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This study focuses on the transition metal and metalloid containing advanced amorphous alloys 

possessing excellent corrosion resistance in 1 M NaCl solution. 4 different alloy compositions, including 

base composition and with Ni and/or Co additions, Fe80−x−yNixCoyP13C7, are investigated for their 

electrical characteristics by electrochemical impedance spectroscopy (EIS) and corrosion behavior by 

linear sweep voltammetry. A prolonged characteristic frequency in the Bode phase due to double peak 

formation and the steepest increase in the near-DC region is observed for the Fe60Ni10Co10P13C7. From 

the fitting of the EIS data with R(QR(QR)) circuit model, the lowest capacitance (3.8710–5 S s cm–2) 

and largest resistance (3390 Ω cm–2) are obtained for the same alloy, confirming the highest passivity. 

Low anodic Tafel slope (23 mV dec–1) and corrosion current density (5 µA cm–2) yield a minimal annual 

corrosion rate of 0.08 mm yr–1. Hence, this multi-component metallic glass alloy is foreseen to replace 

other relevant metals due to its enhanced corrosion resistance in a saline environment and cost-effective 

material and production costs. 
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1. INTRODUCTION 

 

In polycrystalline materials, the grain size and shape, number and distribution of phases, and 

structure of the grain boundaries define the electrochemical performance (1-7). With the absence of grain 

boundaries and defects, the amorphous monolithic glasses show pronounced corrosion resistance in a 

variety of environments and time scales (8-16). Among metallic glass (MG) types, because of their high 

abundance, low material costs and significant corrosion resistance, Fe-based metallic glasses are going 

to play an essential role in extreme environments (17-21).  
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The first Fe-P-C MG foil production by Duwez and Lin dates back to 1967 (22). The first 

development of the Fe80P13C7 MG alloy and its structural analysis via TOF neutron scattering was 

performed by Mizoguchi et al. in 1975 (23). Later on, with the inclusion of Ni, Fe80–xNixP13C7 and Fe72–

xNixP13C7 compositions in 1 mm diameter were reported to show ultra-high compressive plasticity and 

appealing magnetic properties (24). Following this, our group has examined the multiscale effects in this 

alloy system using aberration-corrected high-resolution transmission electron microscopy and found that 

the homogenously dispersed nanocrystals of several nanometers and soft/hard regions on micron-scale 

are the main reason for such high plasticity (up to 50%) (25). Fe80−xCoxP13C7 MG alloys were first 

introduced in 1976 by Fujimori et al. (26) as magnetically very soft materials. The first simultaneous 

addition of the transition elements Ni and Co at the expense of Fe (Fe80−x−yNixCoyP13C7) in fully 

amorphous ribbon form and their synergistic impact on thermal, structural and magnetic properties upon 

annealing and/or fluxing was achieved recently by our group (27).  

Although corrosion behavior of FeNi- and FeCo-based MGs in the saline medium was reported 

in the literature (28-35), this is a first-time study that the electrochemical properties of the Fe(Ni,Co)PC 

MG system with metalloid content was investigated. The morphologic, i.e. digital imaging and scanning 

electron microscopy (SEM)), and composition, i.e. energy-dispersive X-ray spectroscopy (EDS), 

analyses of the melt-spun ribbons were conducted. The electrical characteristics of the samples were 

assessed in 1 M NaCl solution at ambient conditions using electrochemical impedance spectroscopy 

(EIS) and a corresponding fit generated by an equivalent circuit model (ECM). The polarization curves 

obtained by linear sweep voltammetry (LSV) enabled to measure the anodic (𝛽a) and cathodic (𝛽c) Tafel 

slopes, corrosion current densities (jcorr), and corrosion potentials (Ecorr). The annual corrosion rate (Vacr) 

calculated from the Tafel slopes and other physical parameters provide a general understanding of the 

influence of Ni and/or Co additions at the expense of Fe.  

 

 

 

2. MATERIALS AND METHODS 

2.1. Melt-spinning of Metallic Glass Ribbons 

The master alloys were prepared out of Co, Fe, and Ni flakes (99.99% purity), FeP pre-alloy 

(99.5% purity) and graphite powder (99.99% purity) under high purity Ar atmosphere by induction 

melting (99.999% purity) using Edmund Bühler GmbH. The ingots were melted three times for 

homogenization. Subsequently, the ingots were heated to 1873 K and kept at this temperature for a few 

minutes under moderate vacuum (10–3 mbar). The melt-spinning was conducted under high purity Ar 

atmosphere with a vacuum of ~510–3 mbar. A gas pressure of 200 bar ejects the molten metal onto a 

rapidly rotating copper wheel. Solidification of the ribbons occurs on the melt spinning wheel with a 

cooling rate of 105-106 K s–1 (36). The meters-long continuous ribbons form by detaching from the 

copper wheel due to the difference in the thermal expansion coefficients. Hereafter, the compositions 

will be denoted as S1: Fe80P13C7, S2: Fe60Co20P13C7, S3: Fe60Ni20P13C7, and S4: Fe60Ni10Co10P13C7.  
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2.2. Scanning Electron Microscopy & Energy Dispersive X-ray & Digital Imaging 

SEM imaging was performed using a Quanta FEG 250 microscope with 10 kV acceleration 

voltage, the working distance of 8.5 mm, and magnification of 5k. The sample dimension of 1.6 mm  

5 mm was used, where the sample was cut by scissor and stuck onto the carbon pad and grounded by 

copper tape to enhance the image quality. Energy-dispersive X-ray analysis was implemented by Zeiss 

LEO 1525 scanning electron microscope (SEM) equipped with an XFlash Detector 6|60 energy-

dispersive X-ray spectroscopy (EDS) unit under 20 kV at a working distance of 10 mm. Digital imaging 

was performed using a 12MP AF sensor camera with a pixel size of 1.4 µm and an F1.5 mode aperture. 

For digital imaging, the ribbons of different compositions were cut to a 4-5 cm length and placed side 

by side for comparison. 

 

2.3. Electrochemical Measurements 

The electrochemical measurements were implemented using a PARSTAT 4000A Potentiostat 

Galvanostat (Princeton Applied Research, USA). Data was obtained via VersaStudio 2.60.6 software. 

The ribbons were cut by scissor to a length of ~2 cm, where one side was coiled by copper tape (Busch 

1799) to fit into the alligator clips (SKS Hirschmann KLEPS 2600) of the working electrode and to 

establish high electrical conductivity. The potentials in the polarization study were given with respect to 

Ag/AgCl reference electrode with saturated KCl solution with a redox potential of +0.197 V vs. a 

standard hydrogen electrode at 25 °C. The counter electrode was a mirror-polished Pt wire (99.9%) of 

0.8 mm diameter. 5 mL 1 M NaCl solution was dissolved in deionized water and purged with argon gas 

for 15 minutes to reduce down the impurities. Prior to the measurements, 15 minutes of waiting time (at 

25°C under atmospheric pressure) was applied. A new solution was used for each measurement. The 

electrochemical impedance spectroscopy (EIS) measurements at open circuit potential (OCP) with an ac 

amplitude of 10 mV were recorded from 1 MHz to 0.01 Hz. The EIS data simulation was performed 

with the electrical equivalent circuit of R(QR(QR)) using ZSimpWin V.3.10, where R and Q represent 

the resistance and constant phase element, respectively. The goodness of the fit (2) lies between 1.5 – 

2.5  102 with low error for individual parameters. Following the EIS-OCP, linear sweep voltammetry 

(LSV) scans were recorded within the same solution from 0.25 V to –0.25 V with respect to OCP at a 

scan rate of 0.167 mV s–1 using a step height of 0.5 mV and step time of 3 s. Tafel fit function of 

VersaStudio 2.60.6 was used to measure the 𝛽c and 𝛽a, corrosion current density jcorr and potential Ecorr. 

The equivalent weight EW of each alloy was calculated from 𝐸𝑊 = 1/ ∑
𝑓i𝑛i

𝑤i
 where fi, ni and wi are mass 

fraction, electrons exchanged, and atomic weight, respectively, of the ith alloying element. The 

theoretical alloy density D was calculated from the equation 
1

𝐷
= ∑

𝑚i 

𝐷i

𝑛
𝑖=1  . Here, 𝐷i is the density and 

𝑚i is the mass fraction of each constituent element within the alloy, where ∑ 𝑚i
𝑛
𝑖=1 = 1. Annual 

corrosion rate, Vacr, was subsequently retrieved from the calculated EW,  jcorr and D parameters. 
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3. RESULTS AND DISCUSSION 

3.1. Compositional and Morphological Analysis  

Table 1 shows the compositional variation between the samples upon Ni and/or Co additions. 

The average width and thickness values and the submerged area used in the EIS and LSV measurements 

are also provided. Figure 1a depicts the digital microscopy images of the produced defect-and pore-free 

ribbons. Surface irregularities such as bumps or scratches occur due to the irregular flow of the molten 

metal upon melt-spinning and the surface roughness of the spinning copper wheel (Figure 1b).  

 

 

Table 1. Compositional analysis of the selected MG ribbons. S1: Fe80P13C7, S2: Fe60Co20P13C7, S3: 

Fe60Ni20P13C7, and S4: Fe60Ni10Co10P13C7. The composition of each component is within ±2 at.%. 

 

Sample 

No 

Fe Ni Co P, C, 

Others 

Width 

(0.1 

mm) 

Thickness 

(µm) 

Submerged 

Area (mm2) 

S1 84 – – 16 1.55 49.7  7.9 2.965 

S2 65 – 22 13 1.82 72.8  16.8 3.105 

S3 66 21 – 13 1.71 41.7  4.0 2.938 

S4 65 10 11 14 1.62 41.0  8.7 2.812 

 

 

 
 

Figure 1. (a) Digital microscope imaging of 4 different ribbon compositions produced by melt spinning. 

(b) SEM imaging of a representative S4 sample. 

 

3.2. Electrochemical Impedance Spectroscopy  

Figure 2a shows the electrochemical impedance spectroscopy (EIS)-Nyquist plot comparison of 

these 4 different compositions. As it can be noticed, S1 has a quite different behavior compared to the 

other 3 compositions. Figure 2a inset depicts that S1 has a semicircle profile with a tail, showing a 

maximum at Zre = 53  cm2 and Zim = 40  cm2. The simulation fit (dashed line) has an acceptable 
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agreement with the measurement profile. With the inclusion of Ni and/or Co, the impedance becomes 

significantly larger. The inclusion of Ni (20 at.%) has a more significant impact on the enlarging of the 

plot compared to Co inclusion  (20 at.%). The inclusion of Ni and Co, each 10 at%, has a synergistic 

effect on the further enlarging of the semicircle with impedance up to an order of 1000  cm2. This 

finding is interesting since Fe, Ni and Co are transition metal elements with almost zero negative heat 

of mixing between two different atom pairs and very similar atomic size. The synergistic effect of these 

elements were previously determined in a variety of fields such as oxygen evolution  (37-39)  and 

hydrogen evolution (40, 41) reactions from the increase in the speed of electron transport possibly due 

to abundance of surface and inner active sites (e.g. free volume between atomic clusters and between 

atoms within the cluster) in the simultaneous Ni and Co additions upon synthesis (42). Since the 

capacitance is inversely related to impedance, S4 shows the most negligible capacitance (see Figure 2b 

and inset). The lowest and highest phase angles were attained for S1 (69.7°) and S3 (78.9°) samples at 

their characteristic frequencies of ~30 Hz (Figure 3a). S2 has a relatively larger frequency range where 

the Bode phase angle, φ, stays above 70°. Hence, the inclusion of Ni increases φ remarkably, whereas 

the increase in φ via Co addition is not as significant. On the other hand, with Ni addition a visible shift 

in the characteristic medium-frequency peak towards larger frequencies was observed. Sample S4’s φ 

vs. f profile resembles that of the S2, but the synergistic effect of Ni and Co yields a dual-peak profile, 

the first one at 71.7° and the second one at 74.5°. This effect also enlarges the region where S4 remains 

above 70° (between 2.5 Hz and 1585 Hz). The Bode magnitude plots show distinct variations, 

particularly in the near-DC range (Figure 3b). The smallest and largest changes in slope in the mid-

frequency range are observed for the S1 and S4 samples, respectively.  

 

 

Table 2. ECM analysis of compositions S1-S4. Rs: solution, R2: charge transfer, and R3: passive oxide – 

MG interface resistance. Constant phase element parameter of Y1: double layer, and Y2: passive 

oxide – MG interface. Constant phase element exponential of n1: double layer, and n2: passive 

oxide – MG interface. χ2: goodness of the fit. 

 

  S1 S2 S3 S4 

Rs/Ω cm2 0.21 0.19 0.20 0.21 

Y1/S sn cm–2 6.5510–3 4.7110–4 8.0510–4 2.310–4 

n1 1 0.7 1 0.77 

R1/Ω cm2 383 1.7 1090 2 

Y2/S sn cm–2 2.4010–3 7.1610–5  9.2410–4 3.8710–5  

n2 0.83 1 0.9048 1 

R2/Ω cm2 141 2680 1400 3390 

Chi squared/χ2 2.4910–2 2.2610–2 3.1710–2 1.5310–2 

 

Table 2 compares the simulation data with a selected Rs(Q1R1(Q2R2)) circuit for 4 different 

compositions. Here, Rs is the solution resistance, including contact resistance between the active 

electrode and its interface, electrolyte resistance, and internal resistance of active electrodes (43). The 

measured Rs values are very small and close to each other, confirming the stability of the electrolyte and 

measurement setup. R1 is the charge transfer resistance, whereas Y1 and n1 are the double layer 
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capacitance parameter and exponent, respectively, of the constant phase element Q1 due to the ion 

interactions on the material surface. R2 the passive oxide layer – metallic glass interface resistance, and 

Y2 and n2 belong to this interface's phase element constant, Q2. 

 

 
 

Figure 2. (a) Nyquist and (b) capacitance plots of S1-S4 measured at OCP from 1 MHz to 0.01 Hz. Zre: 

real and Zim: imaginary part of impedance. Cre: real and Cim: imaginary part of capacitance.  

 

 

The highest Y1 is attained for the S1 sample. R1 value is lowest for S2, followed by S4, and 

highest for S3. Hence, the high Fe content without any Ni or Co addition has lower transport kinetics at 

the electrolyte-electrode interface, but on the other hand, a pronounced double-layer is formed. In 

contrast, a considerable resistance is obtained between the oxide layer and metallic glass ribbon (as 

designated by R2), particularly for S4 and S2 samples with Co content. This passive oxide layer – metallic 
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glass interface has the lowest capacitance of 3.8710–5 S s cm–2 (calculated from 𝐶2 = 𝑌2 × 𝜔𝑚𝑎𝑥
𝑛2−1, 

where 𝜔𝑚𝑎𝑥 is the characteristic frequency obtained from the peak of the semicircle in the Nyquist plot, 

and n2 = 1 (44)) for S4, followed by S2. In a previous paper, our group has shown the existence of a 

natural oxide layer of several nanometers on Fe-Ni-Mo-B metallic glass microfibers produced with 

similar production and vacuum conditions by scanning transmission electron microscopy  (45). Thus, 

the findings show that for the Co-containing alloys, even though an abundance of electron transfer is 

present and the ions can penetrate inside the oxide layer, they are blocked by this oxide layer, and thus 

minimum ionic diffusion and electron transfer occurs at the oxide-metallic glass interface.  

 

  
Figure 3. (a) Bode phase and (b) Bode magnitude plots of S1-S4 measured at OCP from 1 MHz to 0.01 

Hz. Φ: phase angle, f: applied frequency, |𝑍| = √𝑍𝑟𝑒
2 + 𝑍𝑖𝑚

2. 
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3.3. Potentiodynamic Corrosion Test  

Figure 4 shows the potentiodynamic polarization behavior of 4 different types of metallic glass 

ribbons. By Co inclusion, pronounced shifts from negative to positive values are observed. Besides, the 

corrosion current density, jcorr, decreases to 10–8 A cm–2 level by the co-inclusion of Co and Ni at the 

expense of Fe.  

 
Figure 4. Potentiodynamic polarization curves of the considered alloys at a scan rate of 0.167 mV s–1 

vs. Ag/AgCl (KCl sat.) reference electrode. The dashed lines are the anodic and cathodic Tafel 

fits, whereas the dotted vertical lines indicate the intersection points of these fitting lines 

corresponding to corrosion current density, jcorr, and corrosion potential, Ecorr.  

 

 

Table 3 depicts the parameters taken from the Tafel fit measurements and materials intrinsic 

properties. The average corrosion rate, Vacr (micrometer per year, µm yr–1), is calculated from eq. 1 (46): 

𝑉𝑎𝑐𝑟 =  
3.27 × 𝑗𝑐𝑜𝑟𝑟 × 𝐸𝑊

𝐷
 ,                                                                                                                     (1) 

where jcorr has units of µA cm–2, EW is the equivalent weight, and D is the theoretical density of 

alloy. The highest annual corrosion rate is observed for the S1 sample with no Ni and Co addition (4.8 

mm yr–1).  
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Table 3. Comparison of different HEAs. D: theoretical alloy density, EW: the equivalent weight of the 

alloys, 𝛽𝑎: anodic beta constant, 𝛽𝑐: cathodic beta constant, Ecorr: corrosion potential, jcorr: 

exchange current density, Vacr: average corrosion rate. Errors of 𝛽𝑎 and 𝛽𝑐 are within ±3 mV dec–

1, whereas errors of Ecorr and jcorr are within ±2 mV and ±1 µA cm–2, respectively. 

 
Composition D (g cm–3) EW (-) 𝜷𝒂 (mV dec–1) 𝜷𝒄 (mV dec–1) Ecorr (mV) jcorr (µA cm–2) Vacr (mm yr–1) 

Fe80P13C7 (S1) 6.005 30.96 43 289 −424 285 4.80 

Fe60Co20P13C7 (S2) 6.145 31.35 25 324 29 38 0.63 

Fe60Ni20P13C7 (S3) 6.149 31.32 38 360 −178 158 2.63 

Fe60Ni10Co10P13C7 (S4) 6.147 31.34 23 158 53 5 0.08 

 

The addition of only Ni makes a slight improvement (2.63 mm yr–1), whereas only Co addition 

improves the corrosion resistance significantly (0.63 mm yr–1). A low corrosion rate down to 0.08 mm 

yr–1 is attained by the concomitant addition of Ni and Co. The annual corrosion rate obtained from the 

potentiodynamic polarization test shows that sample S4 performs better than 316L stainless steel at 

similar NaCl concentrations (47). Furthermore, Vacr of the S4 sample is comparable or smaller than 

calculated for different steels, i.e. immersing API X120 in 3.5 wt% NaCl solution (48), immersing API 

5L X65, and other similarly micro-alloyed steels in 1-10 wt.% NaCl solution (49), or cyclic corrosion 

tests of YS460 MPa grade in 5 wt.% NaCl solution (50).  

 

 

4. CONCLUSIONS 

This study examines the influence of the Ni and/or Co inclusion as the second (and third) element 

on the electrochemical behavior and corrosion properties. Overall, the results indicate that the sample’s 

resistance and capacitance can be tuned by a moderate amount of Ni and Co additions. High corrosion 

stability, particularly for the S4 and S2 samples, is attributed to relatively higher resistance and lower 

capacitance at the metal oxide – metallic glass interface, yielding a barrier towards the passage of ions 

into the metallic glass. An appearance of a second peak in the Bode phase graph causing the enlargement 

of the characteristic mid-frequency region and the steepest change in the slope towards the near-DC 

range in the Bode magnitude plots are observed for the S4 sample with simultaneous Co and Ni addition. 

Furthermore, the findings from the Tafel fitting again corroborate the synergistic effect of the 

simultaneous Fe and Co addition. Very small jcorr (5 µA cm–2) and 𝛽𝑎 (23 mV dec–1) is observed for the 

S4 sample, where more energy is necessary for the initiation of corrosion since Ecorr of S4 shifts towards 

larger potentials. The corresponding annual corrosion rate estimated for this sample is 0.08 mm yr–1, 

outperforming many of the conventionally used steel types characterized under similar conditions. 

Hence, this study is expected to provide a guideline for developing and assessing novel amorphous Fe-

based glasses and other Fe-containing crystalline alloys with multiple metallic elements.  
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