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A Co—Fe—Ni—Zn multi-principal element alloy (MPEA) film with the thickness of about 2.5 pm is processed by
electrodeposition. The layer has a nanocrystalline microstructure with the grain size of about 12 nm as deter-
mined by transmission electron microscopy. The structure of the majority of the film is face-centered cubic (fcc);
however, body-centered cubic (bcc) and amorphous phases with small fractions are also detected. The average
hardness and elastic modulus of the coating are 9.2 and 197 GPa, respectively, as determined by nano-

indentation. The hardness value is superior compared to other fcc MPEA layers processed by different deposition
methods. The enhanced hardness can be attributed to the strengthening effect of the very small grain size and the
presence of nanocrystalline bce and amorphous minority phases. This study demonstrates the ability of elec-
trodeposition for producing hard MPEA layers with the desired composition.

1. Introduction

One of the most dynamically developing fields of materials science
focuses on studying equiatomic or near-equiatomic materials with three
or more elements [1]. In the case of such materials, there are no solvents
and solutes; therefore, they are frequently called as multi-principal
element alloys (MPEAs) or compositionally complex alloys (CCAs)
[1,2]. These materials also include high-entropy alloys (HEAs), which
refer to a specific subset of materials where the number of principal
elements is five or higher with an atomic concentration between 5 % to
35 % [3]. HEAs usually display a single-phase microstructure due to the
stabilizing effect of the high entropy caused by the large number of
principle elements with the same or similar concentrations [3]. MPEAs
have been vastly investigated in the recent years due to their
outstanding mechanical and physical properties. For instance, excellent
oxidation and wear resistance [4], exceptional strength even at high-
temperatures [5], and for some compositions, a combination of high
strength and good ductility [6] were demonstrated. Owing to the wide
range of possible compositions, the properties of MPEAs could be
tailored for multiple purposes. For instance, mechanical applications
due to the remarkable hardness, high tensile strength and good ductility
[7,8] can be combined with medical applications owing to the
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antibacterial properties, corrosion resistance and biocompatibility
[9,10].

MPEAs can be manufactured with a wide range of techniques. For
example, bulk MPEAs were fabricated via mechanical alloying [11] and
arc-melting [12], and an additional grain refinement was performed
using high-pressure torsion [13] in order to get a nanocrystalline
microstructure. MPEA materials are also produced in the form of thin
films since they attract significant scientific interest due to their
exceptional properties. In the recent years, ion beam sputtering was
utilized to produce a FeCrSiNb layer with a thickness of 1.5 pm, and this
film exhibited a high hardness and an outstanding corrosion resistance
[14]. In another study, Feyg 7Mag 7Gas Mny(Siy1 coatings (M: Co or Ni)
having the thickness of about 80 nm was synthesized via thermal
evaporation for magnetoresistance applications [15]. Lately, some
works focused on combinatorial MPEA films in which the concentrations
of the constituent elements change laterally, therefore many different
compositions can be studied in a single sample [16-20]. For instance,
the corrosion properties of a combinatorial sample of Al,(CoCrFeNi);00-x
produced by radiofrequency magnetron sputtering were investigated
[16]. In this case, the layer thickness was 240 nm, and the study showed
that the corrosion resistance of the thin film MPEA is superior to the bulk
counterpart. It was also found that with the increase of Al concentration,
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the resistance of the layer to corrosion decreased. Recently, in a series of
studies CoCrFeNi combinatorial films with a thickness of approximately
1 um were investigated in detail [17-20]. These samples were produced
by a novel PVD method, namely multiple beam sputtering. The phase
composition, the crystallite size and the density of lattice defects (e.g.,
dislocations) were investigated as a function of the chemical composi-
tion [17-19], and a novel machine learning-based method was used for
construction maps of the microstructure [20]. In addition, the hardness
and the elastic modulus versus the chemical composition in the
Co—Cr—Fe—Ni MPEA system were determined by nanoindentation
[18,19].

It should be noted that PVD techniques are able to produce very thin
films on flat surface of a substrate. Therefore, if a workpiece with
complicated shape is intended to cover with an MPEA layer, another
method must be used. For instance, electroplating is a conventional
technique which is able to deposit thick films on surfaces with compli-
cated shapes. The first attempts of MPEA electroplating were based on
the application of non-aqueous solvents [21-28], hence taking advan-
tage of the possibility of the reduction of a greater variety of meal ions
than from aqueous solutions. Beside transition metals that are
commonly available by aqueous electroplating, rare-earth metals were
also among the components deposited [22-24]. In many of these studies,
the concentration of the precursor metal salts was in the 1-100 mM
range. The deposition of at least some of the components took place at
the diffusion-limited current density, which offers an opportunity to
tune the deposit composition directly with the bath concentrations,
independently of the codeposition mode of the metals. When pulse
plating was applied [26], the frequency of the pulses much exceeded the
threshold where capacitive distortion is expected to occur [29,30].

Attempts with aqueous electrodeposition to produce HEAs appeared
much after the nonaqueous systems [31-35] due to the limitations of the
components and the difficulties of the system optimization because of
the water decomposition. Apart from 4d metals, the alloys contained in
some cases P and Bi [31], Al [34] and Mo and W [35]. Some deposits
were reported to be inhomogeneous at the micrometer scale [35], but
pulse-plated alloys proved to be homogeneous at the resolution scale of
the EDS maps [33]. In most cases, magnetic properties were in the focus
of these studies. Templated electrodeposition of HEA nanowires was
demonstrated with aqueous baths [36], leading to a homogeneous
component distribution along the nanowire as a result of the optimized
pulse plating approach.

Oxygen content of the MPEAs deposited from nonaqueous media was
not even mentioned in these studies. Nevertheless, the oxygen K-line
was sometimes indicated in the EDX spectra [21-24], and its height was
often comparable to [25,34] or even much larger [27] than that of the
metals. This indicates a substantial degree of oxidation (or incomplete
reduction of the metal ions). For the sake of completeness, it has to be
mentioned that electroreduction of compacted metal oxide pellets in
molten salts also became a prominent technique to produce MPEAs
[37-43]. Although the resulting metals are porous, this technique is
feasible to produce alloys with metal components that are not
completely reducible from dissolved ions.

Although several attempts had already been made to produce MPEA
coatings by electroplating as discussed above, there are numerous many-
component MPEA systems which have not been produced successfully
by electrodeposition. An MPEA alloy layer composed of Co—Fe—Ni—Zn
is expected to exhibit various advantageous features. First, all compo-
nents are inexpensive and relatively non-toxic materials. Secondly, Zn
together with the iron group metals can be deposited from aqueous
solutions, which points toward the relatively easy adaptation of the
deposition of such an alloy into existing technologies. Thirdly, the
mutual codeposition characteristics of any pairs of this quadruplet are
well described in the literature, which offers a sufficient guideline for
the plating procedure of the quaternary alloy.

In this study, a Co—Fe—Ni—Zn MPEA is processed by pulse elec-
troplating for the first time, yielding a coating with the thickness of
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about 2.5 pm. The microstructure and the hardness were characterized
in detail and compared with the features of other electrodeposited
MPEAs.

2. Experimental details
2.1. Sample preparation

A Co—Fe—Ni—Zn MPEA layer was processed by electrodeposition.
All chemicals used for the solution preparation were of analytical grade.
The concentrations of the solution components are summarized in
Table 1. Metal salts were the precursor compounds of the electrodepo-
sition, boric acid was a buffering agent, saccharin is a commonly used
stress reliever for nickel-based electrodeposited coatings, sodium
dodecylsulfate is a wetting agent, while ascorbic acid is an essential
antioxidant to suppress the spontaneous oxidation of the Fe?" ions.
Solutions were prepared freshly every day from stock solutions of all
metal salts except for the ion-containing compound that was added to
the solution as solid and then dissolved, hence preventing the oxidation
upon storage. Ultrapure water supplied from an ELGA Purelab Option 7
purifier was used in every experiment. The pH of the bath was 3.2 + 0.1
(measured at room temperature). There was no appreciable change in
pH observed after the alloy plating procedure.

The schematic view of the beaker-type electrochemical cell is shown
in Fig. 1. The Teflon® cathode holder was assembled and then immersed
into the pre-heated solution. Tantalum was used as cathode because of
two reasons: (i) Ta is very stable in aqueous solutions due to its intact
protecting oxide layer, which also serves as a crystallographically
neutral surface that provides no preferred orientation of the deposit; (ii)
The XRD lines of the Ta substrate are far from the expected diffraction
lines of the deposits, hence providing an overlap-free background for the
structural analysis. The anode was a nickel foil cylindrically arranged
along the internal wall of the beaker. The total anode surface area was
more than 100 times larger than that of the cathode. The cylindrical
configuration ensured that no residue of the anode can fall onto the
cathode even if the anode disintegrates due to the dissolution. The
current distribution was sufficiently even along the cathode surface, as it
will be evidenced from the subsequent composition map. All experi-
ments were performed at 55 + 0.2 °C, which was stabilized by
immersing the entire beaker into a thermostat. The choice of the
elevated temperature is rationalized with the result of the preliminary
experiments, showing that a morphologically and compositionally het-
erogeneous deposit is obtained at room temperature. After the deposi-
tion, the entire cathode holder could be easily removed from the cell,
and the deposit was immediately rinsed with ultrapure water several
times then with ethanol to prevent the oxidation of either the deposit or
the solvent residues.

Electrodeposition was performed with pulse plating and with fixed
on- and off-times (0.06 s and 0.7 s, respectively), with 28 mA cm 2 on-
time current density. The sample was prepared by applying 6000 pulses
(overall accumulated on-time: 360 s). The choice of the pulse plating
parameters was based on the observation that D.C. plating leads to a

Table 1
The concentrations of the initial chemicals in the solution utilized in the
electrodeposition.

Name of the chemical Concentration [mol/1]

[formula of the compound usedfor bath preparation]

Nickel chloride [NiCl,-6H,0] 0.1594
Cobalt chloride [CoCl,-6H,0] 0.0548
Iron(II) ammonium sulfate [(NH4)2Fe(SO4)2-6H,0] 0.1419
Zinc sulfate [ZnSO4-6H,0] 0.0130
Boric acid [H3BO3] 0.2500
Saccharin [C;H5NO3S] 0.0273
Ascorbic acid [CeHgOg] 0.0057
Sodium dodecylsulfate [CH3(CH3);,0SO3Na] 0.0014
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Fig. 1. Schematic cross-sectional view of the electrochemical cell used (left) with the photo of both the fully assembled cathode and some of its dismounted parts
(right). 1: Tantalum foil cathode; 2: Copper contact plate; 3: Bottom body of the electrode holder; 4: Internal joint with two O-rings to provide sealing; 5: Top part of
the electrode holder; 6: Handle of the immersion cathode; 7: Electric lead to the cathode (sealed outside of the electrode holder); 8: Cylindrical nickel anode.

graded composition at the early phase of the process [44-46], but pulse
plating with a duty cycle less than about 0.2 ensures a compositionally
homogeneous alloy along the growth direction [47,48]. An EF453
potentiostat/galvanostat was used as the power source.

2.2. Structural studies

The surface morphology of the electrodeposited layer was studied by
scanning electron microscopy (SEM) using a TESCAN MIRA3 micro-
scope. The same SEM facility was applied in mapping the chemical
composition of the whole coating by energy-dispersive X-ray spectros-
copy (EDS).

The phase composition of the layer was characterized by X-ray
diffraction (XRD). A Smartlab X-ray diffractometer (manufacturer:
Rigaku, Japan) with Bragg-Brentano geometry and CuKa radiation
(wavelength: 4 = 0.15418 nm) was utilized. The XRD pattern was
measured in scattering angles between 40 and 100° with a step size of
0.02°.

The cross-sectional microstructure of the layer was investigated by
transmission electron microscopy (TEM). A TEM lamella was prepared
by focused ion beam (FIB) technique using Ga™ ions in a Thermo Sci-
entific Scios 2 Dual Beam equipment Thermo Fisher Scientific, Waltham,
MA, USA). The microstructure (and composition) was studied by
transmission electron microscopy (TEM) including high resolution TEM
(HR-TEM) and selected area electron diffraction (SAED) using a Cg
corrected Thermo Fisher Themis TEM (Thermo Fisher Scientific, Wal-
tham, MA, USA) equipped with four EDS detectors in Super-X geometry.
Analysis was performed at 200 kV accelerating voltage with point res-
olution of 0.08 nm. High angle annular dark field (HAADF) images and
EDS elemental maps were recorded in scanning transmission electron
microscopy (STEM) mode.

2.3. Hardness test

The hardness and the elastic modulus of the sample were investi-
gated by indentation measurements using a UMIS (manufacturer:
CSIRO, Australia) nanoindentation device with Vickers type indenter.
Considering the small sample thickness of about 3 pm, a low maximum
load of 10 mN was applied in order to maintain the maximum pene-
tration depth below ~300 nm. A series of 100 indentations along a line

with neighbor spacing of 20 pm was recorded on the sample. The
indentation rate was 0.25 mN/s. The hardness and the elastic modulus
were determined by the method of Oliver and Pharr [49].

3. Results and discussion
3.1. Analysis of the chemical composition

Fig. 2a shows a lateral overview of the film as obtained by SEM. The
diameter of the coated area was about 16 mm. The light gray spots on
the freshly prepared sample were due to the discoloration during the
uneven drying after the final rinsing process and could not be identified
as either morphologically or compositionally distinct areas in larger
resolution images. The highly magnified SEM image in Fig. 2b reveals
that the coating surface has a cauliflower-like morphology consisting of
nanocrystalline grains as shown in the inset. A more detailed analysis of
the grain structure on the cross section of the layer was performed by
TEM and the results will be presented later in this section.

The elemental maps obtained for the four constituents of the studied
MPEA by SEM-EDS can be seen in Fig. 3. A detailed study of the
microstructure and hardness was performed only in the middle part of
the film which exhibited a relatively homogeneous chemical composi-
tion. Namely, in a circular area at the film center with a diameter of 2
mm the chemical composition was 32 % Co, 27 % Fe, 21 % Ni and 20 %
Zn (at.%) as determined by SEM-EDS. The uncertainty of the concen-
tration values was about 1 at.%.

The complexity of the bath composition optimization is shown in
Table 2. While the studied ternary system is the prominent example for
the anomalous codeposition mode in metal plating [50-53], the anom-
ality parameter shows even the normal codeposition for one metal pair.
When the anomality parameter as calculated with the (xa/xp)/(ca/cB)
ratio is larger than one for a metal pair in which A is the less noble
component in accord with the standard potentials, the codeposition
mode is anomalous. It is straightforward from Table 2 that the Fe—Co
pair follows the normal codeposition mode, while the codeposition of all
other pairs is anomalous to various extent. The wide range of the
anomality parameter leads to that the bath optimization for the near-
equimolar deposit composition can be carried out with sequential ap-
proximations only because the change of just one single bath composi-
tion variable has a hardly predictable impact on the overall composition
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Fig. 2. (a) SEM overview of the full deposited disk. (b) A SEM image with higher magnification showing the cauliflower-like surface morphology. The highly

magnified inset in (b) shows grains on the surface.
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Table 2

The (xa/xg)/(ca/cp) parameters indicating the normal or anomalous nature of
the codeposition for each metal pair. x: mole fraction in the deposit; c: con-
centration of the precursor compound in the bath; A and B are the components of
the deposit. Components are listed in the order of their thermodynamic nobility.

B
Fe Co Ni
Zn 8.09 2.77 11.6
A Fe - 0.33 1.44
Co - - 4.43

of the deposit.
The current efficiency was calculated on the basis of Faraday’s law
by using Eq. 1:

ToxtonNy M _

Ad 1
F @

where 7 is the current efficiency, Ipy is the on-time current, toy is the on-
time, N is the number of current pulses applied to get the sample, z is the
charge of the precursor ions in electron charge unit, F is the Faraday
constant, M is the mean molar weight of the alloy, p is the density of the
alloy, A is the surface area of the deposit as measured from Fig. 2a, and
d is the mean thickness obtained from the cross-sectional cut used for
TEM studies. The current efficiency hence estimated is 72 + 2 %.

3.2. Structural studies

The XRD pattern taken on the center part of the film is shown in
Fig. 4a. Itis revealed that the main phase in the Co—Fe—Ni—Zn film has
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Fig. 4. (a) XRD pattern obtained in the center part of the Co—Fe—Ni—Zn film disk. (b) Magnified view of the first XRD peak after background subtraction, showing

the fitting of the double peak with the sum of two Lorentzian functions.

an fcc structure. Additionally, the peaks of the Ta substrate also
appeared in the diffractogram. The fcc reflection 111 has a shoulder at
its right side, suggesting that this peak overlaps with another reflection
located at a higher angle and having a lower intensity as shown in
Fig. 4b. TEM diffraction study will reveal that this peak corresponds to a
110 reflection of a minor bec phase (see later in this section). For further
analysis, the positions, areas and breadths of the two overlapping peaks
were determined by fitting a sum of two Lorentzian functions to the
measured profile.

Fig. 5a shows the Nelson-Riley plot [54] for the determination of the
lattice constant of the main fcc phase. In this plot, the lattice constant
values determined from the positions of the XRD peaks are plotted as a
function of cos6-(ctgd + cosf/0) where 6 is the Bragg angle. The lattice
constant of the fcc phase was determined from the intersection of the
vertical axis and the straight line fitted to the data points in the Nel-
son-Riley plot as shown in Fig. 5a and the value of 0.3620 + 0.0002 nm
was obtained. The crystallite size of the main fcc phase can be estimated
as the reciprocal of the FWHM of the first 111 peak which gives about 20
nm. This method is called as the Scherrer method [55]. It is worth noting
that the Scherrer analysis usually underestimates the crystallite size
since (i) it gives the average length of the columns obtained by cutting
the crystallites perpendicular to the reflecting planes, which is usually
smaller than the diameter of crystallites; and (ii) the lattice strain also
contributes to the FWHM of the first diffraction peak; i.e., the measured
broadening is higher than that caused by the crystallite size solely [55].
Nevertheless, the crystallite size determined by the Scherrer method is in
a reasonable agreement with the grain size suggested by the inset in
Fig. 2b.
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Fig. 5. Nelson-Riley plot for the determination of the lattice constant (a) of the
main fec phase.

Fig. 6 shows a cross-sectional view of the Co—Fe—Ni—Zn film as
obtained in the center part of the sample by TEM. The thickness of the
layer is about 2.5 pm as estimated from Fig. 6. Fig. 7a shows a DF-TEM
image obtained on the cross-section which was used for the determi-
nation of the grain size. Namely, the diameter of the bright spots was
determined and taken as the size of grains building up the material. The
grain size distribution obtained from the evaluation of one hundred
grains is plotted in Fig. 7b. The grain size varied between 5 and 27 nm
with an average value of about 12 nm. This value is slightly smaller than
the crystallite size estimated from the FWHM of the first diffraction peak
using the Scherrer method (about 20 nm, see above). This difference can
be caused by the fact that beside the main fcc structure a minor phase
also exists as suggested by the small XRD peak appeared at the right
shoulder of the fcc 111 reflection (see Fig. 4b). This satellite peak is
almost four times broader than peak 111; therefore, the size of crystal-
lites out of the main fcc phase is surely much smaller than 20 nm (about
5 nm). The difference between the crystallite and grain sizes obtained by
XRD and TEM, respectively, can also be attributed to the orders of
magnitude larger volume studied by XRD (about 1 mm?®) as compared to
that investigated TEM (about 1 pm®). Fig. 7c reveals that the grains
contain twin faults.

Fig. 7d shows an electron diffraction pattern obtained on the area
shown in Fig. 7a. The rings are mainly related to an fcc phase as shown
by the indices in the two-dimensional diffraction pattern, in accordance
with the XRD results (see Fig. 4a). The integration of the intensity along
the diffraction rings yielded the pattern shown in Fig. 7e. It can be seen
that beside the main fcc peaks, reflections of a secondary bec phase also
appeared in the diffractogram. Fig. 7f shows the first part of the

substrate

Fig. 6. TEM cross-sectional view of the Co-Fe-Ni-Zn film.
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Fig. 7. (a) TEM-DF image taken on the cross-section of the coating. (b) Grain size distribution determined from the evaluation of the TEM-DF image in (a). (¢) TEM-
BF micrograph showing nanotwins as indicated by red arrows. (d) Selected area diffraction pattern obtained on the part of the sample shown in panel (a). The indices
of the fcc rings are indicated. The diffraction pattern obtained by the integration of the intensity along the diffraction rings is shown in (e). On the horizontal axis,
d denotes the lattice spacing. The first part of the diffraction pattern with a higher magnification is presented in (f).

diffraction pattern with a higher magnification, revealing a shoulder at
the right side of the main 111 fcc peak, similar to the XRD results (see
Fig. 4b). Taking into account the other non-fcc peaks in the diffracto-
gram, this peak at the shoulder corresponds to the 110 reflection of the
secondary bec phase. Other bec peaks are not visible in the X-ray dif-
fractogram as either they are very weak (such as the reflection at the 20
angle of 64.3°) or overlap with Ta peaks (such at that at 82.2°).
Therefore, Nelson-Riley evaluation of lattice constant cannot be per-
formed using the XRD data. The fraction of the bcc secondary phase was
estimated from the integrated intensity ratio of the XRD bcc reflection
110 and the total area under the peaks related to the film. This fraction
was found to be about 30 %. From the analysis of the position and the
breadth of the becc 110 peak which was separated from the fcc 111
reflection by fitting the XRD pattern (see Fig. 4b), the lattice constant
and the crystallite size of the bcc phase were obtained as ~0.2895 nm
and ~ 5 nm, respectively. It should be noted that the lattice constant

evaluated from the first peak can deviate significanty from the extrap-
olated value as shown in Fig. 4b, therefore the lattice constant was also
evaluated from the TEM-SAED data using the Nelson-Riley method, and
0.287 + 0.001 nm was obtained. This lattice parameter is close to the
lattice constant value of Fe (0.2866 nm), the only constituent of the
present MPEA forming bcc structure in pure form.

The BF-TEM image in Fig. 8a reveals that the microstructure consists
of columns with the thickness of about 30 nm which are separated by
bright boundaries (indicated by yellow arrows in the figure). The col-
umns contain several grains; i.e., the grain size is smaller than the col-
umn width. The boundaries between the columnar structural features
appear in dark contrast in the HAADF images (an example is shown in
Fig. 8b). Additional HRTEM study revealed that these boundaries have
an amorphous structure. An illustrative example for the HRTEM images
is shown in Fig. 8c where the amorphous boundaries are indicated by
yellow arrows. The thickness of these boundaries is about 2 nm. It is

Fig. 8. (a) TEM-BF, (b) HAADF and (c) HRTEM images taken on the cross-section of the electrodeposited Co-Fe-Ni-Zn film. The yellow arrows indicate amorphous
boundaries between polycrystalline columns. The blue double arrows show the width of these columns.
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noted that although the TEM results shown in this study obtained on the
top part of the film (i.e., near the solution side), very similar micro-
structure and chemical composition were detected in the bottom part of
the layer (substrate side; not presented here).

The amorphous boundaries can be considered as another minor
phase in addition to the bcc secondary phase. If we assume a model in
which the crystalline columns having square cross-section and an edge
dimension of 30 nm are covered by an amorphous layer with a thickness
of 2 nm, an amorphous fraction of 12 % can be obtained. Fig. 9 shows
that the amorphous boundaries are slightly enriched in Ni and depleted
in Fe. Chemical compositional difference between the major fcc and the
minor bce phases may also exist. On the other hand, chemical in-
homogeneity in the crystalline part of the layer was not observed by
TEM which may be caused by the overlapping of grains within the FIB
lamella; i.e., the chemical composition measured by TEM-EDS cannot be
related to single grains.

3.3. Mechanical performance as determined by nanoindentation

Fig. 10a shows the nanohardness distribution measured on the
Co—Fe—Ni—Zn MPEA film. The hardness values varied between 4.9
and 17.5 GPa. The average hardness was obtained as 9.2 GPa. The
hardness distribution has a relatively long tail part at the higher values
which may be caused by the variation of grain size, texture and the
amount of the minority (bcc and amorphous) phases. A smaller grain
size and a higher fraction of the minority phases locally may yield a
higher nanohardness.

The elastic modulus histogram obtained by nanoindentation is
shown in Fig. 10b. The average Young’s modulus is 197 GPa. Although
the elastic modulus distribution also has a long tail part at the high
values, this effect is less pronounced compared to the hardness. This
observation suggests that the hardness is more sensitive to the structural
variations in the present MPEA layer than the Young’s modulus.

Former nanoindentation experiments performed on various MPEA
thin films and bulk materials yielded hardness values between 3.6 and
15 GPa as shown in Table 3 [56-58]. It should be noted that only those
nanoindentation results were collected from the literature for which the
applied load was similar or not significantly higher than that used in the
present study (10 mN). This condition must be fulfilled if we wanted to
avoid the indentation size effect (ISE) in the comparison of the hardness
values. Due to ISE, the measured nanohardness may increase with
decreasing the applied load. A former study [59] has shown that at the
above load of 10 mN the ISE is marginal; i.e., the nanohardness values
measured on different MPEA compositions and listed in Table 3 can be
compared.

Table 3 shows that very high hardness values (12-15 GPa) were

T
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observed for FeCrSiNb and FeMnNiAl MPEAs processed by ion beam
sputtering [14,60]. For the FeCrSiNb sample, the extreme hardness
values were explained by the amorphous structure of the material which
is hard to deform [14]. In the case of the FeMnNiAl MPEA, the material
was a nanocrystalline body-centered cubic (bcc) structure with the
crystallite size of 5-10 nm. In this case, both the extremely fine structure
and the basically hard bec structure can explain the very high hardness.
The other MPEAs in Table 3 have fcc structure similar to our electro-
deposited CoFeNiZn MPEA. They have lower average hardness (between
3.6 and 6.9 GPa) than that for the electroplated CoFeNiZn layer (9.2
GPa). This superior hardness can be attributed to the very small average
grain size (~12 nm as determined by TEM), and the strengthening effect
of the bcc and amorphous minority phases formed during deposition.
Therefore, the present study demonstrated that electroplating is capable
of producing fcc MPEA coatings with a similar or higher hardness as
other layer deposition techniques.

It should also be noted that there is at least one advantage of the
present Co-Fe-Ni-Zn MPEA layer compared to the common fcc alloy
films such as Ni and its alloys (e.g., Ni—Mo, Ni—Fe and Ni—W): the
considerably higher hardness. For Ni and its conventional alloys pro-
cessed by electrodeposition, the hardness was not higher than 7 GPa
even if they exhibited a nanostructure [61] while for the present MPEA
composition an average hardness of 9.2 GPa was achieved. It should be
noted that the Co—Fe—Ni—Zn MPEA layer produced in this paper is a
novel composition; therefore, beside the high hardness other beneficial
properties may be explored in the future.

4. Conclusions

A 2.5 pm thick Co—Fe—Ni—Zn MPEA film was successfully depos-
ited on a Ta substrate by electroplating. The component distribution, the
microstructure and the mechanical performance of the coating were
studied and the following conclusions were drawn:

1. The composition of the layer obtained by electroplating was 32 % Co,
27 % Fe, 21 % Ni and 20 % Zn (at.%) as determined by SEM-EDS. Due
to the optimized cell geometry, the composition was laterally even,
with £1 % random fluctuation within 85 % of the radius of the
plated disc. As a result of the application of pulse plating, no in-depth
composition variation occurred either, as revealed by TEM.

2. The film has a main fcc phase with the lattice constant of about
0.3620 nm. The average grain size was as small as ~12 nm. The size
distribution was wide spanning from 5 to 27 nm. The microstructure
also contains a bce minority phase and ~ 2 nm thick amorphous
boundaries separating polycrystalline columns. This amorphous
phase is enriched in Ni and depleted in Fe. XRD suggests that the bcc
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Fig. 9. (a) HAADF image and (b) STEM-EDS elemental maps and (c) a line profile taken across an amorphous boundary. Spatial distribution of the four elements

along the line indicate that the boundary is enriched in Ni and depleted in Fe.
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Fig. 10. Histograms showing the distributions of the hardness (a) and the elastic modulus (b) as determined by nanoindentation.
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Table 3

Hardness values of MPEAs collected from the literature and studied in the pre-
sent work. The composition and the processing route of MPEAs, as well as the
load applied in nanoindentation are also shown. “a” denotes amorphous

materials.
Composition Method of Load Hardness Reference
manufacturing (mN) (GPa)
FeCrSiND (a) Ion beam sputtering 50 15.0 + [14]
1.2
CoCrFeNi (fcc) Vacuum induction 100 6.9 [49]
melting
FeMnNiAl (bec) Ion beam sputtering 10 11.7 + [57]
0.7
CoCrFeMnNi Cold spray 20 4.2 [54]
(fee)
CoCrFeNi (fcc) Arc melting 100 3.6 [55]
CoFeNiZn (fcc) Electrodeposition 10 9.2 Present
study

minority phase has a smaller crystallite size compared to the main fcc
structure.

3. The average hardness and elastic modulus determined by nano-
indentation were 9.2 and 197 GPa, respectively. This hardness is
much higher than the values reported formerly on fcc MPEAs pro-
cessed by other methods (3.6-6.9 GPa) which can be explained by
the very small grain size and the existence of the bec and amorphous
minority phases.

4. The present study demonstrates the potential of electroplating in
producing hard MPEA coatings. While the present work refers to a
specific quaternary alloy of near-even molar fractions, the tuning of
the solution composition and the electrical parameters of the depo-
sition can be used to screen the impact of the compositon on the
microstructure and the hardness of the resulting layer.
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