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Effect of chemistry change on corrosion mechanisms and passive film characteristics of model Ni-P and Co-P
metallic glass coatings on mild steel was studied because of their simple chemistry and widespread use. In-
crease in phosphorus content led to improved corrosion resistance. Results indicated the presence of hypo-
phosphite and phosphate anions on the corroded surfaces. Enrichment of phosphorus in the passive layer was
observed, which likely promoted the restoration of the protective hypophosphite anion layer during dissolution.
A correlation between electronic structure and corrosion resistance was established, with relative work function

increasing with increase in phosphorus content.

1. Introduction

Since first reported in 1960 [1], metallic glasses have undergone
tremendous development over the past six decades [2-9]. The lack of
long-range crystalline order in these materials results in remarkable
properties, including ultra-high-strength, superior corrosion and wear
resistance, and soft magnetism [10,11]. Metallic glasses may be
thermo-plastically processed into complex shapes above their glass
transition temperature, thereby combining the attractive properties of
metals with the processing ease of polymers [12,13]. However, wide-
spread use of metallic glasses has been restricted because of size limi-
tations, high cooling rates necessary to achieve a fully amorphous
structure, lack of plasticity, and catastrophic failure due to shear local-
ization [14,15]. These restrictions may be overcome by the use of
metallic glasses in the form of coatings and thin films [16] to take
advantage of their outstanding surface properties without the associated
limitations inherent in the bulk form. Many different routes have been
utilized for the synthesis of amorphous coatings, including thermal
spray [17], plasma sputtering [18], wire arc spraying [19], laser pro-
cessing [20], and electrodeposition [21]. Electrodeposition represents a
facile and scalable manufacturing toolbox with unique advantages,
including fast deposition rate, low cost, no dilution effects from the
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substrate, low operating temperatures, and tunability in terms of
composition and achievable geometries [22]. Pulsed electrodeposition,
which employs pulsed currents or potentials, further leads to a better
quality of alloys with low defect density and greater versatility in terms
of tuning their chemistry and properties [23].

Metallic glasses are attractive in corrosion applications because of
their homogeneous and uniform microstructure free from crystalline
defects, such as grain boundaries and phase boundaries, that are sus-
ceptible to preferential chemical attack [24]. However, this may be a
“simplistic” interpretation, since the corrosion behavior of metallic
glasses with a slight change in chemistry has been reported to be quite
different [25]. An in-depth understanding of the role of metallic glass
chemistry on their corrosion behavior requires systematic variation in
composition using model alloy systems. In this regard, electrodeposition
represents a versatile approach for achieving simple binary alloys in the
amorphous form that is extremely difficult (if not impossible) to obtain
by the conventional melt quenching route.

Here, we studied the corrosion behavior and passive film charac-
teristics of Nijpo_xPx and Cojpo-xPx electrodeposited metallic glasses
(EMGs) with systematic variation in composition (x = 5, 10, 15, and 20
at%). These two model alloy systems are of interest due to their mag-
netic and electrical characteristics [26,27], excellent corrosion and wear
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resistance [28,29], high hardness [22], and attractive functional prop-
erties [23]. They have also been proposed as effective diffusion barriers
in microelectronic applications [30,31]. Ni-P shows good resistance to
anodic dissolution in acids over the potential range where pure Ni
actively dissolves [28]. The lower anodic dissolution of Ni-P has been
attributed to the blocking action of phosphates [32], hypophosphite
[33], phosphides [28], and elemental phosphorus [34], while other
studies have shown limited passivation for Ni-P alloys [28,35]. Co-P
alloys have been studied as a promising alternative to hexavalent-Cr
plating because of their excellent chemical and mechanical properties
as well as biocompatible nature [36]. However, there are no systematic
studies on the corrosion behavior and passivation mechanisms of these
model amorphous alloys as a function of composition. Furthermore, the
role of electronic structure on the corrosion resistance and passive film
characteristics of these metallic glasses is not well understood, which is
critical in alloy design. Here, the corrosion response and surface binding
energy were correlated with electron work function in both these
technologically important alloy systems. In addition, X-ray photoelec-
tron spectroscopy (XPS), transmission electron microscopy (TEM), and
atom probe tomography (APT) were utilized to determine the charac-
teristics of the surface passive film.

2. Experimental details
2.1. Electrodeposition process

Ni-P and Co-P alloys were obtained using pulsed reverse current
(PRC) and pulsed current (PC) electrodeposition, respectively, using a
pulse power supply (Dynatronix-MicroStar). The deposition parameters
and bath composition for the two alloy systems are summarized in
Table 1. The bath was prepared from analytical grade chemicals and was
magnetically stirred at a rotation speed of 400 RPM for 24 h before
deposition. Pure nickel and pure cobalt (99.99%) plates were used as
soluble anodes and they were kept horizontally at 2 cm from the sub-
strate. Mild steel (MS 1008) discs were used as cathode substrates and
were mechanically polished to a 1 pm surface finish before deposition. A
disc area of 2.83 cm? was exposed to the bath and the rest of the surface
was masked with non-conductive paint. Before deposition, the polished
substrates were ultrasonically cleaned in acetone for 10 min, followed
by distilled water washing and subsequent chemical activation in 10 wt
% HCl (2.74 M) for 30 s. The electrodeposition process was started

Table 1
Electrodeposition parameters and bath composition for preparing Ni-P and Co-P
alloys.

Composition Quantity (g/ Function
L)

Ni-P Bath

Nickel sulfate hexahydrate 365 Nickel source
(NiS0O40.6 H;0)

Phosphorus acid (H3PO3) 32 Phosphorus source

Nickel chloride hexahydrate 20 Conductive salt
(NiCl;0.6 H,0)

Boric acid (H3BO3) 40 pH buffer agent

Sodium dodecyl sulfate 0.4 Surfactant
(NaC12H2580,)

pH 1.5+ 0.1

Temperature 37+1°C

Agitation speed 90 RPM

Co-P Bath

Cobalt chloride (CoCly) 25 Cobalt source

Sodium hypophosphite (NaH,PO5) 20 Phosphorus source

Ammonium chloride (NH4CI) 20 Conductive salt & pH buffer

agent

Saccharine (C;HsNO3S) 0.3 Surfactant

pH 1.8+0.1

Temperature 50 £1°C

Agitation speed 250 RPM
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immediately after surface activation.

The cathodic current density was varied to obtain specific alloy
chemistries (10, 15, and 20 at% of phosphorus). The phosphorus content
decreased with increasing effective current density, indicating that
phosphorus deposition proceeded via an indirect mechanism [37].
During the electrodeposition process, a Nernst diffusion layer is formed,
affecting the kinetics between the center and edges of the substrate,
resulting in non-uniformity of deposition [38,39]. The pulsed current
(PC) and pulsed reverse current (PRC) increase the relaxation rate of the
Nernst diffusion layer on the cathode surface, which decreases the
composition and thickness variation across the surface. Uniform
composition and thickness were obtained for the Ni-P alloys via PC
waveform and for the Co-P alloys via PRC waveform. The rectangular
waveforms of pulsed reverse current and pulsed current are shown in
Fig. 1a. In the PC waveform, the variables are: (i) time on (Toy = 5 ms),
(ii) time off (Torr = 5 ms), and (iii) forward current density (Jr = 5-25
A/dm?). In the PRC, the waveform consists of the forward component
and reverse component. The forward component consists of the forward
time on (Thy = 5 ms), forward time off (Thgr = 5 ms), total forward time
(Forward = 10 ms), and forward current density (Jr = 10-20 A/dm?).
While the reverse component is associated with the reverse time on (Tiy
= 2 ms), reverse time off (TEgr = 8 ms), total reverse time (Treverse = 10
ms), and reverse current density (Jg = 5 A/dm?). The deposition time
was set between 1 and 16 hr depending on the desired composition to
obtain a thickness of ~ 35-40 um. Pure Ni and pure Co electrodeposition
were done by removing the phosphorus source and using a cathodic
current density of 15 A/dm? and pulsating current (Toy = Topr = 5 ms).
Fig. 1b shows an optical image of the electrodeposited samples with a
systematic variation in phosphorus content for both the Ni- and
Co-based systems.

2.2. Alloy characterization

2.2.1. Compositional and structural characterization

Coating thickness and elemental mapping along the cross-section of
the deposits were done using FEI Quanta 200 scanning electron micro-
scope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS).
Crystal structure identification was done using high-resolution grazing
angle X-ray diffraction (Rigaku Ultima III) with Cu-Koa radiation
(A=1.54 10\) at a voltage of 20 kV.

2.2.2. Electrochemical measurements

The corrosion behavior of the alloys was studied using electro-
chemical impedance spectroscopy (EIS) and potentiodynamic polariza-
tion tests with a potentiostat/galvanostat (Reference 3000, Gamry) in a
standard three-electrode cell. A standard calomel electrode was used as
the reference and a graphite plate as the counter electrode. The corro-
sion experiments were performed in 3.5 wt% NaCl solution at room
temperature. The samples were mechanically polished to 1200-grit
paper. An area of 0.283 cm? was exposed to the solution using mask-
ing tape. The open-circuit potential (Eocp) was measured for 1 h and
found to be relatively stable for all the alloys. This was followed by EIS
analysis at Egcp over the frequency range of 0.01-100 kHz with a set AC
voltage amplitude of 10 mV. The potentiodynamic polarization tests
were carried out by scanning the specimen at a rate of 0.25 mV/s in the
range of — 250 mV (vs. Egcp) to 1 V (vs. Egcp). The corrosion rate (Veorr)
was calculated as [40]:

Jeorr ¥ K x EW

Veorr = - (€3]
p

where, jor is the corrosion current density, K = 3.27 x 10~° mm. g/(pA.
cm.year), EW is the equivalent weight. Equivalent weight (EW) is
calculated as:
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where, f; is the mass fraction, Wi is the atomic weight, and n; is the
valence of the i element of the alloy.

2.2.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS-PHI 5000 Versaprobe) was
performed to determine the nature of the passivation layer. The binding
energies were calibrated based on the C 1 s peak value at 284.6 eV. The
surface of the samples was analyzed after exposing them to the elec-
trolyte at the open-circuit potential for 1 hr and different anodic po-
larization values. Prior to anodic polarization, the samples were exposed
to the electrolyte at the open-circuit potential for 15 min, then polarized
in the passive region (Eocp + 200 mV) for 1 hr and trans-passive region
(Eocp + 600 mV) for 10 s

2.2.4. Transmission electron microscopy (TEM) and atom probe
topography (APT)

NiggP2o samples were immersed in 3.5 wt% NaCl solution at open-
circuit potential (as detailed in Section 2.2.2.) and then coated with ~
20 nm Cr and ~50 nm Ni using an ion beam sputtering system prior to
TEM and APT sample preparation. This Ni/Cr bilayer was used as a
fiducial marker for determining the passive film-metal interface in the
final TEM lamellae and APT needle apex [41]. TEM and APT samples
were prepared using a FEI Helios dual-beam focused ion beam scanning
electron microscope (FIB-SEM). The TEM lamellae and APT needles
were prepared by depositing a Pt capping and extracting a cantilever
from the sample including the base alloy, passive film, and Ni/Cr
coating. Samples were prepared so that the Ni/Cr capping layer
remained at the top surface of the TEM lamellae and APT needle apex.

Crystallographic characterization of the passive film and substrate
was done with a probe-corrected FEI Titan 80-300 STEM instrument
operated at 300 kV. The observations were performed using STEM with
a high-angle annular dark-field (HAADF) detector. The probe conver-
gence angle was 18 mrad and the inner detection angle on the HAADF
detector was three times larger than the probe convergence angle.

A CAMECA local electrode atom probe (LEAP) 4000X HR system
equipped with a 355 nm wavelength UV laser was used for APT data
collection with the following user-selected parameters: 200 pJ/pulse
laser energy, 125 kHz pulse repetition rate, 50 K specimen base tem-
perature, and 0.003 detected ions/pulse detection rate. Data were
reconstructed and analyzed using the Interactive Visualization and
Analysis Software (IVAS), version 3.8.2 by CAMECA. Concentration
across the capping layer/passive film/substrate interfaces was deter-
mined using a 1D concentration profile along the z-axis of a cylinder
(15 nm diameter, 25 nm length), with a bin width of 0.2 nm.

2.2.5. Scanning Kelvin Probe (SKP)
A Scanning Kelvin Probe (SKP) microscope (Princeton Applied
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Fig. 1. (a) Pulsed reverse current (PRC) and
pulsed current (PC) waveforms used in elec-
trodeposition. In the PRC waveform, the for-
ward time on (Thy), forward time off (Thgg),
total forward time (forward), and forward cur-
rent density (Jg) variables are associated with
the forward current; the reverse time on (TSy),
reverse time off (THpp), total reverse time
(reverse), and reverse current density (Jr) var-
iables are associated with the reverse current.
In the PC waveform, the variables are time on
(Ton), time off (Topr), and forward current
density (Jg); (b) Optical image of the Ni-based
and Co-based alloys with different composi-
tions obtained by electrodeposition.

Research) was used to measure the relative work function distribution
over the surface. A tungsten probe with a perpendicular amplitude of
30 um with respect to the sample surface and frequency of 80 Hz was
used as the reference probe during SKP measurements. The relative
work function was determined at a tip-to sample distance of 50 um in lab
air (RH 55%). SKP potential (Vsgp) is the potential applied by the in-
strument to nullify the existing contact potential between the tungsten
probe and the sample surface. Therefore, it is a measure of the work
function of the sample with respect to the tungsten probe (Vsgxp=
DTungsten - Pspecimen)- Considering the constant work function of the
tungsten probe and identical ambient conditions for all the samples, the
difference in potential values for the different samples was attributed to
their relative electron work function.

3. Results and discussion
3.1. Compositional and Structural Characterization

Fig. 2(a & e) show the representative cross-section SEM images for
NigoP2 and CogoP2o, respectively, on a mild steel substrate. The other
compositions showed very similar characteristics with the uniform film
thickness of 35 — 40 um, that was free from cracks and pores. Repre-
sentative elemental maps are shown in Fig. 2(b-d) for NiggP5g and Fig. 2
(f-h) for CogoP2o, respectively, with composition variation across the
interface of less than 0.5 at%. Fig. S1(a & b) shows the composition line
profiles for NiggP2o and CoggP29 EMGs, respectively. The elemental maps
and line profiles indicate homogeneous distribution of the constituent
elements. Fig. 2(i & j) shows the XRD patterns for Nijgo_xPx and
Co100—xPx electrodeposited alloys with systematic variation in compo-
sition (x = 0, 5, 10, 15, and 20 at%). Pure electrodeposited Ni showed a
face-centered cubic (FCC) structure with (111), (200), and (220) peaks.
Pure electrodeposited Co showed (100), (002), (101), and (110) peaks of
hexagonal close-packed (HCP) structure. The NigsP5 and CogsPs5 alloys
showed relatively broad (111) peaks indicating nanocrystalline micro-
structure. Amorphous alloy formation was seen for phosphorus content
in the range of 10-20 at% in both the systems. Amorphous alloy for-
mation for MggP19, MgsP1s, and MggP2g, where “M” represents Ni or Co,
may be attributed to the higher phosphorus content, which hindered
crystal nucleation and surface diffusion of Ni and Co atoms during the
concurrent deposition. The high overpotentials during electrodeposition
lead to rapid discharge of atoms, making it difficult for them to attain
their thermodynamically stable crystalline structure [42].

3.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) measurements were
employed for fundamental understanding of the capacitive behavior of
surface passivation film for the EMGs in comparison with electro-
deposited pure Ni, electrodeposited pure Co, and mild steel (MS 1008).
The open-circuit potential (Eocp) was measured for 1 h prior to EIS
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Fig. 2. (a) Cross-section SEM micrograph of NigoPso showing a thickness of ~ 36 ym and (b, ¢, d) elemental EDS maps for NigoP2o; (e) cross-sectional SEM
micrograph of CoggP2o showing a thickness of ~ 34 um and (f, g, h) elemental EDS maps for CogoP20; (i) XRD spectra of electrodeposited Ni;gg_xPx (x =0, 5, 10, 15,
and 20 at%); (j) XRD spectra of electrodeposited Co1po_xPx (x =0, 5, 10, 15, and 20 at%).

measurements and found to be relatively stable for all the alloys, Egcp
values are summarized in Table S1. The Nyquist plots are shown in Fig. 3
(a & b). The Nyquist plots were close to a semi-circular arc in the
investigated frequency range. The radius of the semi-circular arc
increased with increase in phosphorus content, indicating that the sur-
face passive film became more protective for higher metalloid fraction in
the alloys. The corresponding Bode plots are shown in Fig. S2(a-d),
where the phase angle varies between — 70° to — 85°, suggesting that
the film is mainly capacitive [43]. At high frequency (> 10 K Hz), all the
phase angles approached zero suggesting that the impedance was
mainly determined by the pure solution resistance between the refer-
ence and working electrodes [44]. As the phosphorus content was
increased in the coatings, the peak phase angle approached — 90°
indicating the formation of more stable and protective passive film.
Phase angle curves for NiggP1¢ and pure Ni showed two peaks between
medium to high frequency, and MS1008 showed a second peak in the
high frequency region (Fig. S2(c)). The peak in higher frequency range is

attributed to porous passive layer and another in the lower frequency
range is associated with charge transfer through the double layer
[45-47]. The equivalent circuit of impedance spectra with two capaci-
tive loops is shown in Fig. 3c. NigsPy5, NiggP29, CogoP10, CogsPis,
CogoP2, and pure Co showed single extremums in the phase angle plots
indicating the presence of one time constant, with the corresponding
equivalent circuit shown in Fig. 3d. The equivalent circuits consisting of
resistors and capacitors are shown in Fig. 3(c & d), which simulated the
electrochemical behavior of the surface-solution interface. A constant
phase element (CPE) was used to account for the non-ideal behavior of
the double layer, like surface roughness, adsorption effects, and surface
inhomogeneities, instead of pure capacitance [48,49]. CPE impedance
may be represented as follows [50,51]:

Zepr = Yo(jo)' " 3

where, Yy and n are the admittance constant and empirical exponent of
the CPE, respectively, 7 = —1 and, o is the angular frequency. The
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Fig. 3. EIS measurements: (a) EIS Nyquist plots for Ni-P, Co-P EMGs and the corresponding pure metals after 1 h of immersion in 3.5 wt% NacCl solution at their
respective open-circuit potentials; (b) Zoomed in view of a section of part (a) showing the smaller capacitive loops, and the respective characteristic frequency
(0" max) is shown by arrows; (c) two time-constant phase element circuit used for fitting the EIS data for pure Ni, NiggP10, and MS 1008; (d) one time-constant phase
element circuit used to fit NigsP1s5, NigoP2o, pure Co, CogoP19, CogsP1s, and CogoP2o; (e) Polarization resistance (Rp), (f) CPE4 exponent (ng)), and (g) reciprocal of
Capacitance (1/C) versus the phosphorus content in the EMGs and the corresponding pure metals after immersion in 3.5 wt% NaCl for 1 h.

parameter n is a measure of surface roughness, which has a value in the
range of zero to unity and represents non-ideal capacitance loop [52].
The equivalent circuit (Fig. 3c) of electrodeposited NiggP;¢, pure Ni, and
MS 1008 contains elements corresponding to the solution resistance
(Ry), pore capacitance (CPEpore), pore resistance (Rpore), double-layer
capacitance (CPEg), and charge transfer resistance (R.;). The polariza-
tion resistance, Ry = Rct + Rpore - Rs, gives total resistance of the passive

film. The equivalent circuit (Fig. 3d) of electrodeposited NigsP;s,
NiggP20, CogoP19, CogsP15, CogoP20, and pure Co contains elements
corresponding to the solution resistance (R;), double-layer capacitance
(CPEg), and charge transfer resistance (R.), where R — R, gives the
polarization resistance (Rp). The impedance data were well fitted by the
proposed equivalent circuits using three criteria to evaluate the general
fit and accuracy: visual fit to Nyquist and Bode plots, low standard errors
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for every circuit element and low goodness of fit from Chi-Squared test
[53]. The error associated with each element was lower than 5% and the
goodness of fit was less than 10~ indicating accurate description of the
studied systems. The equivalent circuit values obtained from EIS study
are summarized in Table S1. Fig. 3e summarizes the polarization resis-
tance of the EMGs, showing that the polarization resistance increases
with increase in phosphorus content. An increase in R, signifies an in-
crease in corrosion resistance. The polarization resistance of pure Ni (RIPW
_ 1.1 kohm-cm?) and pure Co (RS 2.5 kohm-cm?) almost doubled with
addition of 10 at% phosphorus, suggesting that the addition of phos-
phorus has a significant effect on the passive layer. The polarization
resistance of the EMGs increased with increasing phosphorus content,
for both the Ni-based and Co-based systems. Capacitance (C) of the
passive film was extracted from the CPE element following Hsu and
Mansfeld [54]:

C = Yo(@ ma)"™" Q)

where, © "may is the characteristic frequency, C is the capacitance, Y, is
the frequency independent admittance of the CPE, and n is the exponent
of the CPE. The characteristic frequency (@”max), is the frequency at
which the imaginary part of the impedance (-Z”) is maximum [53], and
is shown in Fig. 3(a & b). The exponent of the constant phase element
(ngy) represents deviation from pure capacitive behavior. Decrease in the
value of ng (Fig. 3f) indicates a transition from capacitive behavior to
more conductive behavior of the passive layer, possibly due to porosity
and heterogeneities on the surface [55-57]. Increase in ng with
increasing phosphorus content suggests that the passive layer got denser
and pore-free with higher phosphorus content. The thickness (d) of the
passive layer may be obtained from the capacitance (C) following Ora-
zem [58,59]:

d = eg,/C 5)

where, ¢ is the dielectric constant and ¢, = 8.8542 x 10~ '* F/cm is the
permittivity of vacuum. According to Eq. 5, a decrease in dielectric
constant and/or an increase in the capacitance of passive layer would
indicate decrease in the thickness of the passive layer. The reciprocal of
capacitance (1/C) of the surface film is directly proportional to its
thickness. Fig. 3g shows the reciprocal of capacitance (1/C) values for
the studied coatings, which increases with increase in phosphorus con-
tent, suggesting a similar trend for the passive film thickness. To deduce
the film thickness, the dielectric constants for the passive films are
needed, which in the case of Ni-P and Co-P systems are not known. The
HRTEM image (Fig. S3) of NiggPyo passive film at open circuit potential
shows that the thickness of passive film ranges ~ 1-9 nm. This would
give a range in dielectric constant for the complex passive film on
NigoP2g coating using Eq. (5). Considering the complexity of the passive
film and its non-ideal nature, the estimates for passive film thickness for
other coatings may have a large margin of error since the dielectric
constants of the complex passive films for Ni-P and Co-P system are not
known. The impedance results for MS 1008 (RII,"S = 0.6 kohm-cm?)
showed that the passive layer was not protective, making it vulnerable
to ion attack in NaCl electrolyte, highlighting the potential use of Ni-P
and Co-P as protective coatings on steel components.

3.3. Potentiodynamic polarization

Potentiodynamic polarization studies for the Ni-based and Co-based
alloys compared to mild steel (MS 1008) in 3.5 wt% sodium chloride
(NaCl) solution were performed. A representative potentiodynamic po-
larization plot for NigyP29 EMG is shown in Fig. 4. The corrosion po-
tential (E.or) and corrosion current density (jcor) were calculated for all
the alloys using Tafel extrapolation as shown in Fig. 4 for NiggP29 EMG.
The pitting potential (Ep;) and passivation range (AE = Epj; - Ecory) Were
measured from the polarization curve as marked on the figure. The
potentiodynamic polarization results for all the alloys are summarized in
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Fig. 4. A representative potentiodynamic polarization plot for NigoP2o EMG for
determining the corrosion potential (Ecor), corrosion current density (jeorr), and
pitting potential (Ep;).

Table S2.

Fig. 5(a & b) summarize all the potentiodynamic polarization plots
for the Ni-based and Co-based alloys compared to mild steel (MS 1008),
respectively. The corrosion potential (Eo) is primarily influenced by
the chemistry of the electrical double layer (EDL) on the surface formed
in equilibrium with the electrolyte [45]. Among the amorphous alloys,
the corrosion potential (E.,,) increased towards nobler value with in-
crease in phosphorus content for both the Ni-based and Co-based sys-
tems, as shown in Fig. 5c. The corrosion current density (j.orr) decreased
by about an order of magnitude going from pure Ni (13.6 uA/cm?) to
NiggP29 EMG (1.2 pA/cm2) and from pure Co (7.98 pA/sz) to CogoP2o
EMG (0.854 uA/cm?). Thus, the corrosion resistance improved signifi-
cantly with the addition of phosphorus to pure nickel and pure cobalt.
Among the amorphous alloys, the corrosion current density decreased
with an increase in phosphorus content for both the Ni-based and
Co-based systems, as shown in Fig. 5d. In addition, the anodic branch of
the potentiodynamic plots shifted towards lower current densities with
increase in phosphorus content (Fig. 5(a & b)). The alloys with 10 at% P
(NiggP19 and CoggP1¢) showed similar or higher corrosion current den-
sity compared to their corresponding pure metals, indicating that the
addition of 10 at% P had a detrimental effect on corrosion resistance,
possibly due to their inability to form a stable and compact passive film
[32,33]. With increase in phosphorus content to 15 at%, the j.or
decreased and a distinct passive region was seen in the polarization plots
for NigsP15 and CogsPis. The NiggPyo and CoggPyg alloys showed the
lowest corrosion current densities in their respective systems, along with
a significant increase in the passive region. The increase in passivation
range with increasing phosphorus content may be attributed to the
formation of a more protective surface layer. The surfaces for NiggP2g
and CoggP29 EMGs remained smooth and maintained their shiny
appearance after the potentiodynamic polarization tests. In contrast, for
Ni-P and Co-P EMGs with 10 at% P, the surface turned grayish after the
polarization studies, as shown in the post-corrosion images in Fig. S4. All
the electrodeposited alloys showed lower corrosion rate (Veorr)
(Table S2) compared to mild steel (MS 1008). The trend of increase in
corrosion resistance with increase in phosphorus content for both Ni-
and Co-based systems from potentiodynamic polarization results agree
with the impedance studies.

3.4. Surface analysis

3.4.1. X-ray photoelectron spectroscopy (XPS) analysis

The chemical nature of the passive layer was analyzed using XPS for
MogoP1¢ and MgpPso (M = Ni or Co) EMGs after polarization at different
potentials. For MggPy alloys, three polarization conditions were chosen
as shown in Fig. 6, namely: (i) respective open-circuit potential (Eocp)
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Fig. 5. Potentiodynamic polarization plots for (a) Ni-P and (b) Co-P alloys in comparison with the corresponding pure metals, and MS 1008 steel in 3.5 wt% NaCl at
room temperature. The zoomed-in image shows the corrosion potential (Eo,) for Ni-P EMGs. The arrows show the corrosion current density of the respective sample;
(c) corrosion potential (Eco) and (d) corrosion current density (jeorr) Versus composition of the Nijgo_xPx and Co19o_xPx EMGs (x = 10, 15, and 20 at%) and cor-

responding pure metals.

for 1 h, (ii) passive potential (Egcp + 200 mV) for 1 h, and (iii) trans-
passive potential (Eocp + 600 mV) for 10 s. Two polarization condi-
tions were chosen based on the potentiodynamic polarization plots of
the MgoP¢ alloys as shown in Fig. S5, namely: (i) respective open-circuit
potential (Egcp) for 1 h, and (ii) trans-passive potential (Egcp + 600 mV)
for 10 s. The binding energies were calibrated based on the C 1 s peak
value at 284.6 eV. The investigation was done within the binding energy
spectrum of Py, The Pa, spectra were deconvoluted considering the
binding energy of elemental phosphorus (P® at 129.2 eV and 130.2 eV),
hypophosphite anion (H,P0O3) (P at 132.2 eV), and phosphate anion
(HoPOZ) (P°* at 133.6 eV). According to the P-HyO system Pourbaix
diagram [60], the reaction of water with phosphorus, as shown by Eq. 6,
results in the formation of a hypophosphite anion (H,PO3) layer on the
alloy surface. The adsorbed hypophosphite anion oxidizes to phosphate
anion at anodic potentials as illustrated by Eq. 7 and the rate of oxida-
tion increases with increasing anodic overpotential.

P + 2H,0 — HPO3 + 2H' + ¢ (6)
H>PO5 + 2H,0 — H,POy + 4H' + 3¢ @

The XPS spectra for NiggPyo and CoggPyo at different potentials
consisted of elemental P, hypophosphite anion, and phosphate anion
peaks. The XPS spectra are shown in Fig. 6(a-c) for NiggPyo and Fig. 6(d-
f) for CogoP2o and the relative proportion of the peak intensities are

summarized in Fig. 6(g & h). The relative proportion of elemental P peak
increased at the passive potential for both the EMGs and decreased at the
trans-passive potential. The hypophosphite anion relative peak intensity
became weaker, and the phosphate anion relative peak intensity became
stronger with increasing anodic potential. This suggests that the EMG,
when polarized to anodic potentials, underwent rapid oxidation of the
hypophosphite anion into phosphate anion accompanied by dissolution
of the phosphate species.

The XPS spectra for NiggP;¢ consisted of elemental P and phosphate
anion, as summarized in Fig. S5(a & b) An increase in polarization po-
tential led to an increase in the concentration of phosphate anion and a
decrease in the concentration of elemental P on the surface of the
NiggP19 EMG. Comparatively, different behavior was observed for
CogoP10 EMG at similar surface polarization. The Py, spectra consisted of
an additional peak corresponding to hypophosphite anion, as shown in
Fig. S5(c & d). The formation of the hypophosphite anion layer may be
the significant contributing factor towards lower corrosion current
density and higher polarization resistance of CoggP1g in contrast to
NiggP10 alloy. The role of hypophosphite anion layer may be to act as a
barrier layer preventing dissolution by hydration of the surface. The EIS
results for CogopP10 and NiggP1¢ showed lower polarization resistance and
ng values compared to high phosphorus containing EMGs, signifying
that the passive layer in MggP1 alloys was porous, non-uniform, and less
resistant to dissolution.
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Fig. 6. XPS spectra obtained for P 2p core-level of (a-c) NigoP2p, (d-f) CogoP2o surfaces exposed to corrosion potential for 1 h, passive potential (Epassive = Eocp +
200 mV) for 1 h, and trans-passive potential (Etrans-passive = Eocp + 600 mV) for 10 s in 3.5 wt% NaCl solution. The relative peak intensities of elemental P,

hypophosphite, and phosphate for (g) NigoP2o and (h) CogoP2o are summarized.

3.4.2. Transmission Electron Microscopy (TEM) and Atom Probe
Topography (APT) analysis

The XPS spectra for both NigygPoo and CogpP2o consisted of hypo-
phosphite, phosphate, and elemental P peaks with similar changes in
relative peak intensity, suggesting a similar corrosion mechanism for
both the binary alloys. NigoP2o was selected as a representative alloy for
further structural characterization using TEM and APT. Fig. S6a shows
the Nyquist plots at different immersion times up to 5 days in 3.5 wt%
NaCl for NiggP29 EMG. The variation in polarization resistance with time
is summarized in Fig. S6b. The polarization resistance for NiggPso didn’t
change much within the first 10 h of immersion (R, after 1 h = 26.7
kohm-cm? and R, after 10 h = 27.06 kohm-cm?). To ensure that the air-
formed film was replaced by a passive layer formed when exposed to
3.5 wt% NaCl solution, the TEM, and APT characterization were done
for NigoP2g EMG after 10 h at the open-circuit potential. Fig. 7a shows a

high-resolution TEM (HRTEM) image of the cross-section of the Pt
protective layer/Ni-Cr coating/passive layer/base alloy. Fig. 7b shows
the HRTEM image of the passive layer/base alloy interface that is
marked by the white box in Fig. 7a. The SAD pattern shows diffused
rings implying that the passive layer was amorphous. The amorphous
structure of the passive layer offers improved corrosion resistance due to
the lack of grain boundaries, which may decrease ion migration rates
and make the passive layer more protective. Fig. 7c shows the SEM
image of the APT needle with a white line illustrating the region where
the data was reconstructed. The 3D APT reconstructed elemental map of
the Cr coating/passive layer/base alloy is presented in Fig. 7d, while
Fig. 7e has the one-dimensional composition profiles estimated using a
cylindrical (diameter = 15 nm, length = 25 nm) region of interest that
spans from the Cr coating through the passive layer into the base alloy.
The composition profile obtained here shows that the passive layer is
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Fig. 7. Structure and composition across the passive film/NigoP2o base alloy after immersion in 3.5 wt% NacCl for 10 h at E.,,, then sputter-coated with Cr and Ni: (a)
low-magnification HAADF STEM image of the Pt protective layer/Ni-Cr coating/passive film/NigoP2o(Base); (b) high magnification HRTEM image of the passive film/
substrate interface highlighted by the white rectangle in (a) with SADP showing diffused rings indicating amorphous structure as an inset; (c) SEM image of the APT
needle apex obtained by annular milling, with a white line denoting the region from which data was reconstructed; (d) 3D element distribution map of the Cr
coating/passive film/base alloy, with an arrow indicating region where a concentration profile (shown in (e)) was calculated using a cylinder region of interest with
diameter 15 nm and length of 25 nm; (e) Concentration profile, with 0.2 nm bin width, from Cr coating through the passive layer and into the base alloy.

rich in phosphorus. The underestimation of phosphorus in the base alloy
may be attributed to the formation of neutral species of the metalloids
that are not accelerated by the potential difference in the atom probe
and go undetected [61-63]. XPS spectra for MggP29 EMGs (M = Ni or Co)
showed that the majority of the phosphorus remained in the elemental
form on the surface rather than forming hypophosphite or phosphate.
The APT compositional (at%) data suggests that there is an enrichment
of phosphorus at the passive layer/base material interface. Similar
enrichment of phosphorus under the passive film was observed in
Fe7oCr10P13C7 BMG in acidic electrolytes [64,65].

The NiggP19 and CoggP;¢ alloys showed similar corrosion resistance
compared to pure Ni and pure Co, which may be attributed to the lower
phosphorus content in these EMGs that is insufficient to form a uniform
and pore-free hypophosphite layer. Thus, no passive region (Fig. 5(a &
b)) was observed in MgoP;19 EMGs (M = Ni or Co) and the alloy surface
was active at anodic potentials. The EIS data (Fig. 3(e-g)) for MgoP1o
EMGs showed lower Ry, lower 1/C, and lower passive film thickness (d)
compared to both MgsP;5 and MgoPao, indicating the inferior charac-
teristics of the passive layer in the alloys with 10 at% P. Increase in
phosphorus content to 15 at% resulted in a significant improvement in
corrosion resistance for both the alloy systems. The MgsP;s alloys
showed a sharp decrease in corrosion current density as well as good
passivation (Table S2), while the polarization resistance increased by an
order of magnitude (Fig. 3e). These results suggest that the amount of
phosphorus in MgsP15 was sufficient to form a protective hypophosphite
layer, with further improvement seen for MgoP2g alloys. Comparing the
two systems, the Co-based alloys showed better corrosion resistance
than the corresponding Ni-based alloys, which may be due to the dif-
ference in the pure metal dissolution rates. From the potentiodynamic
polarization results, pure Ni (N = 17.6 uA/cm?) showed more than
twice the corrosion current density compared to pure Co (59 =
7.09 pA/cm?).

From the combined XPS and TEM/APT analysis, the passivation
mechanism in the EMG coatings seem to be controlled by the

hypophosphite anion layer along with the phosphorus enriched layer, as
illustrated schematically in Fig. 8. When the metallic glass is exposed to
3.5 wt% NaCl solution under open-circuit condition, metal dissolution
occurs preferentially. Due to the slow oxidation of phosphorus, there is
enrichment of phosphorus on the surface, followed by the formation of
hypophosphite layer above the phosphorus enriched layer. Metal
dissolution continues until the formation of a compact hypophosphite
film which blocks the electrolyte from reaching the base alloy, as
schematically shown in Fig. 8a. The XPS data showed decrease in the
relative proportion of hypophosphite and increase in phosphate at

Phosphate
H,PO;

Hypophosphite
H,PO3;

P enriched
region

AtE

passive At Etrans-passive

Mgl e :

Fig. 8. A schematic representation of the corrosion mechanism of Mjgo_xPx>15
(M = Ni or Co) alloy with increasing anodic potential; (a) at open circuit po-
tential (Eocp); (b) in the passive region (Epassive); (¢) in the trans-passive region

(Et_rans-passive) .
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potentials in the passive region, as shown schematically in Fig. 8b. XPS
analysis for NigoPoo and CogoP2o (Fig. 6) indicates that the phosphate
layer is non-passivating since its relative peak intensity increased with
the increase in anodic potential. Polarization to anodic potentials pro-
motes the oxidation of hypophosphite layer to phosphate anions, which
dissolves in the electrolyte providing the electrolyte access to the
enriched phosphorus layer. The hypophosphite layer is formed again by
the reaction of water with the phosphorus-rich layer, thereby re-
passivating the surface and controlling the dissolution rate of metal
atoms through it via diffusion. Trans-passive dissolution commences
once the oxidation rate of the hypophosphite layer is faster than its
formation rate and there is consequent breakdown of the passive film as
shown schematically in Fig. 8c.

3.4.3. Scanning Kelvin Probe (SKP)

Scanning Kelvin Probe (SKP) was used for measuring the relative SKP
potential with respect to tungsten probe and correlating electronic
structure to the corrosion resistance of the amorphous alloys. SKP po-
tential has been correlated with electron work function (EWF) to explain
the corrosion behavior in earlier studies [48,66]. A nobler surface is
associated with a higher work function, which is directly related to the
ease of electron removal [67]. SKP potential measured in air for several
metals was found to vary linearly with their corrosion potential in
aqueous solution [68]. An inverse correlation between the measured
SKP potential difference and the corrosion behavior was also observed
[69]. Although there are several reports on the correlations between SKP
potential and corrosion behavior in different electrolytes, these may not
be universally valid and needs to be evaluated for each new system
independently [70,71]. The relative SKP potential (or relative electron
work function) increased by around 40% for the Nijgp_xPx system and
around 60% for the Cojpo_xPx system with increase in phosphorus
content (x) from 10 at%P to 20 at%P, as shown in Fig. 9(a & b).
Correspondingly, the corrosion current density (jcorr) measured from
potentiodynamic polarization decreased with increase in phosphorus
content from 10-20 at%P. This suggests an inverse correlation between
the relative work function and corrosion current density among the
EMGs. The binding energy of P, measured using XPS explains the trend
in relative electron work function with increasing phosphorus for both
the Ni-P and Co-P systems. A slight shift in P® peak position was
observed for the Ni-P and Co-P metallic glasses compared to pure
elemental P (red or black phosphorus). Depending on the quantity of
metal (Ni or Co) and their electronegativity, P becomes negatively
charged because of partial covalent bonding between Nizq (or Cogp) and
Pap [72-74]. This shifts the Nizq (or Co 2p) bands away from the Fermi
level (Ep) to higher binding energies while it reduces the P2, binding
energy. The Py, binding energy was slightly lower for NiggP2g (129.4 eV)
and CogpP2o (129.4 eV) compared to NiggP1g (129.6 eV) and CogoP10
(129.7 eV). The lower binding energy of P2, in the metallic glasses with
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higher phosphorus content may be attributed to the higher density of
shared electrons and stronger covalent bonds in these alloys. The
stronger (Co, Ni)-P bond increases the electron work function and makes
charge transfer to adsorbed species more difficult. In sum, for both the
Ni-P and Co-P systems, higher relative work function for the metallic
glasses with larger fraction of phosphorus contributed towards their
greater corrosion resistance and chemical stability.

4. Conclusion

The corrosion behavior and passive film characteristics of model
binary Co-P and Ni-P amorphous alloys were investigated using accel-
erated corrosion tests along with their electron work function using
Scanning Kelvin Probe. The main conclusions are summarized below:

e The higher phosphorus containing alloys showed better corrosion
resistance in both the systems. The corrosion current density of
MgoP2 alloys (NiggPag ~ 1.2 pA/cm? and CogoP2g ~ 0.854 pA/cm?)
was lower by an order of magnitude compared to MgoP1o alloys
(NiggP19 ~ 10.6 pA/cm? and CoggP1g ~ 8.09 pA/cm?). The MgoPa
alloys also showed a large passivation region (NiggP2p ~ 365 mV and
CogoP2o ~ 470 mV) while the MggPp¢ alloys did not show any
passivation. The corrosion potential increased towards nobler values
with increasing phosphorus content, Ni-based EMGs showed an in-
crease of 28 mV (NiggP19 = —327 mV to NiggPsg = —299 mV), and
Co-based EMGs showed an increase of 143 mV (CoggP19 = —422 mV
to CogoP2o = —279 mV). Between the two alloy systems, the Co-
based EMGs showed lower corrosion current, larger passivation re-
gion, and higher polarization resistance, suggesting that the Co-
based alloys are more corrosion resistant compared to the corre-
sponding Ni-based alloys.
EIS results showed that the MgoP29 EMGs had an order of magnitude
higher polarization resistance (NiggPyo ~ 26.07 kohm-cm? and
CogoP20 ~ 58 kohm-cm?) compared to MggP19 EMGs (NiggP19 ~ 2.5
kohm-cm? and CoggP19 ~ 5.55 kohm-cm?). The MgoP29 EMGs
showed recipocal of capacitance values higher by an order of
magnitude and exponent of constant phase element (nq)) values close
to unity, indicating more capacitive nature of the passive film than
for the alloys with the lower phosphorus content.

e XPS spectra for NiggPyy and CoggPoo EMGs at different potentials
indicated the presence of elemental P, hypophosphite, and phos-
phate layers on the surface. The hypophosphite peak intensity
became relatively weaker, and the phosphate peak intensity became
relatively stronger with increasing anodic potentials.

o TEM/APT complementary studies were done for structural charac-
terization of the passive film formed for NigyPog. The SAD pattern
indicated that the passive layer was amorphous. APT composition
profile showed enrichment of phosphorus at the passive layer/base
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Fig. 9. Relative SKP potential (primary y-axis) and corrosion current density (secondary y-axis) as a function of composition for (a) Ni-P and (b) Co-P EMGs and the
corresponding pure metals. The error in SKP potential values is estimated to be + 3%.
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alloy interface and the passivation mechanism dictated by the
impervious and compact hypophosphite layer.

The relative SKP potential (or relative electron work function)
increased by ~ 40% for the Ni-P system and ~ 60% for the Co-P
system with increase in phosphorus content from 10 at%P to 20 at
%P. The lower binding energy of P 2p in the metallic glasses with
higher P content was attributed to the higher density of shared
electrons in the partial covalent bonds in these alloys. The higher
electron work function for the metallic glasses with larger fraction of
phosphorus likely contributed towards their greater corrosion resis-
tance and chemical stability.
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