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EIS and cyclic polarization curves in HCl 1 M, NaOH 1 M and NaCl 0.5 M were used to analyze the
corrosion mechanism in eutectic Ni-Nb metallic glass composition. Glassy ribbons were synthesized by melt
spinning technique by varying the wheel spinning speed with 12 and 25 m/s to produce ribbons of two
thicknesses. The vitrification of the alloy was confirmed by XRD, which showed a diffuse characteristic
peak of glassy structures. The analyses showed that at pH 0 and 7, the glassy alloy is immune to pitting in its
passive layer. Furthermore, it shows regeneration of the damaged areas, repairing those where nickel is lost
with niobium oxide. In alkaline media, the passive layer is unstable due to the formation of oxides,
increasing the corrosion rate by 0.02 mpy compared to chloride media. When exposed to chloride media
and sodium hydroxide, SEM analysis showed no significant damage to the alloy. Finally, XPS was used to
analyze the species formed on the surface. Several Ni and Nb oxides were found along different pHs; those
species allowed localized corrosion protection, regenerating the damaged zones and corroborating the
passive layer’s self-healing effect. This effect and the lack of crystalline defects provide high anticorrosion

protection of the material.
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1. Introduction

Metallic glasses have short-range structures and excellent
mechanical, magnetic, and chemical properties (Ref 1, 2).
Furthermore, the literature has reported that amorphous atomic
configuration gives them their unique thermo-mechanical
properties (Ref 3). Finally, it is worth mentioning that metallic
glasses have various applications, among which bioimplants
stand out (Ref 4). The study of metallic glasses has been used
for proton exchange membrane fuel cells in acid solution
(H,SO4) (Ref 5) or coating of stainless steel using NaCl (Ref
6).

On the other hand, amorphous metallic glasses used for
bioimplants have established themselves as an alternative to
traditional implants, as the devices are safer and more effective
thanks to the contributions of bioengineering (Ref 7).
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In addition, the anticorrosion properties of metallic glasses
have been extensively studied since the discovery of highly
corrosion-resistant iron-chromium (Fe-Cr) glasses in the 1970s
(Ref 8, 9). Metallic glasses can be obtained from molten alloys
that are cooled at very high rates so they do not have time to
crystallize and acquire a characteristic glassy atomic structure,
which is attributed to an excellent high corrosion resistance. On
the other hand, the amorphous nickel-based metal has high
thermal stability, good mechanical properties and high corro-
sion resistance (Ref 10). Due to their high temperature and
corrosion resistance, Ni-Nb alloys are widely used as coatings
in nuclear reactors (Ref 11). Besides, their properties are
helping to expand their application in microelectromechanical
systems (MEMS) (Ref 12) and structural devices such as gears
for micromotors (Ref 13).

Furthermore, the Ni-Nb binary metal system has a good
glass-forming ability (GFA) (Ref 14); therefore, it is possible to
obtain glassy ribbons from the melt in a wide range of
concentrations (Ref 15, 16). Previous studies have shown that
the Ni-Nb alloy can form a complete bulk metallic glass (BMG)
with a critical diameter of millimeters (Ref 17). Therefore, in
the eutectic composition, further vitrification of the alloy is
ensured by avoiding the formation of secondary phases.

The mechanical and anticorrosion (in HCI) properties of
hypoeutectic Ni-Nb glassy alloys have been reported (Ref 14,
18). However, high corrosion resistance and good mechanical
formability of metallic glasses are often found close to eutectics
compositions (Ref 19). The NisoNbsy systems have been
studied by comparing their anticorrosive behavior with their
crystalline counterparts (Ref 18). The Ni-Nb system has also
been studied as a coating for stainless steels in HCI media (Ref
19). Therefore, this work aims to study the effect of the
corrosive medium on the corrosion rate using electrochemical
techniques of the Nisg sNbyg 5 glassy alloy and the influence of
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the ribbon thicknesses. The alloy behavior to homogeneous and
localized corrosion using EIS was also assessed.

2. Materials and Methods

An argon arc furnace was used to prepare the Ni-Nb alloy
ingots. First, the furnace was evacuated to a pressure of
2 x 1077 torr, using a rotary and diffusion pump system. Then,
the furnace was filled with 1/4 atmosphere of argon. A Ti button
was used to remove residual oxygen before melting the alloy
sample. The sample was turned over and remelted at least five
times to ensure homogeneity. The alloy ingots were broken into
smaller pieces and placed in a quartz crucible with a nozzle
diameter of 0.8 mm. The melt spinning chamber was evacuated
to 9 x 10 torr and then filled with 4/5 atm of helium. The
alloy was melted by radio frequency and induction heating. The
molten metal was ejected using an argon ejection pressure of
0.3 bar on the rapidly rotating copper wheel. Two tangential
wheel speeds were used, 12 and 25 m/s, to produce ribbons of
two thicknesses. The structural characterization was performed
using x-ray diffraction analysis on a Siemens D5000 diffrac-
tometer. The ribbons were glued to a flat surface to ensure
compliance with Bragg’s law. The study was performed with
Cu lamp radiation and a scanning range of 30 to 100 degrees.

For the electrochemical evaluation by EIS and CP, the
working electrode was the glassy alloy (previously cleaned
with acetone in an ultrasonic device) with an exposed area of
10 x 2.5 mm, exposed on one side (25 mm?). A graphite rod
acted as a counter electrode, and saturated Ag/AgCl was used
as the reference electrode. The experiments were performed at
different pH, i.e., 0, 7 and 14 at room temperature with HCl
1 M, NaOH 1 M (Meyer, purity > 97.9 %) and NaCl 0.5 M
(Meyer, purity > 99%). The 3-electrode array was connected
to a Gill AC galvanostatic potentiostat by performing the
following test sequence: (1) OCP for 1800 s at one count per
second, (2) impedance with an AC frequency of 10 KHz at
0.01 Hz, with a wave perturbation of 10 mV and (3) cyclic
polarization curves were obtained with a sweep of 1 mV/s from
cathodic to anodic; the reversal potential in anodic branch was
1 V versus the rest potential. Tests were performed in triplicate
for statistical purposes. Regarding the effect of immersion time,
once the corrosive medium to which the ribbons showed the
best corrosion protection was determined, a follow-up EIS was
performed using the same electrochemical arrangement at
different immersion times (360 h).

The surface characterization through SEM-EDS of the Ni-
Nb ribbons was performed before and after the continuous
immersion in each studied corrosive solution studied for 24 h.
After the experiment, the ribbons were cleaned with distilled
water and dried with absorbent paper. The surface was analyzed
by scanning electron microscopy, using a Jeol-JTBM-7600F
microscope at 10 kV, with a secondary electron detector at
different magnifications.

The x-ray photoelectron spectroscopy (XPS) measurements
were performed on Versa Probe II equipment, which has a
monochromatic x-ray source of Al K, (hv = 1486.6 eV) with
100 um of the beam diameter. The sample surfaces were etched
with Ar" at 3 kV and 0.25 pA for 1 minute. The measurements
were carried out at 45° with respect to the surface and with a
Constant Analyzer Energy (CAE) of 10 eV for the high-
resolution spectra. The analysis of the spectra and the

deconvolutions were carried out with the SDP V4.1 program.
X-ray photoelectron spectroscopy analyses were performed in
an ultra-high vacuum (UHV) system Scanning XPS microprobe
PHI 5000 VersaProbe II, with an Al Ko x-ray source
(hv = 1486.6 ¢V) monochromatic with 100 um beam diameter,
and an MCD analyzer. The XPS spectra were obtained in the
constant analyzer energy (CAE) Ey,=117.40 and 11.75 eV
survey surface and high-resolution narrow scan. The surface
samples were etched for 4 min with 1 kV Ar" at 1 pA/mm?,
Peak positions were referenced to the background silver 3ds,
photopeak at 368:20 eV, having an FWHM of 0.56 ¢V, and C
Is hydrocarbon groups at 285:00 eV, Au 4f7, in 84.00 eV
central peak core level position and corrected by MultiPak PHI
software. The XPS analysis deconvolution of spectra was fitted
with SDP v 4.1 program. The deviation of binding energy for
the central peak estimated the uncertainty of about 5% (£
0.05 eV) and a chi-square value of less than 1.0 in deconvo-
lution analysis.

3. Results and Discussion

3.1 Characterization by Means of XRD

Figure 1 shows the diffraction pattern of the alloys, showing
the diffuse peaks, being the main characteristic of glassy alloys,
indicating a short-range atomic arrangement (Ref 18). The
wheel spinning speed does not significantly affect the vitrifi-
cation of the ribbons for this composition, but it does affect the
surface quality.

3.2 Open-Circuit Potential (OGP)

Figure 2 shows the OCP test. It is observed that the system
stabilizes its potential at around 1000 sec, having more activity
in the basic medium. It should be noted that all the potential
values increase as a function of time, having a more noble or
protective behavior of the species formed on the surface,
suggesting the formation and growth of the passive layer.
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Fig. 1 X-ray diffractogram for Ni-Nb metallic glass ribbons for the
eutectic composition cast at 12 and 25 m/s
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Fig. 2 Open-circuit potential of the Ni-Nb ribbons immersed in different corrosive media: (a) HCI, (b) NaCl and (c) NaOH

3.3 Effect of pH Through EIS

Figure 3 shows the Nyquist diagram for the samples
immersed in (a) HCI, (b) NaCl and (c) NaOH, showing a highly
resistive and capacitive behavior; the semicircle shape is similar
for both cooling rates. Figure 3(b) shows the results obtained
for the sample produced with both wheel speeds immersed in
NaCl. However, the sample cast at 12 m/s has a lower R value
of 1.84 x 10° Q cm? than the other velocity, which is lower in
both impedance components. For NaOH (Fig. 3c), the R, value
decreases in one order magnitude than for the chloride media
(HCI and NaCl) at 12 m/s (see Table 1), while the highest R,
value obtained was 5.55 x 10° Q cm? for the 25 m/s cast
sample.

On the other hand, Z,.,; was one order of magnitude lower.
This medium is, therefore, the most corrosive for the Ni-Nb
vitreous alloy studied. Finally, the results showed that the 12 m/
s cast sample constantly presented a lower R value for any
studied corrosive media (Fig. 3a-c). This was attributed to the
fact that this vitreous alloy showed a different surface
morphology, i.e., more superficial defects were observed,
affecting its corrosion resistance.

Figure 4 shows the equivalent electrical circuit used to make
the adjustments. The model used three resistors: the solution
resistance (Ry), the passive film resistance (R),,) and the charge
transfer resistance (R.;) and two elements of constant phase (O,
and () in parallel fits the physical model of a coating with
porosities since at immersion time 0 it is assumed that the
material has a porous passive layer.
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The double layer capacitance (Cq) was calculated by (Ref
20):

n—1

1 1 1 o
S ON®)

where Y is a proportion factor. n is the phase change, which
can take values of 0 for a resistance, 1 for a capacitance and
— 1 for an inductance.

The electrochemical parameters obtained by adjusting the
electrical circuit of Fig. 4 are shown in Table 1. When
analyzing the R, the lowest value was found for the 12 m/s
sample and the highest for the 25 m/s. Therefore, this work
presents a comparative graph for the media used with the best
results. Figure 5 shows the Nyquist plots at 25 m/s, where the
material is more susceptible to the corrosion process at
pH = 14. However, it is important to underline that, despite
the extreme conditions (high chloride content), this kind of
alloy is very corrosion-resistant at pH = 0 and 7.

It was also observed that the wheel speed of the melt spinner
influences the electrochemical properties of this material, with
the best conditions being observed for the 25 m/s sample. This
could be attributed to the different surface conditions due to the
wheel speed and the interaction between the molten metal and
the cooper wheel surface, suggesting a rougher surface at the
lowest wheel speeds. These phenomena can be observed using
EIS, as this technique has the sensitivity to detect electrode
surface differences less than a one-micron scale. Likewise, the
corrosion products modified the surface structure in contact

(Eq 1)
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Fig. 3 Nyquist diagram of the Ni-Nb metallic glass at different wheel spin velocities immersed in (a) HCI, (b) NaCl and (c¢) NaOH

Table 1 Obtained electrochemical parameters at different corrosive media for wheel speeds of 12 and 25 m/s

V, m/s Medium R,, Q@ cm? Cpo» /LF/cm2 n R, Q cm? Cal uF/cm2 R, Q cm? SD (4)
12 HC1 1.8 1.0 0.97 128 x 10° 1.8 1.97 x 10° 1.85
NaCl 15.5 1.1 0.95 1.05 x 10° 1.1 1.84 x 10° 3.36
NaOH 9.5 4.9 0.96 7.86 x 10* 2.0 1.65 x 10° 0.39
25 HCI 4.2 2.5 0.93 2.49 x 10° 4.2 2.70 x 10° 0.15
NaCl 24.9 2.6 0.91 2.70 x 10° 4.4 2.64 x 10° 3.04
NaOH 14.6 3.1 0.96 6.19 x 10* 5.7 1.55 x 10° 3.58
with the solution, creating a physical barrier that does not allow
Q corrosive ions (chlorides or oxygen) to diffuse into the material
(Ref 21).
Therefore, this work presents a comparative graph for the
i media used with the best results. Figure 5 shows the Nyquist
S

Rpo
Rct

Fig. 4 Equivalent electric circuit used in the simulation of
experimental data

plots at 25 m/s, where the material is more susceptible to the
corrosion process at pH = 14. However, it is important to
underline that, despite the extreme conditions (high chloride
content), this kind of alloy is very corrosion-resistant at pH = 0
and 7.
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The Bode plots are shown in Fig. 6 under different test
conditions. The absolute impedance |Z| vs log Freq in Fig. 6(a)
shows the same slope with the best corrosion resistance when
immersed in 1 M HCL In Fig. 6(b), the maximum phase angles
of all tested ribbons were observed, close to or exceeding 80°,
indicating the passive film on the surface of the alloy (Ref 22).
This phase angle describes the stability and insulation of the
passivation film (Ref 23), while in NaOH media, the drop in the
angle at low frequencies would imply instability of the film.

On the other hand, the phase angle shows a broad curve that
can be attributed to having two contributions in the interme-
diate frequency range, which implies the presence of two-time
constants: one attributed to the charge transfer resistance and
the other to the passive film formed (Ref 24).

According to the system obtained for the NaOH (Table 1),
the Ry, is higher than R, and C,,, is higher than Cy;, indicating
a higher activity in the coating pores, which might produce
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Fig. 5 Nyquist diagram for Ni-Nb metallic glass at a tangential
wheel speed of 25 m/s, immersed in different corrosive media
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another kind of deposit when the passive layer reacts to the
medium. If the passivant species were changed, the R, would
decrease, losing the protective layer.

3.4 Effect of the Gorrosive Medium for the Sample Gast
at 25 m/s Through Polarization Curves

The behavior of the vitreous material in different media,
generated at 25 m/s, can be observed in Fig. 7. For the neutral
medium, it presents a potential value closer to that of nickel
(— 250 mV) (Ref 25); in the acid medium, it is more positive,
and in the basic medium, the opposite occurs (more negative
potential). It should be noted that the cathodic slopes are the
same in acid and neutral pH are the same, but they change in
the basic medium as they are more pronounced. On the other
hand, in 107 A/cm?, a vertical zone is observed in the three
corrosive media, which is associated with passivation. In
reverse, when the potential reached 1 V in relation to Ecorr,
only the sample in the NaOH medium reached the breakdown
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Fig. 7 Cyclic potentiodynamic curve of Ni-Nb metallic glass
ribbons cast at 25 m/s and different corrosive media
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Fig. 6 Bode plots for Ni-Nb metallic glass at a tangential wheel speed of 25 m/s, immersed in different corrosive media
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potential. However, it is clear that if the breakdown current
density should have had 107> A/em?, all the samples would
have shown the breakdown.

Similar anticorrosive behavior was observed for the media
containing chlorides (HCl and NaCl), being slightly lower in
the neutral medium than in the acidic one. A negative hysteresis
in the cyclic polarization curves means that the corrosion
products are more protective than the original material. The
same potential value gives lower current values when the
polarization is inverted. The polarization curves showed
pseudo-passivation, which means that the corrosion products
are neither adherent nor homogeneous and therefore have a low
protective quality. In this sense, the pseudo-passivation was
more clearly observed as the slope changed. This could be
associated with a change in the species’ oxidation state than a
homogenous protective film deposit.

The electrochemical parameters obtained from the polariza-
tion curves are given in Table 2, where log i.o, is the logarithm
of the corrosion current density, E.,,, is the corrosion potential,
passivation current (in), breakdown potential (Eb), pitting
potential (Epic), anodic Tafel slope (ba), cathodic Tafel slope
(bc) and corrosion rate (Vo). The results indicate that the Ni-
Nb metallic glasses are more corrosion-resistant at pH = 0.
However, other studied pHs gave comparable corrosion rates,
attributed to their short-range arrangement (fully vitreous
structure).

Finally, for the NaOH medium, a vertical zone associated
with the material’s passivation of the material was observed. It
does not show the characteristic current drop of the protective
film. It was suggested that the corrosion products were not as
protective as expected; after the film break (Epic), a peak of

around 500 mV was observed. This was attributed to the
formation of another species, which was dissolved when the
potential was inverted. This has been reported as the migration
of protective species (Ref 25), confirming a negative hysteresis
in the potential inversion. However, it has been reported that
the difference between Ecorr and Epit, the one with the most
significant difference, indicates that the passive film is more
stable, as is the case of the 12 m/s cast ribbon when immersed
in NaOH (Ref 26). It has also been reported that metallic
glasses show that the current densities (j) for the samples tested
decreased, indicating surface passivation (Ref 27).

It is thought that the products formed in the shape of a film
increased the corrosion rate as it was less stable and adherent,
or the passive layer of the alloy could react, a phenomenon also
seen in the EIS values. Regarding the media with chlorides, a
reaction with another species might be produced when the
cathodic slope increases. This reaction would create degrada-
tion zones of the passive layer, being more susceptible to
corrosion, raising it to 0.02 mpy compared to the presence of
chlorides (Ref 28). According to the polarization curve, the
pitting potential (Epic) is 0.38 V, and the logarithm of the
passivation current is between — 2.7y — 2.9 mA/cm?. Once the
corrosion rates have been calculated, according to Fontana’s
criteria (Ref 29), the corrosion rate is outstanding, being lower
than one mpy for all the conditions.

3.5 Effect of Immersion Time

Figure 8 shows the Bode plot and R, variation as a function
of immersion time. The Bode diagram of Fig. 8(a) presents the
behavior at different immersion times (13 days), immersed in

Table 2 Obtained electrochemical parameters by adjusting the Tafel slopes

V, m/s Corrosive medium icopp uA/cm2 Eorry mV vs Ag/AgCl sat.  ip,, yA/cm2 E,, V ba, mV/dec — bec, mV/dec Vi, mpy
12 HCI 1.11 —172.3 1.00 326.3 103.5 0.061
NaCl 1.08 — 322.6 1.26 360.5 113.1 0.061
NaOH 1.53 — 360.2 2.00 0.34 282.9 166.1 0.085
25 HCI 1.02 — 187.2 1.26 263.7 115.2 0.058
NaCl 1.23 — 326.8 2.51 328.4 117.2 0.069
NaOH 1.49 —361.5 1.26 0.33 295.8 167.2 0.080
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Fig. 8 (a) Bode diagram and (b) resistance variation of Ni-Nb metallic glass ribbons at 25 m/s, immersed in HCl 1 M
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Fig. 9 SEM at 500X for the 12 m/s ribbon (a) in HCI 1 M (b) NaCl 0.5 M and (c) NaOH 1 M before corrosion tests

HCl 1 M. For this system, the Log|Z| remains practically
constant in a lapse of 1 h to 144 h. However, it increases by one
order of magnitude at 168 h and rises again at 336 h. The
presence of a passive protective film can explain this type of
behavior. It is worth noting that this oxide protects the metal
because the solution penetrates slowly and does not damage the
protective film, making it corrosion-resistant for long immer-
sion times.

The R and R,, values are shown in Fig. 8(b). During the
336 h of immersion, the R,, parameter is higher than the R
value in the corrosion system. This observation has been
attributed to the passive film, which is resistant to an aggressive
medium because the pores are sealed over time, making it a
more compact film (Ref 30).

3.6 Characterization by Means of SEM-EDS

SEM-EDS images of the Ni-Nb metallic glass under the
different conditions studied and the microstructure are shown in
Fig. 9 and 10 at 500 X. In the sample cast at 12 m/s sample
(Fig. 9a), surface irregularities along the material (produced
when cooling down the material) were observed. These surface
defects increase the material’s porosity, making it susceptible to
charge transfer, and lowering the Rct values. The EDS
(Fig. 10a) shows a Ni-Nb composition with minimal amounts
of oxygen; the presence of this element is associated with
passive film formation. Then, Fig. 9(b) presents a gray-colored
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homogenous matrix with micrometric black inclusions (<
10 um). However, the EDS analysis showed only the alloying
elements Ni-Nb, and the oxygen detected was associated with
the passive film to a lesser proportion (Fig. 10b).

However, for the NaCl (Fig. 9b) and NaOH (Fig. 9¢) media,
the micrographs showed the same vitreous matrix with more
black precipitates. Finally, for further clarification of the
contribution of ions present in the metallic ribbon in the EDX
spectra (Fig. 10), the % atomic of peaks are shown in Table 3.
The EDX for these samples (Fig. 10b and c) showed that the
corrosive species on the surface of the ribbon are mainly
composed of chloride and sodium ions (from the NaCl and
NaOH media). Therefore, it is noteworthy that neither pitting
on the material’s matrix nor holes on the surface, denoting the
material’s loss, were observed.

The results reported in this work show that the Ni-Nb alloy
glasses have high corrosion resistance in the proposed pH
analysis. The most remarkable result was obtained for the most
aggressive medium analyzed, i.e., for NaOH at a pH of 14, no
corrosion products were observed in the glassy alloy surface,
even at 15000x . According to the observations from the
experimental techniques, the material passivation was corrob-
orated, in good agreement with the evolution behavior of the
OCP and the characteristic shape of the Nyquist diagrams
(capacitive and very resistive). The EIS simulations also
confirmed the high resistances and low capacitances associated
with a good performance of the protective coating. Further-
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Fig. 10 EDX for the 12 m/s ribbon (a) in HCl 1 M, (b) NaCl 0.5 M and (c) NaOH 1 M before corrosion tests

Table 3 Content of elements obtained from EDX spectra at different conditions

% Atomic
Element Ribbon Ribbon + HC1 Ribbon + NaCl Ribbon + NaOH
Nb 40.6 40.69 40.71 39.20
(6] 2.14 12.95 4.3
Ni 57.26 46.36 13.72 53.96
Cl 14.9
Na 2.54

more, the SEM micrographs confirmed that the material’s
surface plays a crucial role in the corrosion resistance of the
investigated glassy alloy. The roughest surface was observed on
the sample cast at 12 m/s; coincidentally, the corrosion
resistance of this sample was the worst. When the material
was exposed to a basic medium, the results obtained with the
employed electrochemical techniques suggested a further
reaction on the coated surface (second passivation).

3.7 Characterization by Means of XPS

The ribbons at 25 m/s samples were analyzed with x-ray
photoelectron spectroscopy (XPS); the wide scan spectra are
shown in Fig. 11. The samples were etched with Ar ions only
for 1 min with 1 kV in 1 gA/mm® to expose oxides on the
passivated surface, and thus a tiny signal of C ls peak was
observed. The C 1s and Nb 3d (of Nb,Os) core levels were

used to calibrate the binding energy positions for all oxidation
estates observed, as shown in Table 4.

Figure 12(a-g) displays Nb 3d, Ni 2p;,, and O 1s core
levels’ high-resolution spectra. Figure 12(a) shows the decon-
voluted XPS spectra for 25 m/s ribbon samples in the binding
energy (BE) region of Nb 3ds,,; only one peak is observed at
BE = 203.32 eV, and 204.10 eV corresponds to Nb and NbO,
which is consistent with reported data (Ref 31-33). Nb metal
and Nb,Os spectra are also shown as a reference (up shown
with a thin line); the Nb metallic compound is present in all
samples. Nb 3d core level orbital is shown in Fig. 12(a), (c), (e),
and (g), respectively. The deconvolution shows two main
contributions corresponding to niobium in Nb and NbO. The
sample with NaOH shows other contributions corresponding to
Nb,Os and other non-stoichiometric oxides; the contributions
were located at BE = 207.60 eV and 205.40 eV, respectively.
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Fig. 11 XPS survey scan spectra of the ribbon cast at 25 m/s:
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Figure 12(b) shows the deconvolution of the Ni 2p3,, core
level orbital for the 25 m/s sample. The binding energy position
is 853.35 eV and 855.45 eV, corresponding to Ni metallic and
NiO in agreement with reported values (Ref 34-36); a similar
contribution could be observed in Ni 2p;, core level in the
other samples, Fig. 12(d), (f) and (h).

Ni 2p3,, core level corresponding to Ni and NiO are shown
(up thin line) in Fig. 12(b); all analyzed samples present
metallic nickel. Only the NaOH sample contains a small
amount of Ni,O;. NiO is observed in all samples of the high-
resolution spectra.

Nb is more negative than Ni, and therefore, Nb dissolves
and oxidizes first. It has been shown that the higher the
potential and the more stable the oxide or hydroxide concen-
tration reaches saturation, the more stable the passivation film
(Ref 37).

a)Nb + H,0 — NbO + 2H* + 2¢™
b)NbO + H,O — NbO, + 2H + 2¢~
C)ZNbOz + H,O — Nb,Os + 2H' + 2e”

Table 4 XPS results of elemental composition, binding energies at Nb 3d, Ni 2p and O 1s core level of the ribbon
samples at 25 m/s and the assignment of photoemission signals to corresponding chemical compounds

Nb (0]
“% Atomic composition 3dsrz s 2pan 1 s
Sample Binding energy, eV Chemical state Chemical content, %
% 59.3 19.5 21.3
Without corrosive media 203.32 206.09 Nb 573
204.10 206.87 533.40 NbO 36.5
205.40 208.17 531.98 NbO, 6.2
853.35 870.65 Ni 62.3
854.54 871.84 530.83 NiO 37.7
860.25 876.84 **Satellite
% 67.8 28.0 34
NaOH 203.32 206.09 Nb 18.5
204.10 206.87 533.39 NbO 12.1
205.40 208.17 531.98 NbO, 3.0
207.60 210.36 530.58 Nb,Os 62.6
854.53 870.63 Ni 53.7
860.25 871.84 530.97 NiO 33.7
856.88 877.78 **Satellite
853.33 874.18 531.31 Ni, 04 12.6
% 55.8 24.4 19.8
HCI 203.32 206.09 Nb 62.2
204.10 206.87 533.38 NbO 37.8
853.38 870.65 Ni 58.5
854.54 871.84 530.83 NiO 41.5
860.27 877.57 **Satellite
% 61.2 19.9 18.9
NaCl 203.32 206.09 Nb 63.5
204.10 206.87 533.52 NbO 36.5
853.35 870.65 Ni
854.54 871.84 530.86 NiO
860.25 876.84 **Satellite
Nb° 203.32 206.09 Nb
Nb** 207.60 210.36 530.58 Nb,Os
Ni 85335 870.65 Ni
Ni** 855.45 873.88 530.86 NiO
532.65 **Satellite
Ref. C 1s 285.00 c-C

Atomic sensitivity factor (ASF) quantification used at Ni 2p 1.590, Nb 3d 9.830 and O 1s 0.733 (*), and corresponding to shake-up satellite of Ni 2p core level of NiO (**)

Journal of Materials Engineering and Performance



Satelite ;
Shake-up Nio

/" nNio

&
Satellite
Shake-up NiO
b) NiO

864 862 860 858 856 854

8!
850

0.
212 210 208 206 204

Intensity (cps/1 .5x1015 photon/s)/100

0
l
852
"854 862 860 858 856 854 852
852

.INb 3d o |zNi2e,,
Hel 40
10 e) 10 f)
X4 22 CraEa

0
212 210 208 206 864 862 860 858 856 854,

20
10 h)
JS IO

864 862 860 858 856 854 852 850
Binding energy (eV)

0.
212 210 208 206

Fig. 12 High-resolution XPS spectra of Nb 3d, Ni 2p 3d and Fe 2p
core level of the treated MLS. Deconvolution analysis of Nb 3d
orbital (a) Blank, (c) NaOH, (¢) HCI and (g) NaCl; Nb,Os and Nb°
are shown as references in (b). The (b, d, f and h) showed
deconvolution analysis of Ni 2p3, core level for samples in the
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For the NaOH medium, the oxide film formed is Nb,Os,
which results from the partial oxidation of NbO, to Nb,Os by
the presence of oxygen (O,) and hydroxyl groups (OH ") (Ref
38, 39).

On the other hand, the metallic glass, when exposed to an
acidic medium and, as the solution was not deaerated, in
principle, the Nb come in contact with the oxygen in the air,
reacting to form ionic bonds of NbO and NiO (Ref 40).
Probably, the acidic medium displaces the reactions, preventing
the formation of oxides. On the other side, the alkaline medium
consumes the hydrogen ions, displacing the reaction to the
formation of oxides and hydroxides.

4. Conclusions

The Ni-Nb binary metallic glasses of eutectic composition
showed a short-range structure, presenting a fully vitreous
phase. The use of electrochemical techniques such as electro-
chemical impedance spectroscopy and polarization curves
allows us to adequately describe the corrosion mechanism of
the alloy to different corrosive media. The electrochemical
results obtained by EIS showed that the corrosion products also
protect at a wheel speed of 25 m/s at pH = 14. On the other
hand, it was corroborated that, at this pH, the passive film reacts
with the medium, originating a defective interface that increases
the corrosion rate by 0.020 mpy, compared to the media with
chlorides (NaCl and HCI). Therefore, the wheel speed of 25 m/

s was beneficial to the corrosion resistance of the alloy in the
three media.

The Fontana’s stability criteria (Ref 29) to measure corro-
sion resistance was < | mpy, indicating that the behavior of
the studied alloy is outstanding when immersed in different
corrosive media (acid, basic and neutral). The melt spinner
wheel speeds affected the surface’s homogeneity, causing a
rougher surface that increased the corrosion rate. The kinetic
effect of 25 m/s ribbons in HC1 1 M showed a compact film
and controlled control corrosion process during 336 h of
immersion, with higher coating resistance values. The SEM
micrographs confirmed that the oxide layer on the surface of the
alloy was homogeneous. Through XPS, it was found that most
alloys have metallic nickel, NiO, Nb metallic, and NbO. Only
in pH 14 were other phases identified in a smaller proportion,
i.e., Nb205 and Ni203'

Finally, with the XPS results, besides the polarization
curves, it can be concluded that passivation in the metallic
glasses was observed in the three corrosive media studied.
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