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Abstract: Multi-principal element alloys (MPEAs) are at the forefront of materials science due to
their large variety of compositions, which can yield unexplored properties. Mapping the structure
and properties of a compositional MPEA library in a reasonable time can be performed with the
help of gradient samples. This type of specimens has already been produced in both bulk and
layer forms. However, combinatorial MPEA coatings have not been synthesized by electroplating,
although this method has a great potential to deposit a coating on components with complex shapes.
In this study, a combinatorial Co-Fe-Ni-Zn coating with the thickness of 4 um was synthesized by
electrodeposition. The material exhibited a well-defined Zn gradient; therefore, the investigation
of the effect of Zn concentration on the microstructure and mechanical properties was feasible
without the production of an excessively large number of specimens. The Zn concentration was
controlled laterally through mass transfer due to the unique geometry of the substrate, and it covered
a concentration range of 18-44 at%. The chemical and phase compositions as well as the morphology
of the as-processed samples were investigated in multiple locations using X-ray diffraction and
scanning electron microscopy. The mechanical performance was characterized by nanoindentation. It
was found that for any composition, the structure is face-centered cubic and the lattice constant scaled
with the Zn concentration of the deposit. The hardness and the elastic modulus were consistent with
values of about 4.5 and 130 GPa, respectively, in the Zn concentration range of 25-44 at%.

Keywords: multi-principal element alloy; gradient sample; electrodeposition; nanocrystalline
microstructure; hardness

1. Introduction

The investigation of multi-principal element alloys (MPEAs) has become one of the
most rapidly progressing fields of materials science. MPEAs are constructed from three
or more components with similar concentrations [1,2]. A subset of these materials is
called high-entropy alloys (HEAs), which are built up of five or more components with
a configuration entropy higher than 1.61R, where R is the universal gas constant [3]. The
disordered crystal structure of MPEAs can result in an enhanced strength, making these
materials interesting from the point of view of structural applications [4,5]. In addition,
MPEAs correspond to the unexplored middle parts of phase diagrams, motivating the
extensive investigation into these materials in the recent decade [6-9].

MPEA and HEA materials have been produced in both bulk and thin layer forms [10-12].
MPEA thin layers were manufactured by diverse methods, such as direct current mag-
netron sputtering [13,14], thermal evaporation [15], cold spraying [16], radiofrequency
sputtering [17], or multibeam sputtering [18]. The coatings of concave-shaped workpieces
usually pose a significant challenge to many procedures that require a straight and open
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pathway between the source and the target. Electrodeposition is a method that shows
extraordinary potential for coating unconventionally shaped substrates, and this property
offers yet unexplored opportunities in industrial applications. Electroplating is widely used
in the industry for producing conventional metallic coatings [19]. However, there are only
a few trials in the literature for the application of this technique in creating MPEA layers.
For instance, a Co-Ni-W-Re-P amorphous layer was deposited with both direct current
and pulse current electrodeposition methods, and it was shown that the coatings provide
corrosion protection up to 73.8% efficiency [20]. Another study reported the impressive soft
magnetic behavior of a pulse electrodeposited Co-Cu-Fe-Ni dual-phase thin film where the
body-centered cubic (BCC) and face-centered cubic (FCC) phases coexist [21]. The mechan-
ical properties of a Co-Fe-Ni-Zn MPEA film processed by pulse electroplating were also
studied, and an outstanding hardness (9.2 GPa) was observed, which was explained by the
nanocrystalline FCC microstructure, and the BCC and amorphous secondary phases [22].

The mechanical and functional properties of MPEAs can be tailored by changing their
chemical composition [23]. The effect of stoichiometry on the microstructure and the prop-
erties motivates the processing of gradient MPEA samples. These are multi-component
materials with a systematic and gradual composition change as a function of the location
within the sample [24]. The advantage of combinatorial materials is that many different
compositions coexist in a single sample, thereby reducing the time and effort required for
mapping a full compositional library. Combinatorial samples in the form of thin films
have been manufactured using plasma solid-state surface metallurgy [25], magnetron
sputtering [26], plasma sputtering [27], and multibeam sputtering [28,29]. Combinatorial
MPEA layers were successfully employed to investigate the composition-dependent mi-
crostructure and mechanical properties. For instance, it was found that in a Co-Cr-Fe-Ni
combinatorial layer, the majority of the sample has a single-phase FCC structure while
the highest hardness was obtained at the composition of 42% Co—45% Cr-5% Fe—-8% Ni
(at%), where the dominant phase was hexagonal close-packed (HCP) [28,29]. The magnetic
behavior of the Al-Co-Cr-Fe-Mn system was studied as a function of the Al content [27]. In
this MPEA system, the maximum magnetization was observed at an Al concentration of
8 at% [27]. Using a combinatorial sample, the phase composition in the Co-Cr-Fe-Mn-Ni
library was also mapped [30]. Although, the combinatorial design concept was applied
successfully for MPEA layers manufactured by different coating processing techniques,
according to the knowledge of the authors electrodeposited combinatorial MPEA film has
not been produced yet.

Earlier works dealing with the electrosynthesis of HEA- or MPEA-type layers have
been reviewed systematically in our previous work (see [22], Introduction, Paragraphs 3
through 6) and in [31]. From the papers listed therein, less than a dozen works dealt with the
electroplating of HEA /MPEA-type materials from conventional aqueous baths (excluding
the works on composites) [20,21,32—41]. In all electrodeposition-related synthesis attempts,
at most, a few selected compositions were achieved, occasionally with even dissimilar
components. A single work set the target of synthesizing a compositional library with
a quasi-continuous composition variation in micropillars [42]. However, in latter work,
the sample geometry allowed a composition study only, and the deposit properties as a
function of the constituent concentrations could not be revealed.

In this work, a combinatorial MPEA layer is processed by electrodeposition for the
first time in a planar form, and the structure as well as the mechanical behavior are mapped
as a function of the chemical composition. The Co-Fe-Ni-Zn MPEA system was selected for
the present study in order to extend our former investigation performed on the composition
32% Co—27% Fe-21% Ni-20% Zn (at%) [22]. The chemical composition in the combinatorial
coating was mapped by energy-dispersive X-ray spectroscopy (EDS). The phase composi-
tion and the microstructure were studied by X-ray diffraction (XRD) and scanning electron
microscopy (SEM), respectively. The surface roughness was investigated by interferometry.
The correlation between the microstructure and the mechanical performance characterized
by nanoindentation was discussed.
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2. Materials and Methods

Electrodeposition was carried out in an open beaker-type cell with a volume of 800 mL,
thermostated at 55.0 + 0.2 °C. The cathode was immersed into the electrolyte solution, and
its active surface was horizontal, as shown in Figure 1. Figure 2 indicates the dimensions
of the pentagon-shaped cathode, which was prepared from a brass plate. Before the
electrolysis experiments, the cathode was mechanically polished to a mirror finish, first
with gradually finer and finer emery papers and then with alumina suspensions with 15,
9,3, and 1 um particle sizes. The sides of the substrate were sealed with Scotch tape. The
anode was a cylindrical nickel foil with a diameter almost as large as that of the beaker.

Handle of the Electrolyte
immersion — solution
cathode N
L
Electric lead to Electric lead

to the anode

the cathode

Cylindrical
nickel
anode
Cathode
Electrode
holder

Figure 1. Schematic figure of the electrochemical cell.

The reason for the above-described electrode arrangement was the following. Asym-
metric cathode—anode arrangements in any geometry tested led to a nearly even deposit
composition. This is the consequence of the pulse plating method applied, which was used
in order to obtain a deposit with good in-depth homogeneity [43-47]. However, pulse
plating generally provides a more even coverage than d.c. plating, even in areas with
uneven accessibility. Hence, this advantage of pulse plating had to be overcome in the
present study addressing the preparation of gradient samples, which could be solved only
by providing uneven mass transport conditions along the cathode surface. The circles in
the left panel of Figure 2 indicate that the distance between the central line and the cathode
edges is lower at the apex than at the bottom. Thus, the mass transport to the former point
is faster, resulting in an increasing Zn?* concentration in the electrolyte solution in the
direction represented by the red arrow and a corresponding Zn concentration change in
the deposit.

The starting electrolyte solution with the lowest Zn?* concentration is shown in Table 1
(stock solution). For increasing the Zn%* concentration, a semi-blank ZnSOy solution was
added to the above-described bath, hence increasing the Zn ratio among the electroactive
components. The largest Zn salt concentration was 0.0211 mol/L. All solutions were
prepared using an ultrapure water obtained with ELGA Purelab Option R7 water purifier
(ELGA LabWater/VWS Ltd., High. Wycombe, UK). The pH of the starting solution was
3.2 £ 0.1 at room temperature, and it showed negligible variation upon the electroplating
of several consecutive samples. Further details on the solution preparation are identical
to those given in our previous work [22]. All electrical parameters of the pulse plating
process were fixed (on-time current density: —33 mA cm™2, on-time: 0.06 s, off-time: 0.7 s).
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The power source was an Elektroflex EF453 potentiostat/galvanostat (Elektroflex, Szeged,
Hungary) driven by a home-built program.

85 mm

uonenuad‘uod uz

60 mm

Figure 2. The schematic figure on the left side shows the specific shape of the substrate. In a single
sample, the Zn concentration increases in the direction indicated by the red arrow. On the right side
of the figure, it is shown that the targeted compositional range was achieved using a four-member
sample series. The red spots in the schematics of the samples mark the position of the studied points
and their reference numbers. The two circles in the left panel indicate that the distance between
the central line and the cathode edges is lower at the apex than at the bottom. Therefore, the mass
transport to the former point is faster, resulting in an increasing 7Zn2* solution concentration in the
direction represented by the red arrow, which yields a corresponding Zn concentration change in
the deposit.

The study of the surface morphology was carried out by SEM using a MIRA3 scanning
electron microscope (Tescan, Brno, Czech Republic). Secondary electron images were
recorded with acceleration voltages varying in the range of 5-20 kV. The same SEM in-
strument was used for the investigation of the chemical composition on the surface of the
as-processed samples. The EDS measurements were performed with the help of an EDAX
Element analyser system (EDAX Inc., Mahwah, NJ, USA) on spots with about 0.1 mm?
surface areas. The acceleration voltage was 20 kV.

A Zygo New View 7100 white light interferometric surface analyser (Zygo Co.,
Middlefield, CT, USA) was used to measure the surface properties of the electrodeposited
Co-Fe-Ni-Zn gradient MPEA coatings. The results for the coatings were compared with
that of the uncoated substrate. A 10x magnification objective with a built-in Mirau interfer-
ometer was used for the measurements (Zygo Co., Middlefield, CT, USA). The resulting
topological images have a vertical resolution of 0.1 nm and a lateral resolution of 1.5 pm.
The size of the investigated area was 0.94 mm x 0.70 mm. The top corner points of the
substrates (see Figure 2) were used as reference points for each sample, and the topography
was measured together with the surface roughness properties at given distances from this
point (32, 38, 44, 50, 56, 62, and 66 mm) along the vertical axis of symmetry. The locations
of the surface topography measurement points were thoroughly correlated to those of
the structural and mechanical studies. From the measured 3D surface profile, the surface
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roughness (i.e., the average absolute deviation from the mean plane) and occasionally the
line roughness (i.e., the average absolute deviation from the mean line) were determined.

Table 1. Concentrations of the compounds used for the preparation of each solution. The precursor
compounds of the resulting deposit are listed in the order of their concentration and in the reverse
order of their deposition preference.

Name of the Chemical Concentration of the Component (mmol/L)
[Formula of the Compound Used for the Bath Preparation] Starting Solution Semi-Blank ZnSO, Solution
Nickel chloride
[NiCl,-6H,0] 164 0
Iron(I) ammonium sulfate 134 0
[(NH4)2Fe(SO4)2-6H,0]
Cobalt chloride
[CoCl,-6H,0] 564 0
Zinc sulfate
[Z0S0,-6H,0] 134 360
Potassium chloride
KCl 164 0
Boric acid
250 250
[H3BO;3]
Saccharin
[C,HNOsS] 27.3 0
Ascorbic acid
5.7 0
[C6HgOs]
Sodium dodecylsulfate 14 0
[CH3(CH2)110$O3N61] ’

Cross-sectional SEM /EDS measurements were performed using a Scios 2 DualBeam
microscope (manufacturer: Thermo Fisher Scientific, Waltham, MA, USA). During the
measurements, a trench with a depth of a few tens of micrometers was made in the sample
by a high-energy focused ion beam (FIB) of Ga™ ions. Then, the surface of the cross-section
was polished with low-energy Ga* ions, and EDS measurements were carried out with an
X-MAXN 20 detector (manufacturer: Oxford Instruments, Abingdon, UK). During these
EDS measurements, the sample was tilted, and an electron beam with an energy of 30 keV
and a high current of 3.2 nA was used.

The phase composition was studied by XRD using a Smartlab X-ray diffractometer
(manufacturer: Rigaku, Tokyo, Japan). The instrument was used in Bragg—Brentano
configuration with CuK« radiation (wavelength: A = 0.15418 nm). The diffraction patterns
were recorded between the scattering angles of 40 and 100° with a step size of 0.02°.

The mechanical properties of the samples were characterized via nanoindentation,
using a HIT300 indenter instrument (manufacturer: Anton Paar TriTec SA, Neuchatel,
Switzerland). The penetration depth of the Vickers indenter head was recorded during
loading and unloading at a constant loading rate of 1.66 mN/s. Both loading and unloading
took 30 s. The maximum load was kept as 50 mN for 10 s before unloading. For each
of the nine measurement points shown in Figure 2, eleven indentation measurements
were performed in a circular area with a radius of ~0.5 mm. The distance between the
neighboring measurement points shown in Figure 2 was at least 9 mm; therefore, the
indentations made in close vicinity of these points were suitable for the characterization of
its composition-dependent mechanical behavior. The hardness and the elastic modulus
were determined with the Oliver-Pharr method using an assumed value of 0.3 for the
Poisson’s ratio of the samples [48]. The hardness and elastic moduli presented in this
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study were determined by averaging the eleven values obtained in the vicinity of each
measurement point.

3. Results

The red spots on the right side of Figure 2 show the points where detailed analyses
were performed. Table 2 lists the chemical compositions in these locations as measured on
the surface of the samples by EDS. It can be seen that in the selected points, the concentration
of Zn varied between 17.7 and 44.1 at%, with a step size of about 2—4 at%, as shown in
Table 2. Simultaneously, the Co concentration decreased with increasing Zn content, as
shown in Figure 3. On the other hand, the variation in Fe and Ni concentrations versus the
position reference number showed a far from monotonous trend (see Table 2). However,
the average of the Fe and Ni concentrations decreased monotonously as a function of the
Zn content, as revealed in Figure 3. Both Co concentration and the average of the Fe and Ni
concentrations varied approximately linearly within a Zn content range of 17.7—44.1 at%.
The main conclusion of the composition analysis is that the addition of the precursor
compound of the element with the highest deposition preference (in this case, Zn) mainly
depresses the deposition of the next element in the preference row (Co). As clearly shown in
Figure 3, the decrease in the Co mole fraction alone is as large as that of the other elements
together (Fe and Ni) with increasing Zn concentration in the Co-Fe-Ni-Zn MPEA deposit.

Table 2. The chemical compositions (in at%) obtained by EDS for the locations marked as red spots in

Figure 2.
Positions Co (%) Fe (%) Ni (%) Zn (%)
1 30.7 27.4 23.6 17.7
2 28.5 27.7 22.7 20.5
3 27.7 21.5 25.6 24.6
4 259 23.2 22.1 28.3
5 22.7 244 20 32.8
6 22.8 15.3 25.8 35.8
7 20.5 10.1 29 39.5
8 20.9 11.9 24.8 423
9 19.1 16.9 19.9 441

The above trend can be expected from the mutual deposition preference of the com-
ponents, which is traditionally named anomalous codeposition. The reason for such a
behavior is that intermediates form from various Me?* ions in different ratios than their
bulk concentration ratios in the bath. One type of model treats these intermediates as solute
Me(OH)* species [49-51], while another approach is to calculate the ratio of relative surface
coverages by various partly discharged Me(OH) intermediates [52-54]. The ratio of the
intermediates regulates the kinetics of the deposition process, and the deposit composition
depends on the mutual exclusion of the intermediates of each metal. This is why the
component concentrations have to be selected in reverse order of deposition preference (see
also Table 1). Although, the models of anomalous codeposition are typically elaborated
and controlled experimentally for binary (or, exceptionally, tertiary [54]) alloy deposits, the
predictions of both above-mentioned basic assumptions are the same for more complex
deposit formulations, too.

Figure 4 shows cross-sectional SEM-EDS and BSE images at location No. 6. This
figure reveals that the film thickness was about 4 um. Figure 4 also shows a Pt layer on the
surface with a thickness of about 1.3 um, which was deposited on the surface of the film
before cutting the lamella by a FIB for the cross-sectional study. Based on the calculation
of the mass deposited during electroplating, no considerable differences in film thickness
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are expected with the varying composition. As Figure 4 shows, no in-depth composition
variation in the deposit was found.

35

] m Co
32 o (Fe+Ni)/2

Concentration of Co (at%)
Avarage concentration of Fe+Ni (at%)
N
o

17 T T T T T T T T T T T
15 20 25 30 35 40 45

Zn concentration (at%)

Figure 3. The concentration of Co and the average of the Fe and Ni contents as a function of Zn
concentration, as obtained for the studied combinatorial Co-Fe-Ni-Zn MPEA sample. The straight
lines are only a guide for the eyes. The R? values of the fitted lines are 0.97 and 0.98 for the
concentrations of (Fe + Ni)/2 and Co, respectively.

—
L Sum

Figure 4. SEM-EDS images of the cross-section of the coating. The cross-section was prepared at
location No. 6 (see Figure 2). The thickness of the layer is 3.96 pm, as indicated in the BSE image.
The brass substrate is at the bottom of the images, where both Zn and Cu were found but all other
deposit elements were missing.

In Figure 5, the surface of the polished substrate and a selected spot of the deposit on
the same substrate (around position No. 6) are compared. It can be seen that the surface
of the deposit is similarly as smooth as the polished substrate and the deviation from the
mean surface does not exceed 100 nm. Spikes in the quantitative profile are common in
surface interferometry and can be attributed to surface contamination.
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Figure 5. Top row—optical microscopic images of the surface; middle row—measured surface
topology; bottom row—characteristic cross-sectional line-cut profiles. The left panel refers to the
substrate, while the right panel shows a selected area of the deposit around position No. 6.

Figure 6 shows surface roughness maps obtained by interferometry at positions 3,
6, and 8 in order to reveal the effect of Zn content on layer morphology. The studied
area was 600 x 600 um?. The zero level in the maps was adjusted under the condition
that the average height must be zero. Then, the average of the absolute values of the
heights was used for the characterization of roughness. For location Nos. 3, 6, and §, the
roughness values were 13, 50, and 26 nm, which suggests an essentially smooth coating
surface, irrespective of the composition. An additional study of the surface morphology
was performed by SEM and the trend found with increasing Zn content is illustrated in
Figure 7, where areas with dimensions of 4 x 4 pum? are shown at locations 3, 6, and 8. It is
revealed that at this scale, the surface roughness increased with increasing Zn concentration.
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Figure 6. Surface roughness maps obtained by interferometry in positions (a) 3, (b) 6, and (c) 8 (the
position reference numbers are defined in Figure 2, and the corresponding local compositions are
listed in Table 2). The color code indicates the height in direction Z in micrometer units.

Figure 7. SEM images showing the morphology of the layer in positions (a) 3, (b) 6, and (c) 8 (the
position reference numbers are defined in Figure 2, and the corresponding local compositions are

listed in Table 2).

XRD revealed that the structure of the film is FCC, irrespective of the chemical com-
position. As an example, Figure 8a shows an XRD pattern taken at the near-equimolar
position of the combinatorial layer (position No. 4). The peaks of both the FCC layer and
the FCC brass substrate appeared in the diffractogram. The large intensity of peak 220 of
the FCC film suggests a crystallographic texture in which planes {220} are lying preferably
parallel to the coating surface. Since the other reflections are weak, only peak 220 was
used for the evaluation of the lattice constant and the crystallite size of the FCC layer
versus the chemical composition. Figure 8b shows that reflection 220 was shifted to lower
scattering angles with increasing position number of the studied locations. The lattice
constant (denoted as a) determined from the position of peak 220 is plotted as a function
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of the Zn concentration in Figure 9. This plot suggests that the lattice parameter increases
approximately linearly with increasing Zn content. It is noted that an additional small
peak can be observed at a diffraction angle of about 79.5°. This peak appears only on the
diffractograms taken at locations with a relatively high concentration of Fe (above 21 at%,
i.e., for points with Nos. 1-5). Thus, it is suggested that this small peak may be related to
an iron-based secondary phase. However, because of the low intensity of the peak and the
absence of other corresponding peaks, it could not be identified. Most probably, this phase
has no significant contribution to the behavior of the layer due its very low fraction (1-2%,
as estimated from the XRD peak intensities).

(a) (b)

300,000 5 y 10 4
ition ¢ Layer 1 Positions
osttio Substrate| 1 B/I’{:ISS 220 i

250,000 -
3 S5
£ 200,000 | s
2 2
i w14
€ 150,000 c 1
e [
(= =

100,000 -

50,000 L\ .
T T T T T T T T T T T 0.1 .
40 50 60 70 80 90 100 72.0 735 75.0
2theta (deg) 2theta (deg)

Figure 8. (a) XRD pattern taken at the position exhibiting near-equimolar composition in the com-
binatorial layer (position No. 4). (b) Magnified parts of the XRD patterns obtained at the different
positions in the film, showing the shift in peak 220 of the FCC phase due to the different chemical
compositions. The intensity at the different patterns in (b) was divided using different factors for a
better visualization of the peak shift.

0.3665
0.3650

=

=

= 0.3635-

IS

(V)]

c

S 0.3620-

(0]

O

T 0.3605-
0.3590 — .

150 215 280 345 410 475
Zn concentration (%)

Figure 9. The lattice parameter as a function of the Zn concentration determined in locations 1 to 9
(the position reference numbers are defined in Figure 2). The straight line is only a guide for the eyes.
The R? value of the fitted line is 0.94.
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An apparent crystallite size was determined from the breadth of reflection 220 using
the following formula (Scherrer equation): A/(cosf(A26)), where 0 is the Bragg angle and
A26 is the peak breadth in radians. This calculation gave 18 £ 2 nm for the crystallite size,
irrespective of the chemical composition. It should be noted, however, that this value of
the crystallite size is an underestimation of the real size of crystals in the coating since the
diffraction peaks were broadened not only due to the smallness of the crystallites but also
owing to lattice defects such as dislocations and twin/stacking faults [55]. Moreover, since
the chemical composition continuously varied in the combinatorial sample, in the volume
illuminated by X-rays, the lattice spacing value may have a distribution that can also yield
an XRD peak broadening [56]. Furthermore, the X-ray diffractometer gives an additional
contribution to the width of the peak, which is called instrumental broadening. The
different contributions of profile broadening were added, resulting in the measured peak
width [55]. As a result of these additional contributions, the peak broadening caused by the
crystallite size solely should be lower than the measured A26, i.e., the size of the crystals is
certainly higher than 18 nm, calculated from the measured peak breadth using the Scherrer
formula presented above. Nevertheless, the orders of magnitude of a real crystallite size
must be some tens of nanometers, i.e., the coating is nanostructured, irrespective of the
chemical composition.

Figure 10 shows the hardness and the elastic modulus values versus the Zn concentra-
tion for the nine studied locations. Below the Zn concentration of 25%, the hardness and
the elastic modulus were 3.0 &+ 0.6 and 110 & 10 GPa, respectively. Between Zn contents of
25 and 44 %, the hardness was higher and consistent with a value of 4.5 & 0.5 GPa, while the
elastic modulus was also slightly elevated (130 £ 10 GPa) compared to the values obtained
below the Zn concentration of 25%. Nevertheless, the Zn content has only a moderate effect
on the mechanical performance.

5.5 150

. -140

4.5- ==& [ “-ETE- ©
—~ 1 - — (D
© 40 > ‘130 S
& 3
Y 3.5- A7 % 120 3
n | / o
O I £
-S 30- / 110 n
5 L 110 5
T 25- §

2_0_- i O Hardness (GPa) o0

: - ® Elastic modulus (GPa) ||
15 ' I ' I ! I ' I ! I ! I 90

15 20 25 30 35 40 45
Zn concentration (at%)

Figure 10. The hardness and the elastic modulus as a function of the Zn concentration. The curve
shows the trend suggested by the data and is only a guide for the eyes.

4. Discussion

XRD revealed that in the studied composition range, the MPEA layer has a single-
phase FCC structure. This observation is in accordance with the prediction made on the
basis of the valence electron concentration (VEC) [57]. VEC is obtained as the average of
the VEC values of the constituents weighted by their atomic fractions [58]. It was suggested
that if a cubic structure forms in an MPEA, the FCC phase is stable if the VEC value is higher
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than 8 while the structure is BCC when the VEC is lower than about 7 [58]. If the VEC
value is between 7 and 8, the two phases coexist. For the presently studied Co-Fe-Ni-Zn
MPEA, the VEC values of the pure constituents are the following: 9, 8, 10, and 12 for Co, Fe,
Ni, and Zn, respectively. Thus, using the concentrations listed in Table 2, the average VEC
values were calculated for the nine positions studied in this work and plotted as a function
of the Zn content in Figure 11. It can be seen that the VEC values varied between 9.4 and
10.4, predicting a single-phase FCC structure in accordance with the experimental results.
Moreover, the average VEC increased more or less linearly with increasing Zn content.

10.6 131
1| m Average VEC I .
10.44| O Average atomic radius £
] = B30 &
10.2 é
O 1 ©
W 10.0- 129 5
5 !
S 98- 9
S _ -128 T
= o
< 96 &
(O]
1 =127 >
9.4 <

92 T T T T T T T T T T T 126

15 20 25 30 35 40 45
Zn concentration (at%)

Figure 11. The average VEC and the average atomic radius as a function of Zn concentration. The
straight lines are only a guide for the eyes.

Figure 9 shows that the lattice constant of the FCC phase in the combinatorial coating
increased with increasing Zn concentration. This effect can be attributed to the very large
size of Zn atoms among the constituent elements. Indeed, in an FCC structure, the atomic
radii of Co, Fe, Ni, and Zn are 125, 126, 125, and 137 pm, respectively [59]. In this list, the
metallic atomic radii were used since the constituent elements form metallic alloys in the
studied material. This type of atomic radius is defined as half the distance between the
centers of the adjacent atoms in a single-component solid body. The average atomic radii
for the different chemical compositions were determined from the element concentrations
listed in Table 2 and the radii of the constituents. Then, the obtained average atomic radius
versus the Zn concentration was plotted, shown in Figure 11. An approximate linear
relationship can be observed between the two quantities. Therefore, the increase in the
lattice constant with increasing Zn content can be explained by the change in the average
atomic size in the close-packed FCC structure.

The hardness and the elastic modulus values practically did not change when the
Zn concentration varied between 25 and 44 at%. Most probably, the unchanged phase
composition and texture as well as the consistent crystallite size contributed to this effect.
On the other hand, the elastic constants and the threshold stress of plasticity inside the
crystals are expected to be influenced by the chemistry of the material. Nevertheless, this
effect seems to be marginal in the studied compositional range. On the other hand, the
hardness and the Young’s modulus observed formerly for an electrodeposited MPEA film
with the composition of 32% Co-27% Fe-21% Ni-20% Zn (at%) were much higher (9.2 and
197 GPa, respectively [22]) than the values determined for a similar composition in the
presently studied layer (position No. 1 or 2, see Table 2). Indeed, for location No. 1 or 2, the
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hardness and the elastic modulus were about 3 and 110 GPa, respectively. For the hardness,
the deviation was larger than that for the Young’s modulus. This difference between
the mechanical performance of the present and the previously investigated coatings can
be attributed to the secondary phases observed in the former material. Indeed, in the
previously studied layer, additional BCC and amorphous minor phases coexsisted with
the main FCC matrix, which can increase the hardness considerably and also alter the
elastic modulus significantly. The difference in the microstructures of the two films was
caused by the difference in the processing conditions. For instance, the formerly used Ta
foil substrate was replaced by brass in the present study, and this resulted in very different
crystallographic textures in the two films. It should be noted, however, that the dominant
orientation of the deposit differed from that of the brass substrate.

5. Conclusions

A combinatorial MPEA layer was successfully processed by electrodeposition for the
first time. The experiments were conducted in the Co-Fe-Ni-Zn compositional library, and
the following conclusions were drawn from the results:

1.  In the as-deposited sample with a thickness of about 4 um, the Zn content varied
between 18 and 44 at%, mainly at the expense of Co, but the average concentrations
of Fe and Ni also decreased when the Zn content increased. In the whole studied
compositional range, the structure was a single-phase FCC, in accordance with the
prediction of the empirical VEC rule. The lattice constant of the FCC phase increased
with increasing Zn content, which was successfully explained by the variation in the
average atomic radius in the close-packed FCC structure. The layer had a 220 crystal-
lographic texture and a nanocrystalline microstructure with a crystallite size of about
18 nm, irrespective of the chemical composition.

2. The hardness and the elastic modulus of the combinatorial coating were about 4.5 and
130 GPa, respectively, for the Zn concentrations between 25 and 44 at%. For lower
Zn contents, both mechanical parameters had smaller values (3 and 110 GPa for the
hardness and the Young’s modulus, respectively). These values were much lower than
those obtained for a formerly studied electrodeposited Co-Fe-Ni-Zn layer with similar
composition, which can be attributed to the secondary BCC and amorphous phases
in the previously investigated coating. This difference in the phase composition was
caused by the partly dissimilar processing conditions.

3. The relatively small variation in the mechanical properties as a function of the de-
posit composition as well as the small surface roughness of the deposits support
electroplating as a prospective technology for the successful preparation of MPEA
coatings with good mechanical performance. Should a minor variation in deposit
composition arise from either the uneven current distribution or the uneven precursor
supply, the resulting composition variation would not deteriorate the desired high
coating hardness. This aspect of the electrodeposition process may play a crucial role
in potential industrial applications, especially in cases where even current density
(and concomitantly, even deposit composition) cannot be achieved due to the complex
shape of the workpieces.

Author Contributions: Conceptualization, ].G. and L.P.; methodology, PN. and L.P,; validation, J.G.
and L.P; formal analysis, PN., J.G. and L.P,; investigation, T.K., L.P., A.N. and P.N.; resources, PN.,
J.G. and L.P; data curation, TK., PN. and A.N.; writing—original draft preparation, ].G., L.P.,, T.K.
and P.N.; writing—review and editing, ].G., L.P,, TK., AN. and P.N,; visualization, PN., L.P.,, TK,,
AN. and ].G; supervision, ].G. and L.P,; funding acquisition, PN., ].G. and L.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was financially supported partly by the New National Excellence Program
(UNKP-23-3-1I-ELTE-123) of the Ministry for Culture and Innovation from the source of the National
Research, Development and Innovation Fund.

Institutional Review Board Statement: Not applicable.



Metals 2024, 14, 700 14 of 16

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Cantor, B.; Chang, I.T.H.; Knight, P.; Vincent, A.].B. Microstructural development in equiatomic multicomponent alloys. Mater.
Sci. Eng. A 2004, 375-377,213-218. [CrossRef]

2. Yeh, J.W.; Chen, SK; Lin, S.J.; Gan, ].Y.; Chin, T.S.; Shun, T.T.; Tsau, C.H.; Chang, S.Y. Nanostructured high-entropy alloys with
multiple principal elements: Novel alloy design concepts and outcomes. Adv. Eng. Mater. 2004, 6, 299-303. [CrossRef]

3. Yeh, ]J.W. Alloy design strategies and future trends in high-entropy alloys. JOM 2013, 65, 1759-1771. [CrossRef]

4. Li, Z.; Zhao, S.; Ritchie, R.O.; Meyers, M.A. Mechanical properties of high-entropy alloys with emphasis on face-centered cubic
alloys. Prog. Mater. Sci. 2019, 102, 296-345. [CrossRef]

5. Li, W,; Xie, D.; Li, D.; Zhang, Y.; Gao, Y.; Liaw, PK. Mechanical behavior of high-entropy alloys. Prog. Mater. Sci. 2021, 118, 100777 .
[CrossRef]

6. Li, W,; Liu, P; Liaw, PK. Microstructures and properties of high-entropy alloy films and coatings: A review. Mater. Res. Lett. 2018,
6,199-229. [CrossRef]

7. Yu,B,;Ren, Y, Zeng, Y.; Ma, W,; Morita, K.; Zhan, S.; Lei, Y; Lv, G.; Li, S.; Wu, J. Recent progress in high-entropy alloys: A focused
review of preparation processes and properties. J. Mater. Res. Technol. 2024, 29, 2689-2719. [CrossRef]

8.  Krishna, S.A.; Noble, N.; Radhika, N.; Saleh, B. A comprehensive review on advances in high entropy alloys: Fabrication and
surface modification methods, properties, applications, and future prospects. . Manuf. Process. 2024, 109, 583-606. [CrossRef]

9. Sharma, P.; Dwivedi, V.K.; Dwivedi, S.P. Development of high entropy alloys: A review. Mater. Today Proc. 2021, 43, 502-509.
[CrossRef]

10. Yan, X.H,; Li, ]J.S.; Zhang, W.R.; Zhang, Y. A brief review of high-entropy films. Mater. Chem. Phys. 2018, 210, 12-19. [CrossRef]
11. Zhang, P; Li, Z.; Liu, H.; Zhang, Y.; Li, H.; Shi, C.; Liu, P,; Yan, D. Recent progress on the microstructure and properties of high
entropy alloy coatings prepared by laser processing technology: A review. J. Manuf. Process. 2022, 76, 397-411. [CrossRef]

12.  Kumar, S. Comprehensive review on high entropy alloy-based coating. Surf. Coat. Technol. 2024, 477, 130327. [CrossRef]

13.  Senkov, O.N.; Scott, ].M.; Senkova, S.V.; Meisenkothen, E; Miracle, D.B.; Woodward, C.F. Microstructure and elevated temperature
properties of a refractory TaNbHfZrTi alloy. J. Mater. Sci. 2012, 47, 4062-4074. [CrossRef]

14. Kim, Y.S,; Park, HJ.; Mun, S.C.; Jumaev, E.; Hong, S.H.; Song, G.; Kim, ].T.; Park, Y.K.; Kim, K.S.; Jeong, S.I; et al. Investigation
of structure and mechanical properties of TiZrHfNiCuCo high entropy alloy thin films synthesized by magnetron sputtering.
J. Alloys Compd. 2019, 797, 834-841. [CrossRef]

15. Haciismailoglu, M.C; Sarlar, K.; Tekgtil, A.; Kucuk, I. Thermally evaporated FeMGaMnSi (M[dbnd]Co, Ni) high entropy alloy
thin films: Magnetic and magnetoresistance properties. J. Non-Cryst. Solids 2020, 539, 120063. [CrossRef]

16. Ozbilen, S.; Vasquez, ].E.B.; Abbott, WM.; Yin, S.; Morris, M.; Lupoi, R. Mechanical milling/alloying, characterization and phase
formation prediction of Alg 19 5(Mn)CoCrCuFeNi-HEA powder feedstocks for cold spray deposition processing. J. Alloys Compd.
2023, 961, 170854. [CrossRef]

17. Khan, N.A.; Akhavan, B.; Zhou, C.; Zhou, H.; Chang, L.; Wang, Y.; Liu, Y.; Fu, L.; Bilek, M.M.; Liu, Z. RF magnetron sputtered
AlCoCrCu0.5FeNi high entropy alloy (HEA) thin films with tuned microstructure and chemical composition. J. Alloys Compd.
2020, 836, 155348. [CrossRef]

18. Nagy, P.; Rohbeck, N.; Roussely, G.; Sortais, P.; Labar, J.L.; Gubicza, J.; Michler, J.; Petho, L. Processing and characterization of a
multibeam sputtered nanocrystalline CoCrFeNi high-entropy alloy film. Surf. Coat. Technol. 2020, 386, 125465. [CrossRef]

19. Zhang, W.; Clauss, M.; Guebey, J.; Schwager, F. Low-ammonia, high-speed palladium—Nickel electroplating process for connector
applications: One-year industrial practice results for Pallamet 600 support claims regarding the process’ suitability as a hard gold
replacement. Met. Finish. 2009, 107, 22-26. [CrossRef]

20. Zhu, Z.; Meng, H.; Ren, P. CoONiWReP high entropy alloy coatings prepared by pulse current electrodeposition from aqueous
solution. Colloids Surf. A Physicochem. Eng. Asp. 2022, 648, 129404. [CrossRef]

21. Pavithra, C.L.P; Janardhana, R K.S.K,; Reddy, K.M.; Murapaka, C.; Joardar, J.; Sarada, B.V.; Tamboli, R.R.; Hu, Y.; Zhang, Y.; Wang,
X.; et al. An advancement in the synthesis of unique soft magnetic CoCuFeNiZn high entropy alloy thin films. Sci. Rep. 2021,
11, 8836. [CrossRef] [PubMed]

22. Nagy, P; Péter, L.; Czigany, Z.; Chinh, N.Q.; Gubicza, J. Processing and characterization of an electrodeposited nanocrystalline
Co-Fe-Ni-Zn multi-principal element alloy film. Surf. Coat. Technol. 2023, 467, 129740. [CrossRef]

23. Dolique, V,; Thomann, A.L.; Brault, P,; Tessier, Y.; Gillon, P. Thermal stability of AlCoCrCuFeNi high entropy alloy thin films
studied by in-situ XRD analysis. Surf. Coat. Technol. 2010, 204, 12-13. [CrossRef]

24. Gubicza, J. Combinatorial Design of Novel Multiprincipal Element Alloys Using Experimental Techniques. Adv. Eng. Mater. 2023,
26, 2301673. [CrossRef]

25. Yang,].; Wang, C.; Xie, D.; Qin, H.; Liu, W.; Liang, M.; Li, X.; Liu, C.; Huang, M. A new type of gradient structure FeCoCrNiWMo

high entropy alloy layer by plasma solid-state surface metallurgy. Surf. Coat. Technol. 2023, 457, 129320. [CrossRef]


https://doi.org/10.1016/j.msea.2003.10.257
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1007/s11837-013-0761-6
https://doi.org/10.1016/j.pmatsci.2018.12.003
https://doi.org/10.1016/j.pmatsci.2021.100777
https://doi.org/10.1080/21663831.2018.1434248
https://doi.org/10.1016/j.jmrt.2024.01.246
https://doi.org/10.1016/j.jmapro.2023.12.039
https://doi.org/10.1016/j.matpr.2020.12.023
https://doi.org/10.1016/j.matchemphys.2017.07.078
https://doi.org/10.1016/j.jmapro.2022.02.006
https://doi.org/10.1016/j.surfcoat.2023.130327
https://doi.org/10.1007/s10853-012-6260-2
https://doi.org/10.1016/j.jallcom.2019.05.043
https://doi.org/10.1016/j.jnoncrysol.2020.120063
https://doi.org/10.1016/J.JALLCOM.2023.170854
https://doi.org/10.1016/j.jallcom.2020.155348
https://doi.org/10.1016/j.surfcoat.2020.125465
https://doi.org/10.1016/S0026-0576(09)80046-9
https://doi.org/10.1016/J.COLSURFA.2022.129404
https://doi.org/10.1038/s41598-021-87786-8
https://www.ncbi.nlm.nih.gov/pubmed/33893346
https://doi.org/10.1016/J.SURFCOAT.2023.129740
https://doi.org/10.1016/j.surfcoat.2009.12.006
https://doi.org/10.1002/adem.202301673
https://doi.org/10.1016/J.SURFCOAT.2023.129320

Metals 2024, 14, 700 150f 16

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Schweidler, S.; Schopmans, H.; Reiser, P; Boltynjuk, E.; Olaya, J.J.; Singaraju, S.A.; Fischer, F.; Hahn, H.; Friederich, P.; Velasco, L.
Synthesis and Characterization of High-Entropy CrMoNbTaVW Thin Films Using High-Throughput Methods. Adv. Eng. Mater.
2023, 25, 2200870. [CrossRef]

Marshal, A.; Pradeep, K.G.; Music, D.; Wang, L.; Petracic, O.; Schneider, ]. M. Combinatorial evaluation of phase formation and
magnetic properties of FeMnCoCrAl high entropy alloy thin film library. Sci. Rep. 2019, 9, 7864. [CrossRef] [PubMed]

Nagy, P.; Rohbeck, N.; Heged{is, Z.; Michler, ].; Petho, L.; Labar, ].L.; Gubicza, J. Microstructure, Hardness, and Elastic Modulus of
a Multibeam-Sputtered Nanocrystalline Co-Cr-Fe-Ni Compositional Complex Alloy Film. Materials 2021, 14, 3357. [CrossRef]
Nagy, P.; Rohbeck, N.; Widmer, R.N.; Heged{is, Z.; Michler, ].; Petho, L.; Labar, J.L.; Gubicza, ]. Combinatorial Study of Phase
Composition, Microstructure and Mechanical Behavior of Co-Cr-Fe-Ni Nanocrystalline Film Processed by Multiple-Beam-
Sputtering Physical Vapor Deposition. Materials 2022, 15, 2319. [CrossRef]

Kauffmann, A.; Stiiber, M.; Leiste, H.; Ulrich, S.; Schlabach, S.; Szabd, D.V,; Seils, S.; Gorr, B.; Chen, H.; Seifert, H.].; et al.
Combinatorial exploration of the High Entropy Alloy System Co-Cr-Fe-Mn-Ni. Surf. Coat. Technol. 2017, 325, 174-180. [CrossRef]
Shojaei, Z.; Khayati, G.R.; Darezereshki, E. Review of electrodeposition methods for the preparation of high-entropy alloys. Int. J.
Min. Met. Mater. 2022, 29, 1683-1696. [CrossRef]

Zheng, X.; Zhang, P,; Tao, S.; Wang, L.; Zhang, S.; Pang, N.; Pan, M. Fabrication and magnetic properties of novel rare-earth-free
Fe-Mn-Bi-P thin films by one-step electrodeposition. Thin Solid Film 2017, 638, 400-405. [CrossRef]

Pavithra, C.L.P; Janardhana, R K.S.K.; Reddy, K.M.; Murapaka, C.; Wang, X.; Dey, S.R. One-dimensional Co-Cu-Fe-Ni-Zn
high-entropy alloy nanostructures. Mater. Res. Lett. 2021, 9, 285-290. [CrossRef]

Dehestani, M.; Sharafi, S.; Khayati, G.R. The effect of pulse current density on the microstructure, magnetic, mechanical, and
corrosion properties of high-entropy alloy coating Fe-Co-Ni-Mo-W, achieved through electro co-deposition. Intermetallics 2022,
147,107610. [CrossRef]

Ahmadkhaniha, D.; Kruemmling, J.; Zanella, C. Electrodeposition of High Entropy Alloy of Ni-Co-Cu-Mo-W from an Aqueous
Bath. . Electrochem. Soc. 2022, 169, 082515. [CrossRef]

Haché, M.J.R.; Tam, J.; Erb, U.; Zou, Z. Electrodeposited nanocrystalline medium-entropy alloys—An effective strategy of
producing stronger and more stable nanomaterials. J. Alloys Compd. 2022, 899, 163233. [CrossRef]

Rong, Z.; Wang, C.; Wang, Y.; Dong, M.; You, Y.; Wang, J.; Liu, H,; Liu, J.; Wang, Y.; Zhu, Z. Microstructure and properties of
FeCoNiCrX (X]Mn, Al) high-entropy alloy coatings. J. Alloys Compd. 2022, 921, 166061. [CrossRef]

Xu, Z.; Wang, Y.; Gao, X.; Peng, L.; Qiao, Q.; Xiao, J.; Guo, F; Wang, R.; Yu, J. Electrochemical Deposition and Corrosion Resistance
Characterization of FeCoNiCr High-Entropy Alloy Coatings. Coatings 2023, 13, 1167. [CrossRef]

Reddy, K.S.K].; Chokkakula, L.PP; Dey, S.R. Strategies to engineer FeCoNiCuZn high entropy alloy composition through
aqueous electrochemical deposition. Electrochim. Acta 2023, 453, 142350. [CrossRef]

Haché, M.J.R; Tam, J.; Erb, U.; Zou, Y. Electrodeposited NiFeCo-(Mo, W) high-entropy alloys with nanocrystalline and amorphous
structures. J. Alloys Compd. 2023, 952, 170026. [CrossRef]

Bian, H.; Wang, R.; Zhang, K.; Zheng, H.; Wen, M; Li, Z.; Li, Z.; Wang, G.; Xie, G.; Liu, X.; et al. Facile electrodeposition synthesis
and super performance of nano-porous Ni-Fe-Cu-Co-W high entropy alloy electrocatalyst. Surf. Coat. Technol. 2023, 459, 129407.
[CrossRef]

Sundaram, M.; Branta, A.; Rajurkar, K. Electrochemical additive manufacturing of NiCoFeCuMo high entropyalloys using a
combined dissolution-deposition system. CIRP Ann. Manuf. Technol. 2022, 71, 153-156. [CrossRef]

Csik, A.; Vad, K.; Téth-Kadar, E.; Péter, L. Spontaneous near-substrate composition modulation in electrodeposited Fe-Co-Ni
alloys. Electrochem. Commun. 2009, 11, 1289-1291. [CrossRef]

Péter, L.; Csik, A.; Vad, K.; Té6th-Kadar, E.; Pekker, A.; Molnar, G. On the composition depth profile of electrodeposited Fe-Co-Ni
alloys. Electrochim. Acta 2010, 55, 4734-4741. [CrossRef]

Péter, L.; Rozman, K.Z.; Sturm, S. Structure and composition of electrodeposited FeCoNi alloys studied by transmission electron
microscopy. J. Electrochem. Soc. 2018, 165, D384-D392. [CrossRef]

Neurohr, K.; Csik, A.; Vad, K.; Molnar, G.; Bakonyi, I.; Péter, L. Near-substrate composition depth profile of direct current-plated
and pulse-plated Fe-Ni alloys. Electrochim. Acta 2013, 103, 179-187. [CrossRef]

Péter, L.; Vad, K.; Csik, A.; Muniz, R.; Lobo, L.; Pereiro, R.; Sturm, S.; Rozman, K.Z.; Molndr, G.; Németh, K.; et al. In-depth
component distribution in electrodeposited alloys and multilayers. . Electrochem. Sci. Eng 2018, 8, 49-71. [CrossRef]

Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus using load and displacement
sensing indentation experiments. J. Mater. Res. 1992, 7, 1564-1583. [CrossRef]

Hessami, S.; Tobias, C.W. A Mathematical Model for Anomalous Codeposition of Nickel-Iron on a Rotating Disk Electrode.
J. Electrochem. Soc. 1989, 136, 3611-3616. [CrossRef]

Vaes, ].; Fransaer, J.; Celis, J.P. The Role of Metal Hydroxides in NiFe Deposition. . Electrochem. Soc. 2000, 147, 3718-3724.
[CrossRef]

Larson, R.S. The Role of Homogeneous Chemical Kinetics in the Anomalous Codeposition of Binary Alloys. J. Electrochem. Soc.
2007, 154, D427-D434. [CrossRef]

Matlosz, M. Competitive Adsorption Effects in the Electrodeposition of Iron-Nickel Alloys. ]. Electrochem. Soc. 1993, 140,
2272-2279. [CrossRef]


https://doi.org/10.1002/adem.202200870
https://doi.org/10.1038/s41598-019-44351-8
https://www.ncbi.nlm.nih.gov/pubmed/31133652
https://doi.org/10.3390/ma14123357
https://doi.org/10.3390/ma15062319
https://doi.org/10.1016/j.surfcoat.2017.06.041
https://doi.org/10.1007/s12613-022-2439-y
https://doi.org/10.1016/j.tsf.2017.07.029
https://doi.org/10.1080/21663831.2021.1896588
https://doi.org/10.1016/j.intermet.2022.107610
https://doi.org/10.1149/1945-7111/ac87d5
https://doi.org/10.1016/j.jallcom.2021.163233
https://doi.org/10.1016/j.jallcom.2022.166061
https://doi.org/10.3390/coatings13071167
https://doi.org/10.1016/j.electacta.2023.142350
https://doi.org/10.1016/j.jallcom.2023.170026
https://doi.org/10.1016/j.surfcoat.2023.129407
https://doi.org/10.1016/j.cirp.2022.03.009
https://doi.org/10.1016/j.elecom.2009.04.027
https://doi.org/10.1016/j.electacta.2010.03.075
https://doi.org/10.1149/2.0821809jes
https://doi.org/10.1016/J.ELECTACTA.2013.04.063
https://doi.org/10.5599/jese.480
https://doi.org/10.1557/jmr.1992.1564
https://doi.org/10.1149/1.2096519
https://doi.org/10.1149/1.1393963
https://doi.org/10.1149/1.2747325
https://doi.org/10.1149/1.2220807

Metals 2024, 14, 700 16 of 16

53.

54.

55.

56.

57.

58.

59.

Zech, N.; Podlaha, E.J.; Landolt, D. Anomalous Codeposition of Iron Group Metals II. Mathematical Model. ]. Electrochem. Soc.
1999, 146, 2892-2900. [CrossRef]

Zhuang, Y.; Podlaha, E.]. NiCoFe Ternary Alloy Deposition. III. A Mathematical Model. |. Electrochem. Soc. 2003, 150, C225-C233.
[CrossRef]

Gubicza, J. X-ray Line Profile Analysis in Materials Science; IGI Global: Hershey, PA, USA, 2014. [CrossRef]

Leineweber, A.; Mittemeijer, E.J. Diffraction line broadening due to lattice-parameter variations caused by a spatially varying
scalar variable: Its orientation dependence caused by locally varying nitrogen content in ¢-FeN0.433. J. Appl. Crystallogr. 2004, 37,
123-135. [CrossRef]

Li, M.; Gazquez, J.; Borisevich, A.; Mishra, R.; Flores, K.M. Evaluation of microstructure and mechanical property variations
in AlxCoCrFeNi high entropy alloys produced by a high-throughput laser deposition method. Intermetallics 2018, 95, 110-118.
[CrossRef]

Yang, S.; Ly, J.; Xing, E; Zhang, L.; Zhong, Y. Revisit the VEC rule in high entropy alloys (HEAs) with high-throughput CALPHAD
approach and its applications for material design-A case study with Al-Co—Cr—Fe-Ni system. Acta Mater. 2020, 192, 11-19.
[CrossRef]

Weller, M.; Overton, T.; Rourke, J.; Armstrong, F. Inorganic Chemistry, 7th ed.; Oxford University Press: Oxford, UK, 2018.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1149/1.1392025
https://doi.org/10.1149/1.1554917
https://doi.org/10.4018/978-1-4666-5852-3
https://doi.org/10.1107/S0021889803026906
https://doi.org/10.1016/J.INTERMET.2018.01.021
https://doi.org/10.1016/J.ACTAMAT.2020.03.039

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

