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of Ni-based bulk metallic glasses
in chloride solution

Khadijah M. Emran * and Hanaa AL-Refai

Resistance of new Ni70Cr21Si0.5B0.5P8C#0.1Co#1Fe#1 (VZ1) and Ni72.65Cr7.3Si6.7B2.15C#0.06Fe8.2Mo3 (VZ2)

glassy alloys to pitting corrosion was studied in 0.25 M sodium nitrate solution, with or without addition

of chloride ions, using electrochemical impedance spectroscopy (EIS), cyclic polarization (CP) and

electrochemical frequency modulation (EFM) techniques. Pitting and passivation potentials, corrosion

current density and corrosion rate were analyzed relative to the chloride ion concentration. Focusing on

the anodic part of the CP scan, the Ni-based glassy alloys in neutral solution acquired passive behavior

before the onset of rapid alloy dissolution at the pitting potential. This potential was greatly reduced by

the addition of Cl� ions. The aggressive ions led to a sharp increase of current at potentials significantly

below the value required for pitting in the neutral medium and enhanced the formation and growth of

the pits. A wider potential range free from pitting corrosion was observed for the VZ1 alloy. X-ray

photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and atomic force microscopy

(AFM) were conducted to assess the composition and morphology of the corrosion products and to

provide supporting evidence for the electrochemical measurements.
1 Introduction

Bulk metallic glasses (BMGs) are considered to be the materials
of the future because of their disordered atomic structure and
the absence of grain boundaries.1,2 Ni-based glassy alloys are
considered as one of the most important BMGs, having unique
and unconventional characteristics.3 The Ni-based glassy alloy
has a good corrosion resistance in natural fresh water, excellent
resistance to corrosion in alkaline media, such as sodium and
potassium hydroxide, and has been used in various elds.4 Ni–
Cr-metalloid bulk glassy alloys, which exhibit superior corro-
sion resistance, have been studied in different aqueous media,
including boiling 6N HNO3 with or without Cr6+ ions.5 They
have also been intensively studied to further improve their
corrosion resistance. For example, the formation of passive
lms on Ni82.3Cr7Fe3Si4.5B3.2 and Ni75.5Cr13Fe4.2Si4.5B2.8 in
aqueous HCl and H3PO4 have been reported.6,7

Ni–Cr-metalloid bulk glassy alloys, which exhibit superior
corrosion resistance, have been studied in different aqueous
media, including boiling 6N HNO3 with or without Cr6+ ions.5

They have also been intensively studied to further improve their
corrosion resistance. For example, the formation of passive
lms on Ni82.3Cr7Fe3Si4.5B3.2 and Ni75.5Cr13Fe4.2Si4.5B2.8 in
aqueous HCl and H3PO4 have been reported.6,7

It is generally acknowledged that pitting is the most
common and most hazardous form of corrosion. It is very
ence, Taibah University, Al-Madinah
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dangerous, widespread, and difficult to detect.8 The Cl� ion is
more aggressive than other halide ions because of its smaller
diameter. It is readily adsorbed on weak areas of the passive
lm, resulting in the initiation of pitting.9 Many studies of
passivation and pitting corrosion resistance have been reported
for Ni–Cr alloys in NaCl solution.10–14 These studies have shown
that the presence of an inner barrier layer (Cr2O3) is a primary
factor for enforcing passivity and that a higher Cr content in the
alloy enhances resistance to pitting corrosion.

The primary goal of this study was to characterize the
susceptibility/resistance of the new VZ1 and VZ2 alloys to
pitting corrosion processes. The study combined electro-
chemical frequency modulation (EFM), electrochemical
impedance spectroscopy (EIS) and cyclic polarization (CP)
measurements with surface analytical measurements using X-
ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and atomic force microscopy (AFM) tech-
niques. Comparison of the results for the two alloys under
identical conditions can yield additional information on the
inuence of Cr percentage in Ni-based glassy alloys (as an
alloying element) on corrosion resistance.
2 Experimental

Two new Ni-based BMG alloys with nominal compositions
(wt%) of Ni70Cr21Si0.5B0.5P8C#0.1Co#1Fe#1 (VZ1) and Ni72.65-
Cr7.3Si6.7B2.15C#0.06Fe8.2Mo3 (VZ2) were investigated in this
work. These glassy alloys were produced by rapid solidication
as ribbons of about 40–74.5 mm width and 25 mm thickness.
RSC Adv., 2017, 7, 37349–37358 | 37349
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The test electrolytes used in the study were 0.25 M NaNO3

solutions containing different concentrations (0.001, 0.01, 0.1,
and 0.15 M) of NaCl, which were prepared from reagent grade
chemical and double distilled water. All chemicals were ob-
tained from Aldrich chemical company. The electrochemical
measurements were performed in typical three-compartment
glass cells containing three electrodes: the working electrode
(WE), which was the alloy under study with a working area of
100 mm2; the counter-electrode (CE) was a platinum wire; the
reference electrode (RE) was saturated Ag/AgCl. Electrochemical
measurements were conducted on an Interface 1000™, Gamry
Potentiostat/Galvanostat/ZRA analyzer. The potential of the
examined alloy was recorded as a function of time over a period
of 1 h until it had become stable. For EFM analysis the baseline
frequency was 0.1 Hz, input frequencies of 2 and 5 Hz were used
with amplitudes of 10 mV over 4 cycles, bandwidth was 0.1 < Df
(Hz) < 1.5 and the corrosion process under investigation was
passive. The EIS measurements were performed over the range
of 800 kHz (initial frequency) to 0.1 Hz (nal frequency), 10
points per decade. A small, alternating current (e.g., 10 mV
amplitude) was applied during the measurement to stimulate
the current response from the alloy without affecting its
performance. Cyclic polarization curves were obtained with
a potential sweep rate of 1 mV s�1. The potential was swept from
cathodic to anodic directions aer the impedance run from
�800 mV to 1200 mV.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out using amonochromatic Al Ka X-ray source operating
at 300 W (Kratos Axis Ultra DLD). The area of the analyzed
surface was approximately 5 mm � 5 mm. Before analyses, the
Fig. 1 Impedance plots of VZ1 and VZ2 alloys in different concentration

37350 | RSC Adv., 2017, 7, 37349–37358
surfaces were cleaned by Ar+ sputtering and the survey spectra
were collected at a xed analyzer pass energy of 160 eV.

The surface condition and chemical composition of the
alloys surface aer cyclic polarization were examined using
a JEOL JSM-6000 scanning electron microscope (SEM). AFM
measurements were carried out in contact mode with a constant
scanning forces adjusted to 225 nN (10�9 N), a scanned area of 5
� 5 mm and resolution of 256 � 256 pixels.
3 Results and discussion
3.1 Impedance measurements aer chloride addition

To investigate the impact of chloride ion on passive lm
thickness and susceptibility of VZ1 and VZ2 alloys to pitting
corrosion in neutral solution in the passive potential range,
different quantities concentrations (0.001, 0.01, 0.1, and 0.15M)
of NaCl were added to 0.25 M NaNO3 solution at 27 �C aer
exposure duration of 1 h in test solution. The impedance plots
for VZ1 and VZ2 alloys are shown in Fig. 1. As can be observed in
Fig. 1a and b, similar complex impedance plots were obtained
for VZ1 and VZ2 alloys at different concentrations, except for
VZ1 in 0.25 M NaNO3 alone, which was characterized by
a straight capacitive upwards line that turned le towards
negative values. This extended from intermediate frequencies
down to the low frequency range corresponding to the passiv-
ation process.15 There was only one slight deviation from
a straight capacitive line at the high frequency range, indicating
a fast charge transfer process at the metal/solution interfaces.
The capacitive arc at low frequencies resulted from the diffusion
through the porous surface lm, which is a characteristic
s of NaCl at 27 �C.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05709a


Fig. 2 Electrical equivalent circuit used to analyze the present experimental EIS data.
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property of a passive surface. Moving towards the high
frequency region, another small capacitive loop was observed,
corresponding to a fast charge transfer process. The impedance
plots for VZ2 alloy (Fig. 1a) were not substantially different from
those of VZ1 alloy (Fig. 1b), but the passive lm resistance of the
VZ1 alloy was higher than that of the VZ2 alloy. This indicated
that the different proportions of alloying elements (7.3% Cr and
8.2% Fe) decreased the impedance but did not change other
aspects of the passivation behavior.

Bode plots exhibited two time constants, as shown in Fig. 1c
and d. The capacitive loop in the high frequency region repre-
sents the electric charge transfer process. The second capacitive
loop in the low frequency region is associated with a diffusion
processes through the corrosion products and inside the pits.16

To interpret electrochemical behavior, the electrical circuit
shown in Fig. 2 was used with a smallest error of t of about c2

(10�3) and a circuit description code (CDC) of Rs(Q1[Rct(Q2(Rf-
W))]). The circuit model consisted of a parallel combination of
a capacitor, Q1(CPE1), and a charge transfer resistor, Rct, in
series with a resistor, Rs, representing the solution resistance.
Another combination (Q2(RfW)) of a passive lm capacitor,
Q2(CPE2), passive lm resistance, Rf, and aWarburg impedance,
W, representing the diffusion process, was included. The rele-
vance of the use of diffusion/migration impedance to describe
the passive lm system has been demonstrated.17 Fitted exper-
imental data are plotted as solid lines in Fig. 1, and the values of
Table 1 Equivalent circuit parameters for the spontaneously formed pas
27 �C

Alloys Con. NaCl, M Rct, U cm2
CPE1, Q1 � 10�5,
U�1 cm�2 sn1

VZ1 0.0 3.40 � 108 1.03
0.001 8.84 � 107 1.37
0.01 9.94 � 106 1.23
0.1 9.87 � 106 1.25
0.15 8.70 � 106 1.29

VZ2 0.0 1.67 � 108 1.36
0.001 7.06 � 107 1.10
0.01 1.37 � 107 1.19
0.1 3.74 � 106 1.50
0.15 4.49 � 105 1.66

This journal is © The Royal Society of Chemistry 2017
the tting parameters are presented in Table 1. The general
trend for both two alloys for the variation of the values of the
charge transfer resistance (Rct), which is inversely proportional
to the constant phase elements (CPE1) of the double layer, with
NaCl molar concentration was to decrease over the whole
concentration range (0.001–0.15 M), Table 1. There was no
indication of a critical concentration, suggesting that the
chloride ion caused pitting corrosion. The polarization resis-
tance of the inner barrier layer Rf was in the kU cm2 range for
VZ1 alloy in all media investigated, with a maximum value of
5.75 kU cm2 at 0.001 M NaCl and a minimum value of 2.96 kU
cm2 at 0.15 M NaCl.

The Rct values for the VZ2 alloy were lower than those
measured for the VZ1 alloy because the passive layer could not
cover the whole VZ2 alloy surface when the specimen was
exposed in neutral solutions. The corrosion rate of the surface
covered by the passive layer was lower than that of the surface
without the passive layer (localized corrosion).18 This clearly
indicates that the morphology of the surface lm microstruc-
ture is the crucial factor affording VZ1 alloy better intrinsic
resistance to corrosion in chloride solutions. The Rct values for
both alloys in 0.25 M NaNO3 containing different concentra-
tions of Cl� were several orders of magnitude lower, Table 1,
than the values obtained for chloride-free solution, implying
high corrosion behavior due to the severely corrosive nature of
the Cl� ion.
sive film on VZ1 and VZ2 alloys as a function of NaCl concentrations at

n1 Rf, U cm2
CPE2, Q2 � 10�5,
U�1 cm�2 sn2 n2

0.88 2.42 � 105 2.31 0.90
0.83 5.76 � 103 3.54 0.82
0.84 3.05 � 103 3.59 0.86
0.83 3.98 � 103 3.63 0.82
0.81 2.96 � 103 4.37 0.78
0.93 3.86 � 105 1.01 0.69
0.93 5.01 � 103 2.91 0.90
0.89 3.08 � 103 8.96 0.98
0.89 5.26 � 103 7.96 0.90
0.88 4.99 � 103 0.89 0.90

RSC Adv., 2017, 7, 37349–37358 | 37351
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Fig. 3 Cyclic polarization curves of VZ1 and VZ2 alloys in the absence and presence of NaCl at 27 �C.
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3.2 Cyclic polarization (CP) measurements aer chloride
addition

The cyclic polarization data recorded aer immersing the VZ1
and VZ2 alloys for 1 h in 0.25 M NaNO3 or for 1 h in 0.25 M
NaNO3 + 0.15 M NaCl are presented in Fig. 3a and b and in
Fig. 3c and d, respectively. Table 2 shows an irregular shi of
the corrosion potential (Ecorr) for VZ1 toward more positive
values, associated with increased corrosion current density, at
higher Cl� ion concentration. Comparatively, the correspond-
ing values for the VZ2 alloy were almost unchanged (#2 mV vs.
Table 2 The corrosion kinetic parameters obtained from CP and EFM te

Alloys Con. NaCl, M

EFM

icorr,
mA cm�2

�bc,
mV per decade

Corrosion rate � 10
mmpy

VZ1 0.0 0.08 120 1.40
0.001 0.14 110 2.11
0.01 0.19 119 26.6
0.1 0.43 122 30.2
0.15 0.49 120 32.3

VZ2 0.0 0.09 59 1.50
0.001 0.15 56 2.57
0.01 0.35 56 36.4
0.1 0.35 65 39.2
0.15 0.68 63 39.6

37352 | RSC Adv., 2017, 7, 37349–37358
Ag/AgCl). In addition, values of icorr for VZ1 increased as the Cl�

concentration increased, but were still lower than the icorr
values for the VZ2 alloy because the higher Cr content (21%)
confers resistance to the corrosive action of Cl� ions. Conse-
quently, the dissolution process is slow. Focusing on the anodic
part of the cyclic polarization scan, passive behavior was
observed for all samples before the onset of rapid alloy disso-
lution at break down potential (pitting potential, Epit). At Epit,
the current rises sharply and stable pits begin to grow. Between
Epit and the repassivation or protection potential (Erep), no new
pits develop. Initiation and propagation of pits continued until
chniques for VZ1 and VZ2 alloys as a function of NaCl at 27 �C

CP

�3,
CF-2 CF-3

�Ecorr,
mV

icorr,
mA cm�2

�bc,
mV per decade

Epit,
mV

Erep,
mV

1.40 2.64 465 0.02 110 447 1045
1.19 2.37 453 0.02 111 192 1051
1.57 2.02 400 0.04 112 160 1020
1.46 2.16 440 0.04 116 131 1001
1.23 2.47 415 0.09 114 131 1043
1.89 2.98 231 0.03 80 231 980
1.19 2.37 225 0.04 71 187 1010
1.67 2.34 223 0.04 75 143 1010
1.46 2.46 222 0.05 72 41 980
1.78 2.47 220 0.07 76 34 966

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Variation of the different ranges defined between Ecorr, Epit and Erep as a function of Cl� ion concentrations for VZ1 and VZ2 alloys at 27 �C.
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the reverse potential scan reached the repassivation potential,
Erep, at which point the pits were repassivated. Below Erep pits
do not continue to grow.19,20 These pits will not initiate at Ecorr
because the repassivation potential (Erep) is more noble than the
corrosion potential.

The potential difference (Epit � Erep) can be used as an
approximate measure of the hysteresis loop area, where smaller
potential differences represent better resistance of the alloy to
pitting corrosion.21 Higher values of the potential difference
(Epit � Ecorr) exhibit a wider potential range free of pitting
corrosion under these conditions.22

As can be seen in Fig. 4a, in the absence of NaCl the
hysteresis loop area (Epit � Erep) value for VZ1 alloy was about
597.20 mV vs. Ag/AgCl, compared to a value of 750 mV vs. Ag/
AgCl for VZ2 alloy in 0.25 M NaNO3. These values increased
gradually for both alloys when NaCl was added to the neutral
solutions, reecting the better pitting corrosion resistance of
VZ1 alloy. In addition, the potential range free of pitting
corrosion for the VZ1 alloy curve (Epit � Ecorr) was wider than
that of the VZ2 alloy. The values were 913.30 mV vs. Ag/AgCl for
VZ1 and 461.6 mV vs. Ag/AgCl for VZ2 alloy in chloride-free
solution. This conrms that the degree of corrosion was lower
in VZ1 alloy compared to VZ2 alloy because the higher propor-
tion of Cr (21%) increased resistance to pitting corrosion. The
potential range decreased gradually as the Cl� ion concentra-
tion increased. These results indicate that the susceptibility of
Fig. 5 Pitting potential of Ni-base glassy alloys in 0.25 M NaNO3 at vary

This journal is © The Royal Society of Chemistry 2017
the alloys to pitting corrosion at higher chloride ion concen-
trations is due to Cl� ion aggravating the conditions for
formation and growth of pits.23 The Cl� ion is more aggressive
than other halide ions due to its smaller diameter and conse-
quent ability to more readily penetrate the passive lm.9

The linear relationships between Epit values and Cl� ion
concentration on the cyclic polarization curves for VZ1 and VZ2
alloys are shown in Fig. 5a and b. It can be seen that Epit shied
to more negative values (active direction) for both alloys and
decreased logarithmically as the chloride ion concentration
increased, according to eqn (1):24

Epit ¼ a + b log CCl� (1)

where a and b are constants depending on the Ni-based glassy
alloy/NaCl solution system and a represents a measure of the
aggressiveness of the Cl� ion.9,23

Passive lm breakdown and pit initiation can be explained
by an adsorptionmechanism. During adsorption, pits initiate at
weak sites of the passive lm where Cl� ions displace oxygen
and form soluble metal–anion complexes. This enhances
transfer into the electrolyte leading to local thinning of the
passive lm until complete lm removal.9 The alloy surface is
exposed to the electrolyte and a galvanic cell is produced in
which the base elements in the alloy act as the anode and the
passive layer acts as the cathode.
ing concentrations of NaCl for VZ1 and VZ2 alloys at 27 �C.

RSC Adv., 2017, 7, 37349–37358 | 37353
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Fig. 6 Schematic of an actively growing pit in Ni-based metallic glassy alloy.

Fig. 7 XPS survey spectra of Ni-based glassy alloys in 0.25 M NaNO3

solution at 27 �C; (a) VZ1 alloy, (b) VZ2 alloy.
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Fig. 6 shows a propagating pit (actively growing) in the Ni-
based glassy alloy/NaCl solution system.

According to Fig. 6, anodic reactions within the pit are
described by (eqn (2)):

Ni / Ni+2 + 2e� (2)

The electrons ow to the cathode (passivated surface) where
they are consumed in the cathodic reaction (eqn (3)):

1

2
O2 þH2Oþ 2e�/2OH� (3)

As a result of cathodic and anodic reactions, the electrolyte
within the pit acquires positive charge while the electrolyte
surrounding the pit becomes negatively charged. The positively
charged pit attracts negative chloride ions and soluble metal–
anion complexes are formed eqn (4):

NiCl2 + 2H2O / Ni(OH)2 + HCl (4)

The reaction between Ni2+ and water increases the acidity of
the electrolyte inside the pit, accelerating the corrosion process,
and the corrosion products that form around the pit separate its
electrolyte.23

3.3 Electrochemical frequency modulation (EFM)
measurements

Based on the data presented in Table 2, the VZ1 alloy exhibited
outstanding corrosion resistance, having low corrosion rate
values (<0.02 mmpy (ref. 25)) at Cl� ion concentrations of 0.001
and 0.01 M. At Cl� ion concentrations of 0.1 and 0.15 M, it
exhibited excellent corrosion resistance (0.02–0.1 mmpy (ref.
25)). The VZ2 alloy at 0.001 M Cl� ion concentration exhibited
outstanding corrosion resistance (<0.02 mmpy (ref. 25)),
whereas it exhibited excellent corrosion resistance (0.02–0.1
mmpy (ref. 25)) at NaCl concentrations ranging from 0.001 to
0.15 M.

It should be noted that the calculated values of icorr obtained
by EFM were higher than the values obtained from the polari-
zation measurements. It is quite easy for the perturbation
frequency in this Ni-based glassy alloy/NaCl solution system to
37354 | RSC Adv., 2017, 7, 37349–37358
be too high, which will cause excessive capacitive behavior of
the electrochemical double layer on the current response and
result in polarization resistance that is too low and a corrosion
rate that is too high.26 To avoid the capacitive inuence, the
frequency should be as low as possible. The causality factors
were determined and found to be very close to the theoretical
This journal is © The Royal Society of Chemistry 2017
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values according to EFM theory. Sometimes, deviation in
causality factor values can be due to high resistivity of the
studied alloy. The three different electrochemical techniques
showed similar behavior.

3.4 Morphological and structural characterizations

3.4.1 X-ray photoelectron spectroscopy (XPS) analysis of Ni-
based alloys. The XPS survey spectra of passive lms in 0.25 M
NaNO3 solution at 27 �C showed the presence of mainly nickel,
chromium, iron, and oxygen signals (Fig. 7). Analysis of the Ni
2p3/2 spectra aer treatment, Fig. 8a, showed peaks corre-
sponding to the binding energy of metallic Ni at 852.3 eV.
Peaks in the Ni 2p3/2 spectra corresponding to divalent nickel
(Ni2+) at 853.3 eV aer treatment in neutral solution indicated
that NiO was involved in the formation of passive lm on the
Ni-based glassy alloys. Aer the treatment, the Cr 2p3/2 spectra
(Fig. 8b) contained peaks at 576.3 eV (trivalent chromium,
Cr3+) corresponding to the binding energy (BE) of chromium
oxide (Cr2O3), which is in agreement with values obtained by
other researchers.10,27 Additionally, peaks in the range of
576.3–579.7 eV could be attributed to various chromium
oxides in the hydrated chromium oxyhydroxide lm [CrOx(-
OH)3�2x$nH2O] according to literature data.28,29 These
compounds would improve the corrosion resistance of the Ni-
based glassy alloys.
Fig. 8 XPS spectra of passive films formed on Ni-based glassy alloys in 0
(d) O 1s.

This journal is © The Royal Society of Chemistry 2017
The strong BE peaks found at 711.6 eV in the Fe 2p3/2 spectra
(Fig. 8c) can be assigned to trivalent iron compounds such as
Fe2O3 and/or FeOOH.30 The analysis of the O 1s spectra (Fig. 8d)
can be separated into four distinct components. The peak at
about 529.9 eV corresponds to the binding energy of NiO and
the peak at 530.3 eV may be due to the oxygen atom bonded to
Cr3+ in the various chromium oxides.10 The peak at 531.3 eV is
due to O2�, which conrms the presence of an oxygen atom
bonded to Fe3+ in Fe2O3. The peak observed at 532.7 eV is
attributed to an OH� group bonded to Fe3+ in FeOOH.30 Passive
lms on the VZ1 alloy may be different in structure and
composition compared to the passive lms formed on VZ2
alloy. The passive lms on Ni–Cr alloys are reported to be
composed of Cr2O3 and NiO. Jabs et al.31 reported that the
passive lms formed on Ni–(20, 34)Cr alloys in 1 M NaOH
solution had a duplex layered structure composed of inner
Cr2O3 and outer NiO layers. Boudin et al.32 also proposed
a duplex layered structure with inner Cr2O3 and outer Ni(OH)2
or Ni oxyhydroxide layers for the passive lms formed on Ni–
(5.6–27.3)Cr alloys in pH 9.2 borate solution. As mentioned
above and according to XPS analyses of Ni–Cr alloys,11,13,33

passive lms formed on VZ1 alloy are commonly described by
a duplex layer of Cr2O3/NiO, while passive lms on VZ2 alloy are
considered to be composed of NiO, Cr2O3, Fe2O3, and FeOOH.
.25 M NaNO3 solution at 27 �C; (a) Ni 2p3/2, (b) Cr 2p3/2, (c) Fe 2p3/2, and
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Fig. 9 SEM morphology of Ni-based glassy alloys before and after chloride ion addition at 27 �C.
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3.4.2 Scanning electron microscopy (SEM) analyses of Ni-
based alloys. The SEM images aer cyclic polarization experi-
ments on passive lms exposed for 1 h in 0.25 M NaNO3 and for
1 h in 0.25MNaNO3 + 0.15MNaCl are shown in Fig. 9. VZ1 alloy
Fig. 10 AFM topography images of Ni-based glassy alloys in different co

37356 | RSC Adv., 2017, 7, 37349–37358
in 0.25 M NaNO3 is the only material presenting a smooth and
uniform surface morphology rather than pit formation as
observed on VZ2 alloy (Fig. 9a and c). This is indicative of the
high corrosion resistance and passivating nature of the VZ1
ncentrations of NaCl at 27 �C.

This journal is © The Royal Society of Chemistry 2017
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amorphous ribbon sample. Some cracks were observed on the
passive layer formed on VZ1 alloy (Fig. 9b) at a high concen-
tration of Cl� ions (0.15 M NaCl + 0.25 M NaNO3). Comparing
the microstructures in Fig. 9c and d, which correspond to VZ2
before and aer chloride ion addition, it is clear that the chlo-
ride containing neutral solution has a slight effect: samples
containing 0.15 M NaCl show the typical presentation of
a slightly etched surface resulting from the corrosive attack of
chloride ions.

3.4.3 Atomic force microscopy (AFM) topographic images
of Ni-based alloys. No micro pits were observed on the passiv-
ated VZ1 specimen in the 3D image. The roughness average, Ra,
values were 1.08 nm and 1.65 nm for VZ1 and VZ2 alloys,
respectively. Aer immersion in the Cl� ion solutions, small
pits were present in the passive layers and the depth of the pits
increased as the Cl� ion concentration was increased (Fig. 10).
The surface roughness of the VZ1 alloy increased from 1.64 nm
to 11.48 nm as the Cl� ion concentration in neutral solution was
increased from 0.001 M to 0.15 M. In comparison, the surface
roughness of VZ2 alloy increased from 3.09 nm to 8.79 nm. A
signicant increase was observed in the overall spatial rough-
ness of Ni-based glassy alloys treated with NaCl solutions
compared to untreated alloys (in 0.25 M NaNO3). This is
attributed to the difference in micro-structural roughness. As
the NaCl concentration is increased, it is more likely that pitting
corrosion is accelerated and the surface of the alloy acquires
a ‘hills and valleys’ topology.
4. Conclusion

Two Ni-based bulk metallic glasses, with nominal compositions
of Ni70Cr21Si0.5B0.5P8C#0.1Co#1Fe#1 (VZ1) and Ni72.65Cr7.3Si6.7-
B2.15C#0.06Fe8.2Mo3 (VZ2), were studied in aqueous 0.25 M
sodium nitrate solution with and without addition of chloride
ion. EIS analysis revealed that the VZ1 alloy exhibited higher
corrosion resistance compared to the VZ2 alloy. This was
attributed to the formation of passive lms with a duplex
structure composed of an outer porous layer at high frequency
and an inner compact barrier layer of Cr2O3 at lower frequency.
Enhanced corrosion of Ni-based glassy alloys occurred at higher
Cl� ion concentrations, since the potential range of passivity
was shortened and both the pitting (Epit) and repassivation
(Erep) potentials became less noble. VZ1 alloy showed a relatively
lower value of passive current density and a smaller anodic
hysteresis loop area compared to VZ2 alloy in neutral chloride
media. This was due to the higher Cr content (21%), which
enhances Cr2O3 formation. Alloying elements are very impor-
tant factors to stabilize an alloy against localized corrosion. The
presence of Cr (21%) leads to increased corrosion resistance for
nickel-based glassy alloys. It accumulates in the passive layer as
Cr2O3 or oxyhydroxide.
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