ-
ated with a lower corrosion resistance, being related to increased
area exposed to the electrolyte due to a more defective coating
layer [31,34]. The capacitance associated with the 15 min-coating
is lower than that for the 30 min-coating, confirming the more effi-
cient barrier property obtained for the first film. Coating thickness
is known to influence the corrosion behavior of metallic substrates.
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Depending on the density and defects formed on the protective film,
increasing thicknesses can be beneficial [35,36] or even decrease
the corrosion resistance [37,38] of the underlying metal surface.
Berasategui et al. [39], for instance, reported that the corrosion
resistance of aluminum-doped ZnO (AZO) sputtered films increased
with thickness. This improved protection ability was attributed
to the film morphology. The thicker layer presented bigger grain
sizes than thinner one with less grain boundaries. A similar effect
was reported by Surmeneva et al. [35] for sputtered hydroxyap-
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Fig. 8. SEM micrographs of the top surfaces of the uncoated and Nb,Os-coated 316 stainless steel samples: (A) uncoated substrate, before immersion; (B) 15’-coated sample,
before immersion; (C) 30’-coated sample, before immersion; (D) uncoated substrate, after polarization; (E) 15’-coated sample, after polarization; (F) 30’-coated sample, after

polarization.
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atite layers. Conversely, increasing film thickness can also impair
the corrosion resistance of the coated substrate. This effect was
recently reported by Liu et al. [40]. These authors evaluated the
corrosion behavior of sputtered cerium oxide based coatings with
different thickness on an aluminum alloy substrate. Increasing the
coating thickness led to reduced corrosion protection ability to
the higher porosity and defects in the film layer. Sonmez et al.
[41] observed that thicker hydroxyapatite layers obtained by dip
coating presented more cracks than thinner layers, depressing the
corrosion resistance. The detrimental effect of increasing coating
thickness due to the development of more cracks on the surface
layer was also reported by Zhuang et al. [42] for Cr-doped dia-
mond like carbon films deposited by cathodic arc processes. Our
results point to a detrimental effect of the coating thickness on the
overall corrosion behavior of the niobium oxide-coated substrate.
Since our Nb,Os films presented an amorphous character accord-
ing to the results obtained by XRD (Fig. 3), grain size effects can be
neglected. As-deposited Nb,Os films are usually amorphous [43]
but can crystallize depending on annealing treatments employed
after deposition [44]. After crystallization, grain sizes are formed
and the surface roughness increases [45]. The corrosion resistance
can, therefore, be depressed by crystallization [46]. However, these
effects are not encountered in the present work due to the amor-
phous nature of the as-deposited films. In the same regard, film
morphology and porosity can affect the corrosion resistance of
coated metals. Both aspects have been considered to explain the
results obtained here, as described in Section 3.2.2.

Comparing our results with those obtained by Ramirez et al.
[14] reveal that the best niobium oxide film produced by these
authors has lower capacitance and higher resistance than our
15 min-coating, according to EIS measurements. However, the films
obtained by Ramirez et al. were 200 nm-thick whereas our 15 min-
film is only 36 nm-thick. Hence, the very thin niobium-oxide layer
produced in this work provided an efficient barrier against corro-
sion of the 316 stainless steel substrate. This result has interesting
implications for engineering purposes, since it points to a great
enhancement of the corrosion resistance at a relatively short depo-
sition time. In order to gain a more clear understanding on the
correlation between film structure and the corresponding corro-
sion behavior, additional analyses were carried out, as described in
the next section.

3.2.2. Potentiodynamic polarization curves

The corrosion behavior of the niobium oxide coated substrate
was further assessed using potentiodynamic polarization curves.
The results are shown in Fig. 7. The values of corrosion potential
(Ecorr) and corrosion current density (icorr) Obtained from these
curves are displayed in Table 2. The values of icr were deter-
mined using the Tafel extrapolation method, considering only the
cathodic branch of the polarization curve. This methodology was
followed based on the fact that the passive regions in the polar-
ization curves makes difficult to accurately determine the anodic
Tafel slope and, thus, the corrosion current density can be suitably
determined by extrapolating only the cathodic branch [47,48]. The
values for breakdown potential (E,) and passive current density
(ip) are also displayed. The values of i, were determined from the
middle of the passive region, as proposed by Ningshen et al. [49].

The curve of the uncoated substrate is typical of passive met-
als showing an incipient passive region in the anodic branch that
extends through approximately 240 mVscg from up to a first break-
down at 36 mVscg. Stainless steel substrates are prone to pitting
corrosion and the breakdown potential indicates its onset. Final
breakdown is seen at approximately 150 mVscg as indicated by
the sharp increase of the current density. The polarization curves
of the niobium oxide-coated substrates are also typical of pas-
sive surfaces. This can be promptly realized by the presence of

an approximately constant current density region in the anodic
branches of the curves. It is also noteworthy that the passive behav-
ior of the coated samples is more stable than that of the uncoated
substrate, since the current density in the passive region is clearly
lower than that in the polarization curve of the bare sample, as
also indicated in Table 2. Moreover, the breakdown potentials are
higher for the coated samples, indicating improved resistance to
the nucleation and growth of corrosion pits. Hence, the presence
of the Nb,Os films strongly affected the anodic behavior of the 316
substrate. Notwithstanding, the values of b. for the coated samples
are similar to that for the bare substrate, indicating that the cathodic
reactions were slightly affected by the presence of the Nb,Os films.

From Table 2 it is observed that the values of Eco;r Were shifted
to more anodic potentials in the presence of the niobium oxide
coatings. This is associated with more corrosion resistant surfaces.
Following this trend, the values of ico are lower for the coated
samples than for the uncoated one, thus indicating that the cor-
rosion processes proceed at a slower rate at these surfaces. These
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Fig.9. CSLM images of corrosion pit formed on the surface of uncoated 316 stainless
steel sample: (A) 2D-image; (B) 3D-image; (C) transverse profile.
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Table 2

Electrochemical parameters of the bare 316 stainless steel substrate and coated with Nb,Os films.
Condition icorr (LA cm—2 ) Ecorr (Vsce) bc (mV/decade) ipass (pA cm—2 ) Ep, (Vsce)
Coated 15’ 0.042 -0.149 -88 0.05 0.282
Coated 30 0.036 -0.222 -98 0.02 0.210
Substrate 0.112 —0.298 -97 0.91 0.081
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Fig. 10. CSLM images of corrosion pit formed on the surface of 15 min-coated sam-
ple: (A) 2D-image; (B) 3D-image; (C) transverse profile.

results reveal that the niobium oxide films have a strong barrier
effect against corrosion whichis active even after 19 days of immer-
sion, confirming the data obtained by EIS. The beneficial effect of
niobium oxide-based films to the corrosion resistance of metallic
substrates has been observed by other authors [14]. The amorphous
nature of the films (Fig. 3) can contribute to enhance the protective
character of the Nb,Os films observed in the present work.

The surface morphology of the uncoated and Nb,05-coated sub-
strate was assessed by SEM. Fig. 8 shows the SEM micrographs
obtained before and after the polarization tests for the uncoated
and Nb;0s5-coated samples. The top surfaces of the samples are

mostly featureless. The presence of the thin Nb,Os amorphous
layers does not allow one to indicate visual differences between
the uncoated and coated substrate before the polarization tests, as
depicted in Fig. 8A-C. However, the beneficial effect of the Nb;05
films can be perceived when the top surfaces are observed after
the polarization tests. The pits formed on the uncoated substrate
are bigger than those formed on the coated samples. This is clearly
seen by comparing Fig. 8D to Fig. 8E and F.

Ourresults reveal that is unlikely that the film morphology could
have affected the corrosion behavior of the Nb,05-coated samples,
since the SEM micrographs obtained before the electrochemical
tests did not show any visual differences between each deposi-
tion condition and the bare metallic surface. In this respect, we
have determined the coating porosity using the EIS data, according
to the methodology described in [50,51]. Film porosity (P) can be
determined using Eq. (2), where Rps is the polarization resistance
of the uncoated substrate and R, is the polarization resistance of
the coated specimen.

Rp.s
Rp

P% = (=22 x 100 2)

The charge transfer resistance (Rc) at low frequency corre-
sponds to the polarization resistance and, therefore, film porosity
can be estimated from the EIS data shown in Table 1. Thus, using the
value of R, for polarization resistance of the uncoated substrate and
R3 for the coated samples, the porosity percentage was determined
as 5.68% for the 15 min-coating and 12.58% for the 30 min-coating
according to Eq. (2). The lower porosity percentage of the 15 min-
coating would, therefore, be responsible for its superior corrosion
resistance.

After the polarization tests, the corrosion pits formed on
uncoated and niobium oxide-coated samples were analyzed by
confocal laser scanning microscopy (CLSM). This technique is a
powerful tool to characterize the pitting corrosion behavior of
metallic materials. Pujar et al. [52] used CLSM to evaluate pit
depth in 9Cr-1Mo steel with boron addition. Fernandez-Domene
et al. [53] characterized the pitting corrosion morphology on a
highly-alloyed austenitic stainless steel (UNS N08031) by CLSM.
Leiva-Garcia et al. [54] employed CLSM to determine pit profile on
the duplex stainless steel UNS 1.4462. Cui et al. [55] measured the
pit profile on 304 stainless steel samples submitted to laser surface
melting using CLSM. In all these reports, CLSM gave reliable infor-
mation about the pitting corrosion process. Up to our knowledge,
though, CLSM has not been employed by other authors to evaluate
the pitting corrosion behavior in niobium oxide-coated metals.

Fig. 9 shows a representative pit formed on the surface of the
uncoated 316 stainless steel substrate after the polarization test. A
2D-image is shown in Fig. 9A and a 3D-image is presented in Fig. 9B.
Fig. 9C shows the transverse profile of this pit which was used to
quantify its depth. Similarly, Figs. 10 and 11 bring the same infor-
mation for the 15 min-coating and 30 min-coating, respectively.
The pits formed on the uncoated substrate have an irregular shape
and spread out laterally. In contrast, the pits formed on the niobium
oxide coated samples are more regular shaped. Moreover, CLSM
analysis allowed determining pit volume and dimensions as shown
in Table 3. The results point to a reduced pit maximum volume and
maximum depth for the niobium-coated samples in comparison
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Fig. 11. CSLM images of corrosion pit formed on the surface of 30 min-coated sam-
ple: (A) 2D-image; (B) 3D-image; (C) transverse profile.

Table 3
Pit maximum volume and maximum depth obtained from CSLM analysis of pits
formed on the bare and Nb;Os-coated 316 stainless steel substrate.

Condition Pit maximum volume (10¢ um?) Maximum depth (pm)
Coated 15 min 0.76 + 0.31 427 £ 8.2

Coated 30 min 1.72 £ 0.40 54.0 + 4.8

Substrate 3.35 + 1.04 64.1 + 104

with the bare substrate. The 15 min-coating presented the smallest
pits.

The corrosion behavior of the stainless steel substrate was not
improved when the deposition time increased from 15 min to
30min. This result is very interesting from an industrial view-
point, as the films produced using the lowest deposition time
provided a similar corrosion resistance to the one obtained using
the longest deposition time. In this context, a shorter deposition
process would produce Nb,Os films with equivalent structure and
improved corrosion performance and should preferred for real
engineering applications.

4. Conclusions

The composition of the niobium oxide films obtained by DC
magnetron sputtering was approximately Nb,Os either for the
deposition time of 15min or 30 min, obtaining amorphous coat-
ings in the as-deposited condition. The coating thickness increased
with deposition time, being 36 nm for the film obtained at 15 min-
deposition and 70 nm for the film obtained at 30 min. Both films
increased the corrosion resistance of the 316 stainless steel sub-
strate. However, the corrosion current density increased with the
coating thickness and charge transfer resistance decrease. This
effect was attributed to the increment of film porosity. Pitting cor-
rosion resistance was also increased for the Nb, O5-coated material.
The bare metallic specimen presented larger pits and lower break-
down potential than the coated specimens. The film obtained at
15 min provided the most efficient protective layer against local-
ized corrosion.
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