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ARTICLE INFO ABSTRACT

Keywords: In recent years, Multi-Principal Element Alloys (MPEAs) have emerged as a new and exciting class of materials.
HEA To date, the most widely used processing methods for MPEAs are arc melting and mechanical alloying. The study

Processing explores the feasibility of an alternative, novel process to process bulk MPEA samples, namely the reduction of an

g:;iition oxide powder precursor mix. Equiatomic CuCoFeNi was selected as a model system of study because these el-
Microstructure ements form a subset of a large proportion of MPEA compositions already studied. High purity precursor oxide

powders of Co3z04, CuO, Fep03 and NiO were milled and mixed using standard ceramic processing methods. The
green pellets were subjected to a reduction annealing treatment in flowing 5%H>-N3 at 1000 °C, with heat-
treatment times ranging from 4 to 1000 h. After 4 h, the sample was transformed into a dense metallic bulk
sample with no residual oxides. The microstructure was characterized by x-ray EDS, SEM and XRD, and was
shown to consist of a polycrystalline matrix, and a copper-rich second phase situated at the triple points. The
hardness was studied by nano-indentation. Using EPMA (electron microprobe analysis), the composition of the
matrix was determined to be Cuyg 1C026 6Fea6 9Niog 4 (at%), which represents the single phase MPEA composi-
tion. Oxide reduction is a viable technique for processing bulk complex metallic alloys, with potential for novel

microstructural tailoring.

1. Introduction

Multi-Principal Element Alloys (MPEAs) are a new class of materials
which unlike conventional alloys, comprise multiple (>5) principal
components in equimolar or near equimolar ratios [1-6]. The identifi-
cation of new phases in these systems has been attributed to the
increased configurational entropy, hence their original designation as
high entropy alloys (HEAs). This concept has opened an expansive realm
of unexplored alloy compositions and microstructures, and has attracted
significant research interest. The excitement in the field has been fueled
by the discovery that for select compositions, the MPEAs exhibit prop-
erties that are superior to conventional alloys [7-10]. For example,
unlike Inconel 718 or Haynes 230, the MPEA alloys MoNbTaVW and
MoNbTaW retain high levels of yield strength up to 1600 °C [9], and
hence have potential applications in energy generation and marine
turbines. In the realm of low-density alloys, the MPEA AlyoBegoFeiq.
SiysTiss offers a factor of three improvement in the strength to density
ratio compared to most commonly used titanium alloys in the aerospace,
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marine, and biomedical sectors (Ti-6A1-4V) [7]. In surveying the MPEA
literature [2,6], it can be seen that the vast majority of the alloys studied
have been fabricated either by melt processes (such as arc melting and
induction melting), or mechanical alloying. The goal of the present work
was to explore whether MPEAs could be synthesized by a novel method,
namely the reduction of an oxide powder mixture. This route for
achieving MPEA bodies has several potential advantages. Firstly, it is a
solid-state process, so that solute partitioning during cooling from the
melt is circumvented. Note that this is a common issue with regard to arc
melted structures where there is interdendritic segregation, see for
example refs [11-13]. Secondly, by using complex oxides containing
multiple cationic species, e.g. spinels or perovskites, one can achieve
atomic scale mixing of the metal atoms in the initial powder mix. For
example, for an MPEA composition containing both Cu and Fe, it might
be advantageous to use delafossite (CuFeO3) as one of the starting ox-
ides, versus CuO and Fe,Os. Similarly, a spinel such as CoFe304 could be
utilized as a source of both Co and Fe. Further, recent work by the
present authors has shown that the partial reduction of mixed oxides can
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lead to metal-ceramic composites with unique hierarchical structures
[14-16], hence this may provide an additional mechanism for micro-
structural tailoring.

For many elemental metals (e.g. Fe, Sn, Cr), the oxide reduction
route is a long established process by which they are extracted from their
ores. However, this is rarely used as a synthesis technique for metallic
alloys. An exception is the work of Verdooren and co-workers, which
describes the fabrication of Fe;O3 ceramic foam precursors, that were
subsequently reduced to closed metallic foam bodies [17,18]. To the
authors’ knowledge, the only reported application of this technique in
the MPEA field is the study by Kenel et al. [19], which addressed a
possible method for additive manufacturing of MPEAs. Their work
showed that 3D extrusion of inks containing a blend of oxide nano-
powders, followed by co-reduction in a pure hydrogen atmosphere,
resulted in micro-scaffold structures of near-full density CoCrFeNi. The
present study differs from the Kenel et al. work in that it utilizes con-
ventional ceramic powders and processing methods, and the precursor is
a pressed ceramic compact.

The equiatomic alloy CoCuFeNi was selected as the proof of concept
composition for this study. This subset of metallic elements forms the
basis of a large number of transition metal MPEA families, hence any
findings would be widely relevant to the MPEA community. Moreover,
for the constituent elements, the oxide to metal reductions can be ach-
ieved by using forming gas (5%H>-N2), which is experimentally more
convenient. The CoCuFeNi alloy composition has been the subject of a
number of prior studies [20-22]. Liu et al. [20] studied the mechanical
behavior of a series of CoCuFeNiSny alloys, where the molar ratio of Sn
content was varied between zero and 0.1. For tensile testing of the alloy
composition CoCuFeNi (i.e., x = 0), they reported an ultimate tensile
strength of ~470 MPa, and a strain to failure of ~14%. More generally,
the study showed that the alloy strength increased with increasing Sn
content up to 0.07, and then decreased. In a separate paper, Zheng and
co-workers [21] reported that CoCuFeNi exhibited enhanced corrosion
resistance relative to 304 stainless steel (NaCl solution, 3.5%). Based on
x-ray diffraction (XRD), the microstructure of the alloy was stated to
consist of a single phase FCC solid solution.

2. Experimental methods
2.1. Powder processing

The high purity precursor oxide powders utilized were as follows:
C0304 (99.7%), CuO (99.998%), Fe203 (99.998%), and NiO (99.998%).
These were combined in the appropriate proportion so as to yield, on
reduction, an equiatomic mixture of Co, Cu, Fe and Ni. The weighed
powders were ball milled for 8 h in 200 proof ethanol using alumina
milling media. After drying, the powders were compacted into cylin-
drical pellets (~25 x 5 mm) by uniaxial pressing (5000 psi). For the
reduction process, the samples were placed in a graphite crucible and
covered with graphite powder. The assembly was subjected to
isothermal annealing in a tube furnace with flowing 5% Hy-N3 (90 cm®/
min). The majority of the heat-treatments were carried out at 1000 °C,
with annealing times ranging from 4 to 96 h. The furnace heating and
cooling rate was 10 °C/min. For the purposes of comparison, an alloy
with the composition CoCuFeNi was also prepared by arc melting. In this
case, elemental metal powders (purity > 99.9 %, < 60 um mean particle
size) were mixed using a laboratory jar mill (Thomas Scientific Series
8000) at an optimal rotational speed to ensure that the gravitational and
centrifugal forces were balanced. The powder mixture was then uni-
axially pressed in a steel die at 5000 psi to form disk shaped samples
(diameter ~ 20 mm, thickness ~ 3 mm). The pellets were subsequently
arc melted on a water-cooled copper hearth enclosed within an argon
atmosphere at a pressure of 30 psi (Bithler MAM1). The alloy pellets
were inverted and re-melted 4 times to ensure homogeneity of the cast
material.
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2.2. Characterization

Polished sections of the samples were prepared using standard
metallographic techniques. The microstructure of the samples was
characterized using scanning electron microscopy (SEM, (Hitachi S-
4300 FESEM). Phase identification was carried out using XRD (Malvern
Panalytical Empyrean, Bragg-Brentano geometry, Cu-Ka source,
1.54184 A, 40 kV, 45 mA). Each data set was calibrated with a NIST
silicon standard where the XRD patterns of the silicon and the sample
were collected at the same time. The XRD patterns were acquired at high
resolution, with a 260 step size of ~0.01°. These results were com-
plemented by electron microprobe analysis (JEOL JXA-8900) and
elemental mapping in the SEM. The mechanical behavior of the micro-
constituents of the processed MPEA was probed using nanoindentation
(Hysitron PI-85 Picoindenter) in the SEM (FEI Dual-Beam Scios Focused
Ion Beam/Scanning Electron Microscope).

3. Results and discussion
3.1. Microstructure and phase analysis

As mentioned previously, for the purposes of comparison, a metallic
alloy with the equiatomic composition CoCuFeNi was prepared by
conventional arc melting. As expected, the arc melted alloy exhibited a
dendritic structure. Compositional mapping (x-ray EDS) of the as cast
structure revealed an inter-dendritic phase that was enriched in copper
(see Fig. 1).

Turning now to the samples that were processed via the precursor
ceramic route, Fig. 2 shows the XRD data for samples that underwent
reduction annealing treatment at 1000 °C for 4, 15, 24 and 100 h. It is
important to note that even in the case of the shortest annealing time
studied (4 h), there were no detectable peaks that matched either the
starting oxides, or any intermediate ceramic compounds. Instead, the
spectra corresponded to three metallic phases: one BCC, and two FCC.
The diffraction peaks indexed according to the BCC phase closely
matched that of FeCo. It follows, therefore, that reduction was essen-
tially complete after 4 h. Given the relative insensitivity of XRD to low
volume fractions of second phase (<5 vol%), this result was also
confirmed by SEM examination. The FeCo phase was only observed for
the 4 h sample, and its existence is believed to derive from transient
compositional inhomogeneities due to incomplete powder mixing. The
inhomogeneous nature of the initial microstructure, together with the
rapid transformation kinetics, rendered any meaningful identification of
the sequence of reactions leading to alloy formation difficult. Based on
thermodynamic considerations, however, of the four starting oxides the
CuO would be expected to reduce the most readily. Some degree of solid
state reaction between the oxides is also possible, but this was not
detected experimentally. In contrast to the 4 h sample, analysis of the
spectra revealed that for the 15-100 h reduction heat-treatments, the
sample consisted primarily of two metallic FCC phases with similar
lattice parameters. These are designated FCC1 and FCC2.

Polished sections of all of the samples were examined in the SEM.
The microstructure of the 4 h sample was highly inhomogeneous. In
contrast, the microstructures of samples annealed at 1000 °C for periods
ranging from 8 to 100 h were very similar, differing only in the scale of
the phases present. A representative microstructure for the 24 h sample
is shown in Fig. 3, which depicts x-ray EDS (energy dispersive spec-
troscopy) elemental maps for each of the constituent metals (Cu, Co, Fe
and Ni). To enhance resolution, the elemental maps were collected at a
low accelerating voltage (7 kV), and the step size was 100 nm (hence
each pixel corresponds to an area of 100 x 100 nm?). Note that this is at
the spatial resolution limit of the SEM-EDS technique itself. The grain
size of the matrix was estimated to be ~20 pm. Oxygen mapping did not
reveal any residual oxide phases; a result which was consistent with the
XRD data. It can be seen that the microstructure consisted of two phases:
a copper-rich second phase (A) which was located primarily at triple
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Fig. 1. Arc melted alloy CoCuFeNi. Compositional maps (X-ray EDS) of as cast sample. The maps were collected using an accelerating voltage of 15 kV.

points, and a polycrystalline matrix phase (B). These two microstruc-
tural constituents therefore correspond to the two FCC phases identified
in the XRD measurements. By comparing the volume fraction of each
phase with the XRD peak intensities, it was ascertained that the Cu-rich
phase (A) corresponded to FCC1 in the XRD results, and the matrix phase
(B) was FCC2. Fig. 3 also reveals that the grain boundary regions were
depleted in copper, where the width of these regions is clearly many
times greater than the pixel width (100 nm). The reason for this will be
discussed in section 3.3.

As can be surmised from Fig. 2(b), the peak positions and hence the
lattice parameter of the two FCC phases varied slightly depending on the
annealing time. For annealing times <24 h the lattice parameter for the
intergranular phase (A) was determined to be 3.617 1°\, at 100 h the
lattice parameter was 3.612 A. The lattice parameter of the matrix phase
(B) was 3.591 A for samples annealed times < 24 h, and increased to
3.595 A for the sample annealed for 100 h. Note that in presenting the
lattice parameter data with 4 significant digits, we are taking a con-
servative approach, estimating the accuracy of peak position as no better
than 0.01°, which is equivalent to ~0.001 A at the (111) peak position.

For the 24 h sample, quantitative compositional analysis of the two
phases was carried out using wavelength dispersive spectroscopy (WDS)
in the electron microprobe, operated at an accelerating voltage of 15 kV.
The compositional data was derived from elemental standards, and the
results were corrected for x-ray absorption effects. The results shown in
Table 1 represent the average values from 12 (A) and 22 (B) analyzed
areas. The expressed uncertainty in the values corresponds to the stan-
dard deviation. Note that because each elemental concentration is
determined separately using a standard, the total concentration of all the
elements may deviate slightly from 100%.

It can be seen that phase A consists of ~80 wt% Cu, with alloying
additions of Co (12.2 wt%), Fe (5.0 wt%) and Ni (5.1 wt%). The matrix

(B), however, consists of significant weight fractions of each of the
alloying elements, and as such is consistent with the compositional
definition of an MPEA. Expressed in terms of atomic %, the matrix
composition is Cujg 1Co26 6Feas 9Niag 4. This result contrasts with the
work of Liu et al. [20] and Zheng et al. [21], which reported the
equiatomic composition as single phase.

3.2. Mechanical behavior

Nanohardness testing, utilizing a Berkovich tip, was carried out on a
polished section of the CoCuFeNi sample (100 h at 1000 °C). The pro-
cedure was automated so as to generate regular arrays of indentation
sites. For a given array, the start and end points of the array were labeled
with fiduciary marks on the specimen surface. The spacing of the
indentation sites was set at ~3 pm. This value was selected based on the
CoCuFeNi microstructure (see Fig, 3), and was judged to reasonably
ensure sampling of both the intergranular and matrix phases. Note that
the selected indent spacing was also sufficiently large to avoid overlap of
the strain field between adjacent indents. The total number of in-
dentations across the different indentation arrays was 205. The applied
load was 3 mN, resulting in an indentation depth of ~350 nm. For each
indentation, values for the reduced modulus and hardness were calcu-
lated from the load - displacement data using the Pharr and Oliver
method [23]. The results are presented in Fig. 4 in a histogram. It was
found that ~74% of the data points was uniformly distributed between
1.875 GPa and 2.625 GPa with a mean hardness value of 2.25 GPa.

Although indentation was carried out in the SEM, the presence of the
indenter fixture inhibits the quality of imaging that can be carried out in-
situ. For this reason, the indent array was imaged post-indentation.
Knowing the indentation sequence, it was possible to use the SEM
image of the indentation array to assign a microstructure to any given
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Fig. 2. X-ray diffraction spectra of bulk samples annealed for varying times at 1000 °C in 5% H>-N,. a) Wide angle scan (40-100 deg.), b) High resolution scan
(42-46 deg.), 20 step size 0.01 deg. The three distinct phases are designated FCC1 (*), FCC2 (**) and BCC (¢).

data point on Fig. 4. In this manner it was determined that the higher
hardness values (>1.875 GPa) corresponded to measurements of the
matrix phase. Conversely, the hardness of the copper rich phase was
<1.5 GPa. Given that the dimensions of the copper-rich phase were only
of the order of a few microns, the proportion of indents that sampled the
center of these regions was relatively small (~3%). The hardness values
corresponding to those indents were in the range 0.75-1 GPa.

3.3. General

Although previous work [20,21] has described the structure of
CoCuFeNi as single phase FCC, our results show that the single phase
MPEA in this system has the composition Cu;g1C026 ¢Fess 9Ning.4
(expressed in atomic %). As described previously, from nano-
indentation, the hardness of this alloy was determined to be 2.25 +
0.375 GPa. Using the widely accepted empirical relationship between
hardness (H) and strength (cyrs), where oyrs ~ H/3 [24], we can esti-
mate the ultimate tensile strength (cyrs) of the matrix phase to be ~750

MPa. This compares to a value of ~475 MPa obtained by tensile testing
of the CuCoFeNi arc-melt derived sample measured by Liu et al. [20].
Whether the discrepancy is due to the different processing or testing
methods is not known at this time.

One noteworthy aspect of the microprobe data was that the magni-
tude of the uncertainty in the elemental concentrations was much
greater than would be expected from statistical x-ray counting consid-
erations alone. One possible explanation is that the variation is due to
beam interaction effects. For example, in pure Cu, the beam interaction
depth at 15 keV is estimated to be ~0.4 pm [25], therefore although the
beam is positioned on the second phase, there may be a contribution in
the x-ray signal from sub-surface matrix regions. Another possibility is
that the variation in the composition of the second phase is not due to
some artefact of the procedure, but rather reflects a true variation in
phase composition. Although the phase relationships in the quaternary
system Co—Cu-Fe-Ni have not been explored in detail, the ternary phase
diagrams corresponding to subsets of these 4 elements have been studied
both experimentally and by calculation [26-31]. It has been shown that
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Fig. 3. Compositional maps (X-ray EDS) of sample that had undergone 24 h reduction heat-treatment (1000 °C, 5%H>-N3). (7 kV accelerating voltage).

Table 1

Compositional data for sample subjected to 24 h at 1000 °C reduction treatment.
Results correspond to microstructural regions depicted in Fig. 2 (A: Intergran-
ular phase, Cu rich, B: matrix phase).

T
20 25 30 35

Region Cu (wt%) Co (Wt%) Fe (Wt%) Ni (wt%)
A (Second phase) 80.6 + 6.4 12.2 + 3.6 5.0+ 1.3 51+1.0
B (Matrix) 19.6 + 1.1 26.7 + 2.1 25.5+ 1.3 28.4+1.3
70
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Fig. 4. Nanohardness data of CoCuFeNi sample (24 h at 1000 °C).

for the Cu-Co-Fe [26,27], Cu-Ni-Fe [28], and Cu-Co-Ni [29,30] sys-
tems, a miscibility gap occurs between two FCC phases, one of which is
copper rich. At any given temperature, the exact composition of the two
phases in equilibrium is dictated by the overall composition and the
intersecting set of tie lines. It is also well established that with
decreasing temperature, the extent of the miscibility gap increases, and
the copper content of the copper-rich component increases. It seems
plausible, therefore, that the composition of the second phase will
depend locally on the cooling rate, and the extent to which it can
equilibrate with the surrounding matrix. In this regard, it is suggested
that during cooling, there is net diffusion of copper atoms from the
matrix to the copper rich phase. The enhanced GB diffusion kinetics
result in the observed depletion of copper at the boundaries (see Fig. 3).

The current study has focused on the use of 5% Hy-Nj as the
reduction atmosphere. As mentioned in the introduction, this is exper-
imentally convenient as it is below the explosive limit for hydrogen.
Clearly, the partial pressure of oxygen (pO,) is an important processing
parameter for this technique. Depending on the stability of the associ-
ated oxide, more highly reducing gas atmospheres (e.g. 100% Hz) may
be required. In the case of extremely stable oxides (e.g. AlyOs3, ZrOo,
TiO,), achieving the required pO; level for bulk reduction is possible in
principle, but experimentally very challenging, and hence economically
impractical for a commercial process. In such cases, exploring non-oxide
precursors is a possible alternative. For example, Seki and Yamaura [32]
have reported the reduction of titanium oxide to titanium via the for-
mation of titanium nitride as an intermediate compound.

The study also raises interesting issues as to the influence of pro-
cessing on MPEA microstructure. Ghazi and Ravi [33] suggested that the
difference between MPEAs synthesized by arc melting versus mechani-
cal alloying was that the approach to equilibrium was different, i.e. in
the case of arc melting, the change in microstructure corresponds to
cooling from elevated temperature (through the liquid state), whereas
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for mechanical alloying, the microstructure development is closer to
what would be expected from heating from room temperature. The
oxide reduction method is more akin to the latter. It follows that
although both the arc melted and oxide derived CoCuFeNi exhibit a
copper-rich constituent (see Figs. 2 and 3), the origin of that phase is
different. In the case of the arc melted alloy, the interdendritic phase is
an example of the microsegregation that is commonly observed for
melt-derived samples. It occurs as a result of partitioning of the excess
solute into the liquid. For the oxide derived sample, however, as per the
prior discussion, the copper rich phase forms according to phase re-
lationships in the solid state. For the CoCuFeNi composition that was the
subject of the present study, the second phase compositions appear
generally similar, but this is not necessarily true for other MPEAs.

In principle, using the oxide reduction technique, intermediate
phases/compounds that form only during cooling from the melt can be
avoided. Moreover, by judicious choice of starting powders and
exploiting differences in oxide reduction rates under different condi-
tions, it may be possible to impose a desired reaction sequence between
pairs or groups of metallic elements. This could be used, for example, to
increase the volume fraction of a desirable constituent, or perhaps
minimize the formation of deleterious intermetallic compounds.

4. Summary

The study demonstrated that the reduction of a compacted oxide
mixture (Co3z04, CuO, Fe;03 and NiO) is a viable technique for fabri-
cating bulk metallic CoCuFeNi. The microstructure of the resultant alloy
was polycrystalline and consisted of two phases, a polycrystalline matrix
and an intergranular phase that was Cu-rich. The composition of the
matrix (at.%) was Cujg1Co266Fess 9Niog 4, and the study shows that
this, rather than the equiatomic formula, is the more accurate repre-
sentation of the single phase MPEA composition for these four elements.
The study has shown that the reduction of ceramic powders is a viable
technique for achieving polycrystalline MPEAs, and has the potential to
form microstructures that are different from that of conventional metal
forming processes. Further microstructural tailoring could be achieved
by exploring different precursor powder compositions and reduction
conditions.
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