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Microstructure and tensile strength of electrodeposited Fe-rich bee

FeCoNi medium-entropy alloys

Crystal grain refinement in high- and medium-entropy alloys is an effective
approach to obtaining good strength as well as ductility. An FeCoNi medium-
entropy alloy with a wide range of grain sizes was fabricated by electrodeposition.
The alloy had a metastable bcc structure with Fe-36 at.% Co-21at.% Ni
composition and heterogeneous distribution of grain sizes ranging from 20 nm to
15 um. Moreover, the alloy possessed a tensile strength of 1.2 GPa, and a fracture
elongation of 6.3 % without secondary phase. The excellent mechanical properties
of the alloy can be attributed to its bce phase and heterogeneous grain sizes

extending to the nanoscale.

Keywords: medium-entropy alloy, crystal structure, electrodeposition,

mechanical properties, microstructure

1. Introduction

The excellent strength/ductility balance of high- and medium-entropy alloys (HEAs and
MEAs, respectively) has attracted much attention in the last decade [1,2,3,4]. The
difference between HEAs and MEAs is the number of alloying elements or composition
deviation from an equiatomic concentration. In the most accepted definition,
HEAs/MEAs are classified by calculating the configuration entropy per mole of mixing

(Scont) from the composition using

Sconf = —R X;¢;Ing; (1)

where R is the gas constant and ¢; is the fraction of each element. Alloys of Sconf> 1.5R
are classified as HEAs, whereas alloys of 1.0R< Sconr<1.5R are classified as

MEAs [1,4,5,6].



The mechanical properties of metal materials including HEAs/MEAs depend on
their microstructure. For example, the equiatomic CrMnFeCoNi HEA (one of the well-
known HEAs) shows low strength arising from its face-centered cubic (fcc) structure,
despite its high ductility and toughness. Therefore, several researchers have attempted to
increase the strength using secondary phase or dispersive particles [7,8,9]. Other studies
have developed body-centred cubic (bcc) and hexagonal close-packed HEAs/MEAs with
limited slip systems compared to the fcc structure [10,11]. Moreover, HEAs/MEAs have
large Hall-Petch slopes, and crystal grain refinement is also effective in improving their
strength [12]. Excellent microstructure stability at high temperatures of HEAs/MEAs also
supports the effectiveness of the approach [13,14]. However, the simple introduction of
these strengthening approaches typically results in the reduction of ductility; the trade-off
relation between strength and ductility is a known issue in structural materials.

The introduction of microstructural heterogeneity is one of the ways to address
the above-mentioned problem; the combination of different grain sizes leads to a good
strength/ductility balance by increasing the strain hardening rate. Some studies recently
reported that HEAs/MEAs consisting of heterogeneous grain structures and precipitates
exhibit a good strength/ductility balance [15,16,17,18,19,20]. Conventional FeCoNi
MEAs do not exhibit remarkable high strength among the MEA subsystems of
CrMnFeCoNi HEA; however, the FeCoNi MEA with a wide grain size distribution in the
order of microns achieved simultaneous improvement in strength and ductility [15].

Electrodeposition is a bottom-up wet technique performed at much lower
temperatures than the melting point of metals. It is a potential approach for fabricating
fine grain alloys reaching the nanometer scale with bulk forms [21,22,23]. Moreover,
heterogeneous microstructures, nonequilibrium phases and supersaturated solid solutions

have been identified in electrodeposited alloys [24,25,26,27,28]. Iron, cobalt, and nickel



were employed as alloying elements for the present work, owing to their similar standard

reduction potentials [29]:

Fe’* +2e=Fe —045V (2)
Co** +2e=Co —028V 3)
Ni2* +2e=2Ni  —026V @)

Thus, it is expected that FeCoNi MEA with heterogeneous microstructure reaching the
nanometre scale, which is smaller than the works in the conventional approaches, can be
fabricated by electrodeposition. Furthermore, it is also known that equiatomic FeCoNi
MEA forms an fcc phase, but there is a wide region of a bce phase on the Fe-rich side of
the Fe-Co-Ni phase diagram at high temperatures [30,31].

In this study, we developed an Fe-rich FeCoNi MEA using electrodeposition. The
electrodeposited FeCoNi MEA exhibited a bcc structure with heterogeneous grain size
distribution extending to the nanoscale, and showed a tensile strength of 1.2 GPa with a

fracture elongation of 6.3 %.

2. Materials and methods

2.1 Electrodeposition

A 17.5 g alloy sample was deposited onto a copper cathode by electrodeposition for 69 h
in a 1 L aqueous solution. The solution composition is shown in Table 1. The chemicals
were supplied by FUJIFILM Wako Pure Chemical (Osaka, Japan). Iron, cobalt, and
nickel plates were employed as anodes. Electrodeposition was performed with constant
current at a total current density of 50 mA cm™ and a temperature of 55+ 3.4 °C. The

schematic diagram in Fig 1a shows the electrode layout. To maintain the concentration
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of each metal ion, the applied current ratio for each anode was experimentally determined
to be Fe: Co:Ni=0:7:10. Here, the current was not applied for iron plates and it is
simply dipped during the electrodeposition due to the dissolution rate. The pH value was
also maintained at 2.0+ 0.9 by adding a saturated aqueous solution of sulphamic acid.

The water level was monitored and kept constant by adding distilled water.

2.2 Analysis for microstructural and mechanical properties

Microstructural analysis for the as-deposited sample was carried out using scanning
electron microscopy (SEM; SU8010, Hitachi High-Tech, Japan) and energy dispersive
X-ray spectrometry (EDX; Quantax XFlash 6-10, Bruker, USA) at an acceleration
voltage of 15kV. To determine the grain size of the as-deposited sample, electron
backscatter diffraction (EBSD) analysis was performed using a detector (MSC-2200, TSL
Solutions, Japan) attached to an SEM (JEM-7001F, JEOL) at a 15kV acceleration
voltage. The collected data was analysed using OIM analysis ver. 5.31 (TSL Solutions),
defining grain boundaries as the misorientation greater than 15° and omitting grains
smaller than five times of the step size or data points with the confidence index of less
than 0.2. Scanning transmission electron microscopy (STEM; JEM-ARM200F, JEOL)
measurements were carried out at an acceleration voltage of 200 kV. Indexing was
performed on an intensity profile of the electron diffraction pattern computed using
ProcessDiffraction ver. 8.7.1Q [32]. X-ray diffraction (XRD, Ultima IV Rigaku, Japan)
measurements were performed at an acceleration voltage of 40 kV using Cu-Ko radiation.
Annealing was performed using a muffle furnace in an air atmosphere at 1000 °C for 24 h
followed by quenching in room-temperature water. Prior to annealing, a copper substrate

was removed by mechanical polishing.



For evaluating mechanical properties, tensile tests were conducted on a tensile test
system (8874, Instron, USA) ata 1.0 x 107 s™! strain rate and 25 °C temperature. A tensile
specimen with a 10 x 2 mm? gauge area was cut out by electrical discharge machining
(EDM). Prior to the tensile test, mechanical polishing was conducted to remove the
copper substrate, surface defects, and EDM-damaged layers. The ultimate thickness of
the tensile specimen was ~ 0.4 mm. After the test, fracture elongations were measured
based on the length changes of the fractured samples. Fracture surfaces were observed
using the SEM at a 5 kV acceleration voltage. Further, the deformation microstructure

was analysed using the SEM-EBSD technique.

3. Results and discussion

The inverse pole figure (IPF) map of the as-deposited alloy is shown in Fig. 1b. Fine
grains were observed between some coarse grains. The grain size distribution of the
sample shown in Fig. Ic was computed by SEM-EBSD analysis. The mean grain size
was calculated as 5.6 um from the data. Based on the EDX spectrum in Fig. 1d, the atomic
composition of the electrodeposited alloy was determined to be Fe43Co3sNi21, denoting a
slightly Fe-rich content compared to equiatomic; the alloy was classified as MEA because
its Scont value was 1.1R. It is noted that the higher peaks in 0.5-0.9 keV are L-edge peaks
of iron, cobalt, and nickel.

Figures 2a and 2b display bright-field (BF) STEM images of the as-deposited
MEA. The arrowheads in Fig. 2a indicate the regions in which nanocrystals of 20 nm size
were observed. Figure 2c¢ shows the electron diffraction pattern; diffractions can be
indexed as a bec structure, as shown in Fig. 2d.

The overall crystal structure of the sample was determined from the XRD profile

shown in Fig. 3; all peaks were indexed to a bcc structure [33]. The previous work



reported that the alloy forms an fcc phase at temperatures above 600 °C and bee/fec dual
phase below 600 °C as the equilibrium state [13]. The same trend has also been reported
in other works [30,31], whereas the as-electrodeposited FeCoNi MEA consists of a single
bcc phase. The formation of nonequilibrium phases has been reported in some
electrodeposited samples [24,25,26,35]. Especially, the formation of a bcc phase has been
reported in the more extensive composition range upon adding saccharin to the solution
in electrodeposited Fe—Co—Ni alloys [36]. To demonstrate that the phase formed in the
electrodeposition was metastable, the bcc sample was annealed at 1000 °C for 24 h. The
XRD profile of the annealed sample (Fig. 3) shows bcc and fcc dual phases. This result
indicates that the single bec phase in the as-deposited FeCoNi alloy is a supersaturated
solid solution and this phase formation is unique to the electrodeposition.

Figure 4a shows the nominal stress/strain curve of the as-deposited alloy. The
present MEA achieved a tensile strength of 1.2 GPa with a fracture elongation of 6.3 %.
Figure 4 shows the appearance of the fractured tensile specimen (panel b) and the
fractograph (panel ¢). There were the reduction of area at the fracture part, albeit slight,
and dimples in the fracture surface. These results indicate a ductile fracture [37,38,39,40].

Figure 5a compares the ultimate tensile strength and fracture elongation obtained
in this study (blue point) with those reported in previous work. The filled marks indicate
the performance of the equiatomic FeCoNi MEAs [12,13,15,23,41], and the open marks
indicate the performance of the FeCoNi-based MEAs strengthened by the introduction of
a small fraction of solutes, strengthening phases, or precipitates [7,8,39,42]. As described
in the introduction section, simple FeCoNi MEAs does not exhibit exceptionally high
strengths among the subsystems of CrMnFeCoNi HEA; the conventional FeCoNi MEAs
exhibit a maximum strength of ~ 0.5 GPa. It was recently reported that nanocrystalline

FeCoNi MEAs with ~20nm grains demonstrate extremely high strength of over



1.5 GPa [23]. On the contrary, some FeCoNi MEAs with heterogeneous microstructures
exhibit high strength up to 1 GPa [15]. It is noteworthy that the present FeCoNi MEA
with the unique microstructure showed higher strength than the previously reported
FeCoNi MEAs with heterogeneous microstructure and comparable strength to
nanocrystalline FeCoNi MEAs without addition of any elements, while retaining
ductility. The ductility of the present alloy is also compatible with the alloys prepared by
other processes. However, it has been reported that the mechanical properties of
electrodeposited alloys are affected on conditions of electrodeposition [22,43]. Especially
ductility are dependence on the presence of micro defects or cracks [38,40] and correlated
on the crystal orientation [28,44]. Therefore, there may still be potential to improve
ductility by optimising deposition conditions, such as current density and solution
composition, to control crystal orientation.

Following could be the reasons for the remarkably high strength of the present
alloy: the presence of nanocrystals and the bce phase. It is also interesting and important
to consider the dependence of mechanical properties. Unfortunately, this is not easy
because the mechanical properties in Fe—Co—Ni alloys depend not only on the alloy
composition but also on the magnetostriction [45,46]. Here, we would like to focus on
the effects in the microstructure including and crystal structure. First, the grain size in the
present work was determined through the EBSD analysis. The STEM observation found
nanocrystals in the alloy; however, these grains were not detected on SEM-EBSD
analysis because of their spatial resolution. The presence of a significant number of grains
finer than the mean grain size results in a higher strength than in the case of monodisperse
grain size distribution. Second, there are fewer slip-systems allowed in the bce structure
compared to fcc FeCoNi MEA. As a result, bcc FeCoNi MEA should exhibit higher

strength than fcc FeCoNi MEA even with the same grain size.



To characterize the deformation microstructure of the bcc FeCoNi MEA with
heterogeneous grain size distribution, an EBSD analysis was conducted on the gauge area
of the fractured tensile specimen. On an IPF map (Fig 6a), the coarse grains show colour
gradations. Figure 6b shows the kernel average misorientation (KAM) map. The KAM is
related to the density of geometrically necessary dislocations (GND) as p = a.6/bx, where
p is the density of GND, 6 is the KAM value, b is the Burgers vector, x is the step size for
measurement, and a is a constant [8,15,47,48]. Thus, the distribution of KAM
corresponds to the GND distribution. From Fig. 6b, the distribution of KAM in the coarse
grains indicates that there are high KAM regions on lines in the grain interior; these lines
are regarded as formed sub-boundaries. Therefore, the combination of coarse grains and

fine grains leads to the preferred effects for ductility.

4. Conclusions

e Electrodeposited Fe-rich FeCoNi MEA formed a metastable bcc monophase and
exhibited a broad size distribution of crystal grains, ranging from 20 nm to 15 pm.
e The electrodeposited alloy presented high strength (1.2 GPa) and excellent

elongation (6.3 %).
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Table 1. Composition of the aqueous solution for electrodeposition.

Chemicals Content (mol m™)
Sodium propionate 480
Sodium gluconate 40
Hydroxylammonium chloride 40
Saccharin sodium dihydrate 16
Sodium dodecyl sulphate 4.0
Sulphamic acid 40
Nickel(II) sulphamate tetrahydrate 456
Cobalt(II) sulphate heptahydrate 80
Iron(IT) sulphate heptahydrate 264
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Figure 1. Electrodeposition setup and SEM analysis of the electrodeposited FeCoNi
MEA. (a) Schematic diagram in top view showing the electrode layout in 1-L
electrodeposition system. (b) IPF map of as-deposited alloy and the colour legend. (c)
Grain size distribution and (d) SEM-EDX spectrum of as-deposited alloy.
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Figure 2. STEM observation of the as-electrodeposited FeCoNi MEA. BF-STEM images
at (a) low magnification and (b) high magnification. Fine grains were observed in the
regions indicated by arrowheads in panel a. (¢) Electron diffraction pattern and (d)

corresponding intensity distribution.
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