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A B S T R A C T   

Multi-principal element alloys have the potential to show excellent passivation behavior. However, the detailed 
compositional and crystal structure design of these alloys requires a high-throughput strategy. We used 
combinatorial thin-film libraries of single-phase (FeCoNi)1-x-yCrxAly alloys and compared their passivation be
haviors to corresponding bulk alloys. Our results demonstrate that the detailed passivation behaviors of thin- 
films and bulk alloys are different which is related to both nanoscale porosity within the thin-films and grain 
boundary dissolution. Nevertheless, we found that comparisons made among suitably designed sets of thin-film 
alloys can be used to determine the best corrosion performing bulk alloy composition.   

1. Introduction 

Multi-principal element alloys (MPEAs) have recently attracted sig
nificant attention due to their promising mechanical behavior [1–3], 
corrosion performance [4,5], and high temperature oxidation resistance 
[6]. While the emergence of these alloy classes initially focused on 
equiatomic systems with 4–5 components [3,7,8], MPEAs now occupy a 
much broader composition space with an emphasis on alloying equia
tomic base MPEAs with off-equiatomic amounts of other elements. Such 
an approach allows for tuning alloy properties with the addition or 
removal of relatively dilute amounts of different elements. As it pertains 
to the study and design of corrosion-resistant alloys, the main emphasis 
has involved selectively alloying a base multi-component alloy with 
known passivating elements such as Cr, Al, Ti, and Si [4,9–15]. With 
such complex alloy compositions, the interplay between the passivating 
components and the overall electrochemical behavior of the alloy has 
yielded intricate aqueous passivation processes that are not yet fully 

understood. 
The effect of Cr and Al on the primary and complete passivation 

behaviors of binary alloys has been investigated in both sulfate and 
chloride environments [16–20]. Herein, primary passivation refers to 
the initial stage of the passivation process involving O2- incorporation 
into about top 1–3 monolayers of the alloy surface and occurring over 
time scales less than one second [16,21]. Complete passivation corre
sponds to the development of a thicker passive film of order a few 
nanometers which occurs over time scales of many minutes to hours. 
The effect of Al on binary Fe1-y Aly (throughout this manuscript, alloy 
subscripts refer to mole fractions) alloys is complex, where an increase 
in Al content was shown to have a minimal effect on the passivation 
behavior of the binary alloy until the concentration exceeded a mole 
fraction of about 0.20 [17,19,20]. While these results show that an in
crease in these components can improve passivation behavior, their 
addition in larger relative quantities does not guarantee a proportional 
increase in performance. 
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With regard to the effect of larger amounts of Cr in “Cantor-type” 
MPEAs (e.g., FeCoNi or MnFeCoNi), Chai and Pan examined the 
passivation behavior of the equiatomic ternary FeCoNi alloy with Cr 
additions of 0.143 and 0.25 mol fraction [22]. The (FeCoNi)0.858Cr0.143 
alloy exhibited superior performance in both sulfate and chloride elec
trolytes, while the equiatomic FeCoNiCr alloy did not perform as well 
due to the formation of a Cr-containing second phase. The presence of an 
electrochemically active element such as Mn can affect the efficiency of 
the primary passivation process [23]. Luo et al. compared the corrosion 
resistance of an equiatomic CoCrFeMnNi to that of 304L stainless steel 
[24]. They found 304L displayed superior passivation performance, and 
we suggest that this was likely a result of the high concentration of Mn in 
the equiatomic alloy. 

Alloying Al in Cantor-type MPEAs leads to even more complex be
haviors. Generally, Al concentrations larger than a mole fraction of 
about 0.08 results in the formation of secondary phases such as the NiAl 
B2 phase in the surrounding FCC matrix [25]. The impact of this 
microstructural change on corrosion performance has been measured 
directly by Yen et al. who electrochemically tested heat treated equia
tomic AlCoCrFeNi alloys in a sulfate environment and found the B2 
phase preferentially corroded, with respect to the surrounding FCC 
matrix [26]. This adverse effect was further exacerbated in chloride 
containing electrolytes, where increased Al concentrations in 
CoCrFeMnNi-Al alloys decreased the alloy’s corrosion resistance and 
resulted in pitting. The unfavorable effect of Al additions on the corro
sion performance of non-equiatomic Cr0.24Fe 0.38Mn0.25Ni 0.13 alloys was 
further highlighted by Lee et al. who observed an increase in both the icrit 
and ipass, the critical current density and the passive current density 
respectively, with increasing Al concentration [27]. 

Previous research has explored how alloy thin-films can be electro
chemically tested to unravel the effect of composition and crystal 
structure on corrosion behavior using high-throughput methodologies 
[28]. These methods have been used to evaluate a number of corrosion 
-related issues including but not limited to, corrosion inhibitors [29,30], 
dielectric properties [31], anodization [32,33] and anisotropic dissolu
tion [34]. Herein we focus on the use of these thin-films as a surrogate 
for screening bulk alloys. These approaches use gradient metallic 
thin-film alloys, produced by vacuum deposition processes such as 
evaporation or sputtering, which results in a compositional gradient 
across a substrate of order a few atomic percent per centimeter [32–34]. 
This method can be used to rapidly screen a large number of crystal 
structures and compositions for different behaviors relevant to 
corrosion. 

In this manuscript, we used a high-throughput technique to examine 
whether MPEA thin-film aqueous passivation metrics can be used to 
down-select the crystal structures and compositions yielding the best 
passivation behavior of corresponding bulk alloys. We chose to explore 
the behavior of (FeCoNi)1-x-yCrxAly alloys over a large composition 
space, using thin-film combinatorial library (CL) wafers with composi
tional gradients. Electrochemical measurements across two (FeCoNi)1-x- 

yCrxAly combinatorial-library wafers, containing both single-phase and 
multi-phase regions, were made using a custom flowing scanning 
droplet cell (SDC) [35–37]. The SDC allowed us to electrochemically 
characterize selected 4 mm diameter “spots” on the 76 mm diameter 
combinatorial wafers. The electrolyte used in all of the experiments was 
0.10 mol/L H2SO4. Electrochemical characterizations of selected spots 
occurred sequentially by first determining the impedance modulus, | 
Z|OCP, of the air-formed film in the electrolyte, after which the film was 
cathodically reduced prior to the initiation of linear sweep voltammetry 
(LSV). The relative variations in passivation performance across the 
single-phase CL wafer regions were then directly compared against a set 
of corresponding induction-melted bulk (FeCoNi)1-x-yCrxAly (x =

0.04–0.10, and y fixed at 0.03 or 0.06) alloys and a single composition, 
single-phase (FeCoNi)0.84Cr0.10Al0.06 thin-film alloy following similar 
protocols. Significant differences in the passivation behaviors were 
observed among CL wafer spots, the bulk alloys and the single 

composition thin-film alloy, as a result of the porosity and intergranular 
corrosion in the thin-film alloys. The microstructure of the (FeCo
Ni)0.84Cr0.10Al0.06 alloy thin-film and its bulk counterpart was charac
terized to further explore the morphological variations between formats. 
The composition of the grain interiors and grain boundaries in the single 
composition (FeCoNi)0.84Cr0.10Al0.06 thin-film was characterized with 
STEM-EDS. 

2. Methods 

2.1. Combinatorial library wafer deposition 

Two continuous gradient (FeCoNi)1-x-yCrxAly thin-film combinatorial 
libraries (CL) wafers were synthesized by co-sputtering from three non- 
coincident magnetron sources onto 76 mm Si wafers with a thermally 
grown SiO2 layer. The alloys were sputtered from a set of metallic tar
gets: Cr, Al, and Fe0.33Co0.33Ni0.33, each with purities of better than 
99.9 %. Cr was sputtered at 23 W/cm2 RF and Al at 14 W/ cm2 DC. The 
DC sputtering power for the alloy target was altered between the two 
library wafers at 58 W/ cm2 and 92 W/ cm2, respectively. Before 
deposition, the base pressure of the chamber was 4.5 µPa. During 
deposition, the chamber was filled with Ar (> 99.99 % purity), such that 
the chamber pressure had a background of approximately 930 mPa. 
After deposition, the wafers were annealed under vacuum at 600 ◦C for 
8 h. Supplementary Table S1 lists the crystal structures and composi
tions of selected wafer spots. 

2.2. Bulk (FeCoNi)-Cr-Al alloy preparation 

A set of bulk (FeCoNi)1-x-yCrxAly samples, x, and y are in mole frac
tions (x = 0.04–0.10, y = 0.03–0.06), were prepared by arc melting 
using pure elements: 99.95 % Fe, 99.95 % Co, 99.995 % Ni, 99.99 % Al 
and 99.95 % Cr (Kurt J. Lesker Company†). To make a direct comparison 
to the thin-film samples, an additional bulk (FeCoNi)0.84Cr0.10Al0.06 
alloy sample, using high purity metals (> 99.95 %, Neyco), was pre
pared by induction melting in a water-cooled copper crucible under a He 
atmosphere with a 50 kW power source at a frequency of 150 kHz. All as- 
cast samples were then encapsulated in quartz tubes with a forming gas 
(95 % Ar + 5 % H2) and Ta foil getter. Each alloy button was then ho
mogenized at 1000 ◦C for 48 h and quenched into an ice water bath, 
where the quenching process was expedited by smashing the quartz 
tube. Before electrochemical characterization, each bulk alloy surface 
was polished with a diamond suspensions to a 1 µm finish. Table S1 lists 
the crystal structure and composition of these bulk alloys. 

2.3. Single-composition thin-film preparation 

A non-combinatorial single-composition (FeCoNi)1-x-yCrxAly thin- 
film was sputter deposited on a 200 µm thick, 100 mm diameter Si 
(001) wafer using an AJA Orion 5 sputtering system, yielding a 750 nm 
thick film. Ni (purity 99.995 %.), Fe (purity 99.95 %), and Co (purity 
99.95 %) were deposited at 2.51 W/cm2, 4.04 W/cm2, and 3.35 W/cm2, 
respectively, using DC power supplies whereas Al (purity 99.999 %) and 
Cr (purity 99.95 %) were deposited at 2.46 W/cm2 and 2.66 W/cm2, 
respectively, using RF power supplies. The deposition rates were 
determined using a crystal thickness monitor. The deposition rate of Ni, 
Fe, Cr, Al, and Co was 2.9 nm/min, 3 nm/min, 1.4 nm/min, 1 nm/min, 
and 2.9 nm/min, respectively. The base pressure of the chamber before 
deposition was less than 6.6 × 10−6 Pa. The deposition was performed at 

† Certain equipment, instruments, software, or materials are identified in this 
paper in order to specify the experimental procedure adequately. Such identi
fication is not intended to imply recommendation or endorsement of any 
product or service, nor is it intended to imply that the materials or equipment 
identified are necessarily the best available for the purpose. 
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0.4 Pa Ar pressure and the substrate was rotated during deposition at 
40 rpm to achieve uniformity in film thickness across the substrate. 
Table S1 lists the crystal structure and composition of the thin-film. 

2.4. X-ray diffraction analysis of alloy samples 

The crystal structure of the CL wafers was measured using X-ray 
diffraction at the Stanford Synchrotron Radiation Light Source beamline 
1–5. Diffraction patterns of 177 alloy spots on each CL wafter were 
collected using a fixed near-grazing incidence angle and an area detec
tor. After measurement, the diffraction data were analyzed using Com
biView and reference structures from the Materials Project database 
[37] A peer review classification process as described by 
Hattrick-Simpers et al. [38] was followed and is discussed in greater 
detail in [39]. 

Diffraction data on the bulk and single-composition thin-film alloys 
were collected on a Malvern PANalytical Empyrean diffractometer as 
shown in Supplementary material Fig. S1. Diffraction was measured 
using Cu Kα radiation with a source excitation voltage of 45 kV and a 
current of 40 mA and scans were performed with a scan rate of 3º/min 
over a 2θ scanning range of 20–120º. An area scan was used for these 
samples to reduce the effects that texture may have had on peak in
tensity ratios. Due to the presence of Fe and Co, which fluoresce under 
Cu radiation, the proportional height detection levels of the detector 
were adjusted to have a range of 50–75 % to reduce the background 
radiation and better uncover diffracted intensity peaks. The diffraction 
data shown in Fig. S1 were stripped of Kα2 peaks, in post-processing. 

2.5. Compositional analysis of alloy samples 

The composition of each spot on the combinatorial wafer was 
measured using x-ray fluorescence (XRF) across a grid of 177 spots using 
a Bruker M4 Tornado, and analyzed by Crossroads XRS-MTFFP software 
using a standards-based thin-film analysis. The compositions of both the 
bulk and single-composition thin-film alloy samples were confirmed 
using a Helios UC G4 SEM equipped with energy-dispersive spectros
copy (EDS) and analyzed using the AzTec software. The compositions of 
these samples are provided in Table S1. The compositional variation 
across a single alloy spot was less than 2 at%. 

2.6. Grain structure measurements of thin-film and bulk samples 

As shown in Fig. S2, the grain structure and grain size distribution of 
the non-combinatorial single composition (FeCoNi)0.84Cr0.10Al0.06 thin- 
film sample was characterized using scanning transmission electron 
microscopy (STEM). Lift outs of the sample were prepared with a Helios 
UC G4 focused ion beam system using a field emission electron source. 
STEM micrographs and elemental distribution maps were acquired from 
these lift outs with EDS, in cross section, using a probe-corrected Thermo 
Fisher Scientific Themis Z STEM operating at 200 kV. A Super X EDX 
system is used in combination with a high-angle annular dark field de
tector for imaging. The grain structure of the bulk (FeCo
Ni)0.84Cr0.10Al0.06 sample was measured using a Quanta 650 scanning 
electron microscope (SEM) using a circular backscatter (CBS) detector. 
Before imaging, the bulk sample was polished to a 1 µm finish and then 
ion-polished for 12 minutes to provide high contrast between individual 
grains. ImageJ was used to measure the grain sizes on both the thin-film 
and bulk samples, as shown in Supplementary Figs. S3 and S4. 

2.7. Microstructural analyses of CL thin-films 

SEM analysis of corroded and uncorroded CL thin-film surfaces was 
performed using a Thermo Fisher Scientific Helios UC G4 scanning 
electron microscope SEM in the secondary electron mode using a 20 kV 
accelerating voltage, beam current of 3.2 nA, and a dwell time of 1 µs. 

2.8. Aqueous passivation behavior of thin-film and bulk samples 

The (FeCoNi)1-x-yCrxAly CL wafers were electrochemically charac
terized using a modified Ametek scanning droplet cell (SDC) described 
in Joress et al. [37]. It consisted of a commercial saturated Ag/AgCl 
reference electrode (E = + 197 mV vs. SHE, standard hydrogen elec
trode), and Pt wire counter electrode in a deaerated (high purity N2 gas) 
0.10 mol/L H2SO4 electrolyte. The bulk alloys and single-composition 
thin-films were characterized using a conventional flat three-electrode 
electrochemical cell comprised of a mercury/mercurous sulfate refer
ence electrode (E = +640 mV vs. SHE), a Pt mesh counter electrode, and 
the bulk or thin-film alloy samples as working electrodes. A Gamry 
Interface 1000 potentiostat was used. 

The same electrochemical protocol was followed for all samples as 
described here. The open circuit potential (OCP) was measured for 
1800 s, followed by electrochemical impedance spectroscopy (EIS) at 
OCP using a 20 mV (RMS) amplitude AC signal from 100 kHz to 10 mHz 
recording 5 points per decade change in frequency. Subsequently, the 
native air-formed oxide was cathodically reduced by applying a series of 
potentials (vs. SHE): (i) − 0.76 V for 300 s, (ii) − 1.26 V for 3 s, (iii) −
0.76 V for 60 s, and (iv) − 0.36 V for 10 s, while using N2 gas to remove 
any bubbles from the surface of the sample surface. After an OCP mea
surement for 10 s, LSV was performed from − 0.1 V vs. OCP to 1.0 V at a 
scan rate of 5 mV/s. For comparing the alloy re-passivated film 
impedance at + 600 mV, the single composition thin-film and bulk alloy 
surfaces were cathodically reduced to remove the air-formed film 
following the reduction protocol described above. The surface was then 
potentiostatically held at + 600 mV for 1800s to perform an EIS mea
surement using a 20 mV (RMS) AC signal from 100 kHz to 10 mHz 
recording 5 points per decade change in frequency. During the 1800 s 
potentiostatic hold, an AC signal of amplitude 20 mV (RMS) and fre
quency of 5 Hz, was used to characterize the film formation and growth 
behavior using chronoamperometry and imaginary impedance, Zimag. 
Based on our experience, we estimate the uncertainty (2 standard de
viations) to be ± 10 µA/cm2 for ipass and icrit. For |Z|OCP we estimate it to 
be ± 10 Ω⋅cm and ± 100 Ω⋅cm2 for values smaller and larger than 1000 
Ω⋅cm2, respectively. 

3. Results 

Prior to electrochemical measurements, as shown in Fig. 1, each 
region of the 

(FeCoNi)1-x-yCrxAly combinatorial library (CL) wafers (x and y are in 
mole fraction) was characterized by both their composition and crystal 
structure using XRF and synchrotron XRD. Figs. 1A and 1B show a map 
of the individual spots on the wafers (177 on each wafer) that were 
identified by their respective crystal structures, labeled as FCC (F), FCC 
+ BCC (FB), and FCC + BCC + B2 (FBB2) (see Table S1). The gradient 
composition of both wafers led to a wide compositional range. As shown 
in Fig. 1C, all data points were plotted on a partial pseudo-ternary phase 
diagram. The Crx and Aly content in the CL wafers varied over the 
approximate range of x = 0.05–0.20 and y = 0.05–0.30, while the Fe, 
Co, and Ni compositions were roughly equimolar, with each species 
having a mole fraction of 0.20–0.30. 

Once the structural and compositional analysis of the CL wafers was 
determined, aqueous electrochemical measurements were made using a 
SDC following the sequence outlined in the Methods section above. Fifty 
SDC measurements were made across the two wafers, and we analyzed 
20 of these spots in detail. These particular spots were chosen since they 
had compositions close to that of the bulk alloys that we examined. The 
LSV and EIS data are plotted on a pseudo-ternary phase diagrams in  
Fig. 2 to highlight the differences in the electrochemical passivation for 
both single-phase and multi-phase alloy wafer spots. Measured |Z|OCP 
values of the aged electrolyte exposed air-formed film are shown in 
Fig. 2A, which ranged from about 0.8 kΩ⋅cm2 to 150 kΩ⋅cm2. After the 
EIS measurement at OCP, the air-formed film was cathodically reduced 
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and LSV was measured across the (FeCoNi)1-x-yCrxAly wafer alloy sur
face. These measurements were also used to determine using linear 
polarization resistance (LPR) measurements as shown in Fig. 2B [40]. 
The critical current density for passivation, icrit, and the passive current 
density, ipass, obtained from LSV are plotted in Figs. 2C and 2D and were 
found to vary from 100 µA/cm2 to 3200 µA/cm2 and 100 µA/cm2 to 
2600 µA/cm2, respectively, depending on alloy composition. The EIS 
data revealed two general trends: first, the impedance modulus of the air 
formed film increases with the Cr + Al content in the alloy and second, 
the single-phase alloy regions have higher relative impedance values 
than the multi-phase alloy regions. 

The voltammetry data (LPR, icrit and ipass) show similar trends, with a 
maximum in polarization resistance and a minimum in the critical 
current densities for single phase regions with higher Cr + Al compo
sitions. Electrochemical LPR, as well as icrit and ipass parameters of all 
individual spots tested are plotted with respect to |Z|OCP as shown in  

Fig. 3. The plot highlights the trend that |Z|OCP correlates with a lower 
icrit, ipass and higher LPR values, which is in good agreement with our 
previous results [39], and provides further insight that relative trends in 
|Z|OCP across single-phase and multi-phase regions are valuable as a 
high-throughput approach for identifying the composition(s) showing 
the best passivation behavior. 

Fig. 4A presents the SDC LSV characterizations of (FeCoNi)1-x-yCrxAly 
CL alloy wafer spots. For these spots, the (FeCoNi) content was roughly 
equiatomic and the Cr and Al contents ranged between x = 0.08–0.17 
and y = 0.06–0.19. These data show that an increase in the Cr + Al 
content generally resulted in a decreased icrit from 600 µA/cm2 to 
50 µA/cm2 and a lower ipass ranging from 150 µA/cm2 to 40 µA/cm2. In 
order to understand differences in passivation performance between the 
CL wafers and bulk alloys, Fig. 4B compares the single composition 
(FeCoNi)0.84Cr0.10Al0.06 thin-film (dashed-red line) LSV data to the set of 
induction-melted bulk (FeCoNi)1-x-yCrxAly alloys, where the Cr content 

Fig. 1. Compositions and crystal structures of the combinatorial library wafers. XRD at each spot on the wafer was measured and is displayed as coordinate 
maps in (A) and (B). These spots are plotted on a pseudo-ternary phase diagram in (C) as a function of composition. The FCC, FCC + BCC, and FCC + BCC + B2 (see 
Table S1) are represented by green diamonds, blue triangles, and orange circles, respectively. 

Fig. 2. Scanning droplet cell results on CL wafers. EIS measurements at OCP were taken prior to reduction of the air-formed film. (A) |Z|OCP of the impedance at 
0.01 Hz. (B) After the reduction of the air-formed oxide, LPR was measured. (C) LSV determination of the critical current density for passivation, icrit and (D) passive 
current density, ipass, at + 0.6 V vs. SHE. 
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varied from x = 0.04 to 0.10 and the Al content was fixed at y = 0.03 or y 
= 0.06. This shows that the thin-film displays a corrosion potential that 
is shifted by about − 50 mV with that of the bulk alloys suggesting a 
more actively corroding surface. The bulk alloy at the same nominal 
composition as the thin-film displays both a lower icrit and ipass value 
indicating better passivation. behavior. Fig. 4C compares the LSV of two 
CL thin-film spots Fe0.24Co0.30Ni0.27Cr0.10Al0.09 and Fe0.25Co0.30

Ni0.28Cr0.09Al0.08) to both the single composition thin-film and bulk 

alloy of the same nominal composition, (FeCoNi)0.84Cr0.10Al0.06. These 
two CL spots are at compositions closest to the (FeCoNi)0.84Cr0.10Al0.06 
composition of the bulk alloy and single composition thin-film. The data 
shows that the corrosion potentials of these CL spots are shifted by about 
+ 100 mV with respect to that of the bulk alloy, indicating poorer 
corrosion resistance. Additionally the separation in current density be
tween icrit and ipass of the CL spots is only about 25 µA/cm2 at + 200 mV. 
The passive current density for the CL spots increases with increasing 

Fig. 3. Electrochemical passivation metrics. (A) icrit and ipass vs. |Z|OCP (B) linear polarization resistance (LPR) after cathodic reduction of air-formed oxide.  

Fig. 4. LSV in 0.10 mol/L H2SO4 at 5 mV/s. (A) the CL wafer at the indicated (FeCoNi)1-x-yCrxAly compositions. (B) bulk (FeCoNi)1-x-yCrxAly (solid red lines) and 
single composition (FeCoNi)0.84Cr0.10Al0.06 thin-film (dashed-red line). The curves in (B) are averaged from three experimental runs. All compositions marked on the 
figures are in mole fractions. The thin-dashed vertical black line at 600 mV indicates the voltage step applied during EIS (Fig. 5).(C) Comparisons of the bulk 
(FeCoNi)0.84Cr0.10Al0.06 alloy, single composition (FeCoNi)0.84Cr0.10Al0.06 thin-film alloy and CL wafer spots at the compositions of Fe0.244Co0.295Ni0.264Cr0.104Al0.093 
and Fe0.254Co0.309Ni0.273Cr0.087Al0.077.. 

Fig. 5. EIS measurements. Data for the induction-melted bulk and single composition thin-film (FeCoNi)0.84Cr0.10Al0.06 alloys. (A) OCP and (B) at + 600 mV SHE 
after a potentiostatic hold of 1800 s, in deaerated 0.10 mol/L H2SO4. (C) Current density (dash) and imaginary impedance (dash-dot) transients of bulk and thin-film 
obtained during the potentiostatic hold at + 600 mV for 1800 s. At OCP, the EIS represents the performance of the air-formed oxide after 1800 s while at + 600 mV 
represents reduction of the air formed oxide and subsequent passive film formation in the electrolyte. 
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potential and at + 700 mV it is equal to icrit. This behavior of ipass is not 
observed for either the single composition thin-film or the bulk alloy. We 
suggest that these differences may result from the larger Al concentra
tions in the CL wafer spots. 

To better understand the differences in the passivation behaviors of 
bulk vs. thin-film samples, additional electrochemical testing was per
formed. Fig. 5A shows the comparative results of the single composition 
(FeCoNi)0.84Cr0.10Al0.06 thin-film and induction-melted bulk (FeCo
Ni)0.84Cr0.10Al0.06 alloy. After 1800 s at OCP, the air-formed oxide of the 
thin-film showed a lower impedance of 0.15 kΩ⋅cm2, compared to 1.5 
kΩ⋅cm2 of the bulk alloy at 10 mHz. For the re-passivated film (after 
cathodic reduction) at + 600 mV vs. SHE, the thin-film and bulk samples 
showed an impedance of 100 kΩcm2 and 200 kΩ⋅cm2 respectively as 
shown in Fig. 5B. The solution formed oxides showed a higher imped
ance compared to the air-formed oxides for both samples while main
taining the same trend of poorer passivation performance metrics for the 
thin-film. The current density and − Zimag transients shown in Fig. 5C, 
describe the formation and thickening of the passive film formed in the 
electrolyte, where − Zimag is a measure of the capacitance and is pro
portional to oxide thickness [8,41]. At time scales below 1 s both bulk 
and thin-film alloys show a small − Zimag, suggesting minimal coverage 
of passive film. With time, as the film grows there is an increase in the 
impedance; the rate of increase is higher for the bulk alloy compared to 
that of the thin-film. This suggests faster oxide film coverage and growth 
occurring on the bulk alloy surface. Chronoamperometry at + 600 mV 
vs. SHE (Fig. 5C) for both the thin-film and bulk sample show expo
nentially decreasing behavior. 

4. Discussion 

Both the CL thin-films and the single phase (FeCoNi)0.84Cr0.10Al0.06 
film contain significant levels of grain boundary porosity that affect 
passivation behaviors. Fig. 6 shows the typical surface morphology of a 
FCC single-phase CL spot of composition, (FeCoNi)0.45Cr0.30Al0.25, from 
an earlier set of CL depositions [39]. The total area fraction of grain 
porosity prior to electrochemical exposure had a mean value of 0.12 ±
0.03 (standard deviation) which did not vary in a statistically relevant 
manner following passivation. 

The surface morphology of the single composition (FeCo
Ni)0.84Cr0.10Al0.06 thin-film sample surface was also characterized 
before electrochemical exposure as shown in Fig. 7A and following 
passivation, Fig. 7B. Fig. 7A and shows that the thin-film surface con
tains nanometer-scale grains, which can be seen more clearly in the 
image inset. After LSV, localized dissolution at the grain boundaries of 
this sample is observed. 

Fig. 8 shows a STEM lift-out taken in order to obtain higher- 
resolution information about the composition and grain structure of 
the thin-film sample in cross-section. Fig. 8A is a high-angle annular 
dark-field (HAADF) image showing that it mostly comprises grains a few 

tens of nanometers in size. Fig. 8B shows a STEM-EDS line scan, 
revealing negligible compositional differences between the grain 
boundaries and grain interiors. The black line in the line profile shows 
the grayscale intensity from the image, where the sharp decreases in 
intensity (marked with arrows) are the location of grain boundaries. The 
compositional maps in Figs. 8C and 8D are also provided, further 
highlighting the compositional homogeneity across the film. These data 
suggest the preferential dissolution observed at the grain boundaries of 
the thin-film sample is likely caused by intergranular corrosion [42–45]. 
This behavior is a result of the lower nearest-neighbor coordination of 
atoms at a grain boundary compared to the grain interior. Different 
grain facets can corrode and repassivate at different rates depending on 
their surface orientation [46]. 

Fig. S4 highlights the dissimilar grain boundary density and grain 
size between the bulk and single composition (FeCoNi)0.84 Cr0.10Al0.06 
samples. The grain structure of the bulk reveals a columnar-type grain 
structure resulting from dendritic grain growth during solidification [47, 
48]. The linear grain boundary density for the bulk sample was deter
mined to be on average 3 per millimeter (major axis) and 10 per milli
meter (minor axis), reflecting the aspect ratio of the columnar grain 
structure. The grain size of the thin-film sample is in the range of 
10–20 nm and the linear grain boundary density is about 60,000 per 
millimeter. 

The CL wafers showed differences in passivation behavior due to the 
variation in composition and structure across the wafer grid (Fig. 1). The 
single-phase regions on the CL wafers classified as F, outperformed 
multi-phase regions FB and FBB2 in this order as shown in Fig. 2. The 
poor performance in the multi-phase samples can be attributed to the 
loss of Al and Cr from the FCC matrix to a Cr rich BCC and Al rich (B2 
type) intermetallic second phase [25]. This depletes the FCC matrix of Cr 
in FB alloys and both Cr and Al in FBB2 alloys. The SDC data across these 
wafer spots shows the passivation performance of the single-phase CL 
wafer spots improves as the Cr + Al content increases; an expected trend 
that highlights this method’s reliability in predicting alloy compositions 
that display good passivation behavior. However, MPEA thin-films often 
include metastable phases and tend towards non-equilibrium structures. 
In particular, some of these single-phase spots with high Al contents (e.g. 
Cr0.13Al0.19 and Cr0.17Al0.13) would likely contain multiple phases in a 
bulk alloys synthesized with the same processing conditions used here 
[49]; the likely B2 secondary phase would lead to a reduction of the 
overall corrosion performance. The propensity of sputtering to create 
these non-equilibrium materials is therefore both a drawback and 
advantage of the thin-film based screening approach: The thin-film 
properties may not match bulk due to variation in phase composition, 
but these more exotic phases may elucidate new corrosion behaviors or 
provide promising new research targets for bulk alloy processing. 

Electrochemical metrics of the single-phase CL wafer spots were 
compared against bulk alloys with similar Cr + Al concentrations and 
showed qualitatively similar trends with respect to their bulk 

Fig. 6. SEMs of the surface morphology showing grain boundary porosity of the (FeCoNi)0.45Cr0.30Al0.25 spot on a CL wafer that has an average grain size 
of 30 nm. (A) prior to electrochemical exposure and (B) reduction of the air formed film and subsequent passive film formation in the electrolyte at + 600 mV SHE. 
Note that not all the grain boundaries developed porosity. 
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counterparts, (Fig. 4.). However, quantitative differences are apparent, 
as highlighted by the deviations in both the current densities and the 
voltages identifying the locations icrit and ipass. The (FeCo
Ni)0.84Cr0.10Al0.06 thin-film sample, when compared directly to its bulk 
counterpart, substantiates this finding. These differences are a conse
quence of the differences in grain boundary porosity, grain size and 
corresponding grain boundary dissolution of these thin-film and bulk 
alloy samples. Overall, these data show the of using alloy thin-films and 
CL wafers to rapidly compare and explore “relative” global electro
chemical trends within a wide compositional (and potentially process
ing) space. However, it is clear that the passivation behavior of thin-film 
alloys is quantitatively different than bulk alloys of similar composition, 
indicating the need to validate and benchmark these trends with bulk 
samples. 

5. Conclusions 

We investigated a combinatorial library alloy wafer approach, con
taining 177 alloy spots comprised of a range of different compositions 
and crystal structures. The structures varied from FCC to FCC+BCC to 
FCC+BCC+B2 depending on composition. The electrochemical 
behavior of both single-phase and multi-phase regions was measured 
across two (FeCoNi)1-x-yCrxAly CL wafers in a sulfuric acid. These elec
trochemical behaviors were compared against a set of bulk (FeCoNi)1-x- 

yCrxAly (x = 0.04–0.10, y = 0.03 or y = 0.06) alloys and a (FeCo
Ni)0.84Cr0.10Al0.06 alloy thin-film sample following the same protocols. 
These results demonstrate that significant quantitative differences in 
passivation metrics exist between bulk and thin-films and that a one-to- 
one correspondence between thin-film and bulk behavior should not be 

expected as a result of the different grain sizes and grain boundary 
dissolution. However, we found that thin-films of varying composition 
can be compared relative to one another in terms of common passivation 
metrics (such as Ecorr, icrit, ipass, |Z|, etc.) across a CL wafer and that this 
trend in behavior can be used to predict the likely best bulk sample 
composition(s) for passivation performance. Importantly, this conclu
sion is subject to the important caveat that the phase content of the thin- 
film alloy can be replicated in bulk alloys. 
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