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Abstract: In the present work, complex powder alloys containing spinel as a minor phase were
produced by mechanical alloying in a high-energy planetary ball mill from a 33Al–45Cu–22Fe (at.%)
powder blend. These alloys show characteristics suitable for the synthesis of promising catalysts. The
alloying was conducted in two stages: at the first stage, a Cu+Fe powder mixture was ball-milled for
90 min; at the second stage, Al was added, and the milling process was continued for another 24 min.
The main products of mechanical alloying formed at each stage were studied using X-ray diffraction
phase analysis, Mössbauer spectroscopy, transmission electron microscopy, and energy-dispersive
spectroscopy. At the end of the first stage, crystalline iron was not found. The main product of
the first stage was a metastable Cu(Fe) solid solution with a face-centered cubic structure. At the
second stage, the Cu(Fe) solid solution transformed to Cu(Al), several Fe-containing amorphous
phases, and a spinel phase. The products of the two-stage process were different from those of
the single-stage mechanical alloying of the ternary elemental powder mixture; the formation of
undesirable intermediate phases was avoided, which ensured excellent composition uniformity. A
sequence of solid-state reactions occurring during mechanical alloying was proposed. Mesopores
and a spinel phase were the features of the two-stage milled material (both are desirable for the target
catalyst).

Keywords: mechanical alloying; powder; Cu–Fe alloy; Cu–Fe–Al alloy; catalysts

1. Introduction

Ternary Al–alloys, such as Al–Cu–Fe mixed with spinel, are among the important
materials to develop ceramometal (‘cermet’) catalysts. The effectiveness of a catalyst
increases with specific surface area (as in porous materials), the number of active centers,
and the density of the catalyst material. Ceramometals are attractive in heterogeneous
catalysis since their surfaces possess a higher number of catalytically active centers than
oxides, and their density is about twice the density of porous oxide systems [1]. Another
desirable characteristic of catalysts is their stability in reaction media, often displayed by
spinels, such as CuFe2O4 [2]. However, the formation of the CuFe2O4-type spinel needs to
be preceded by the formation of a copper-iron alloy (which is not possible by conventional
processing because of no mutual solubility) before aluminum is introduced.

Materials 2022, 15, 2087. https://doi.org/10.3390/ma15062087 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma15062087
https://doi.org/10.3390/ma15062087
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0003-2404-0325
https://orcid.org/0000-0003-0010-4638
https://orcid.org/0000-0003-3607-512X
https://doi.org/10.3390/ma15062087
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15062087?type=check_update&version=1


Materials 2022, 15, 2087 2 of 16

Most studies on Al–Cu–Fe alloys were aimed at the synthesis of Al63-70Cu20-25Fe10-12
quasicrystals of icosahedral structure [3–7] for a variety of applications: antimicrobial
agents [8], decomposition of hazardous materials [9], carbon nanotube growth catalysts [10],
magnetic materials [4,11], anodes in lithium batteries [12], fillers with ultralow wear [13],
and catalysts in steam reforming of methanol [14,15]. Moreover, nanostructured powder
alloys are becoming popular in traditional heterogeneous catalysis [16,17], e.g., in hydro-
genation reactions of CO (CO2) [18], synthesis of carbon fibers [19], decomposition of
chlorine-containing hydrocarbons [20,21], decomposition of polymers [22], and in steam
and dry reforming [23].

As mentioned earlier, for catalysis, the specific surface area must be high, which
implies that the size of the powder particles and nano-aggregates must be small, which
can be obtained by processes, such as self-propagating high-temperature synthesis [16–18].
However, even a short high-temperature exposure can be detrimental, leading to aggregate
coarsening, which requires additional processing to increase the specific surface area of
the powders [17]. Another possibility to produce fine powders of multi-component alloys
is through mechanical alloying [24]. This method is widely used for the preparation of
nanostructured Cu–Fe–Al alloys [5] and porous nanocomposite ceramometals. In general,
the mechanical properties of a nanocomposite material depend upon the process of its
preparation [25]. The properties of ceramometal catalysts have been shown to depend
on the conditions of mechanical alloying of the powder mixtures. Their applications in
low-temperature water–gas shift reactions have been reported [26,27].

In mechanical alloying, metal powders are subjected to high-energy mechano-chemical
treatment to ensure uniform mixing of the constituents at the atomic level leading to
the formation of solid solutions and intermetallic compounds. This is required for the
formation of closely dispersed catalytically active binary and ternary spinel phases during
further low-temperature oxidation. Hydrothermal treatment and calcination at moderate
temperatures (500–600 ◦C) of the powders ensure the formation of a nano-porous active
material consisting of the oxide and the metallic phases. Nanostructured alloys with high
concentrations of crystalline imperfections prepared by mechanical alloying are preferred
over well-crystallized phases [1,28].

Al63-70Cu20-25Fe10-12 quasicrystalline powders with a uniform distribution of metallic
components were obtained by single-stage mechanical alloying followed by heat treat-
ment [29,30]. Due to a high hardness, these phases were used for reinforcing aluminum
alloys [31,32].

The process of single-stage mechanical alloying of elemental powders with overall
composition 33Al–45Cu–22Fe by high-energy ball milling has been reported earlier [33].
The formation of Cu–Al phases were shown to follow the sequence Al2Cu→ Al4Cu9 →
Cu(Al) solid solution. The weight ratio between Al and Fe calculated from XRD quantitative
analysis data did not correspond to the real content of these metals in the initial powder
mixture. No phases containing both Fe and Cu were found in the mechanically alloyed
material or after further oxidative treatments [33,34]. However, prolonged mechanical
alloying of Cu and Fe powders was shown to result in the formation of an amorphous
metastable ‘phase’ with non-uniform distribution of the elements [35,36]. This may be
a promising intermediate phase for obtaining Cu–Fe–Al alloys, in which Cu and Fe are
thoroughly intermixed (at the atomic level), containing a higher number of active spinel
centers. Combining the ideas presented above, it can be expected that a powder in the
ternary Cu–Fe–Al system with atomically intermixed Cu and Fe can be achieved via a
two-stage mechano-chemical alloying process. In this approach, the role of the first stage is
to form a Cu–Fe pseudo-alloy, which is essential for binding aluminum with both elements
for forming metastable ternary phases [37] that decompose in the form of finely dispersed
and uniformly distributed inclusions.

The present work reports the synthesis of a 33Al–45Cu–22Fe alloy powder by two-
stage mechanical alloying for the first time. The alloy possesses characteristics that could not
be achieved by single-stage milling of the three elemental powders. Both stages of alloying
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were carried out in a high-energy planetary ball mill. Changes in the microstructure at the
first stage of alloying (in a binary Cu–Fe mixture) and at the second stage (after adding Al
to the products of the first stage of alloying) were studied and described. A large amount
of amorphous states was monitored.

2. Materials and Methods
2.1. Materials

An aluminum powder with platelet-like particles and the particle diameter of sev-
eral tens of microns (PAP-2, GOST 5494-95, SUAL-PM Ltd., Shelekhov, Russia) [33], an
electrolytic copper powder with a dendritic particle shape (PMS-1, GOST 4960-75, Uralec-
tromed, Verhnyaya Pyshma, Russia) [1], and a high-purity iron powder (PANREAC-141901,
Panreac Quimica SLU, Barcelona, Spain) were used. The morphologies of the starting
powders were presented earlier in [27,28].

2.2. Mechanical Alloying

In the present work, mechanical alloying was conducted in two stages. The first stage
involved high-energy ball milling of Cu and Fe elemental powders at the atomic ratio of
Cu:Fe = 67:33. The powder mixture was milled in an APF-type planetary ball mill equipped
with two steel-milling vials. The volume of the milling vial was 1 L. Steel-milling balls,
5 mm in diameter, were used. Milling was conducted in air at an acceleration of the balls of
200 m s−2 and a ball-to-powder weight ratio of 20:1.

The milling time of the Cu+Fe powder mixture varied from 15 min to 90 min with
15 min increments. The milling process was interrupted after the given periods, and
aluminum powder was added into the vials such that the atomic ratio Al:Cu:Fe was
maintained at 33:45:22. The second-stage milling was carried out for 24 min irrespective
of the first-stage milling time. Ethanol was added into the vials at both milling stages
30 s before the stage completion (2 mL). Ethanol was introduced to eliminate the sticking
of the powders to contacting surfaces of the vials and balls. The scheme of the powder
preparation procedure is presented in Figure 1.
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Figure 1. Scheme of the preparation procedure.

2.3. Methods

XRD patterns of the alloyed powders in the interval 2θ = 20–97◦ were recorded using
a D8 ADVANCE X-ray diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with a
one-dimensional Lynx-Eye detector under Cu Kα radiation with a step of 0.05◦ and 3 s/step
counting time. The quantitative analysis of the phases was performed in the 2θ range of
37–55◦ using Rietveld refinement in the TOPAS 4.2 software (Bruker AXS). TOPAS software
was applied to determine an average crystallite size, taking into account the instrumental
peak broadening. An XRD pattern of corundum (SRM676), a reference sample, was used
to estimate the peak broadening applying the approximation method by convolution of
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Lorentz and Gauss functions. The contents of Al in Cu(Al) solid solutions were calculated
using Vegard’s law; it was assumed that no iron was present in the solid solution.

The powder morphology and microstructure were studied by scanning electron mi-
croscopy (SEM) using a JSM 6460SV microscope (JEOL Ltd., Tokyo, Japan) equipped with
an energy-dispersive spectroscopy unit INCA EDX (Oxford Instruments, London, UK).
Powders were spread over a substrate to observe the surface morphology or mounted in a
resin binder and polished.

Transmission electron microscopy (TEM) micrographs were received on a JEM-2010
and a JEM-2200FS (JEOL Ltd., Tokyo, Japan) microscopes). Th high-angle annular dark-
field scanning transmission electron mode (HAADF STEM) and energy-dispersive X-ray
spectroscopy (EDX) were applied. Al Kα (E = 1.486 keV), Fe Kα (6.938 keV), and Cu
Kα (E = 8.040 keV) radiations were used for elemental mapping by EDX in the STEM
mode. Semi-quantitative analysis of very small (~1 nm) areas was possible. The powder
samples for TEM studies were suspended in ethanol and ultrasonicated at 35 kHz. Then
the suspension was poured onto a holey carbon film substrate mounted on a Mo grid and
dried at 20 ◦C.

Mössbauer spectroscopy (MS, MTA KFKI, Budapest, Hungary) was carried out using
a spectrometer with 57Co(Rh) source at a constant acceleration mode. The measurements
were conducted at room temperature.

The specific surface area was calculated by the Brunauer–Emmett–Teller (BET, ASAP-
2400 instrument, Micromeritics, Norcross, USA) method from the adsorption isotherms of
argon.

3. Results
3.1. Mechanical Alloying of Cu and Fe

The XRD patterns of the Cu+Fe powder mixtures after milling for different times are
shown in Figure 2. As the milling time increases, the peaks of copper become broader,
while those of iron decrease in intensity and subsequently disappear.
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Figure 2. XRD patterns of the 67Cu–33Fe powders ball-milled for 0 min, 15 min, 30 min, 45 min, 60
min, 75 min and 90 min. “Cu”—Cu(Fe) fcc solid solution; “Fe”—α-Fe bcc.

The evolution of the lattice parameters of the phases, crystallite sizes, and phase ratios
in the mixture with the milling time is presented in Table 1. The fcc solid solution lattice
parameter increases from 3.615 Å (before milling) to 3.634 Å (after 90 min of milling). The
lattice parameter of iron does not change significantly. The crystallite sizes of the phases



Materials 2022, 15, 2087 5 of 16

decrease first and then level off at ~10 nm after 45 min of milling. After 90 min of milling,
the peaks corresponding to iron are not visible in the XRD patterns indicating the absence
of free crystalline iron in the alloy. Similar observations have been reported for mixtures
containing 10–45 at.% of iron milled for 75 h [35,36]. For a mixture with a composition
close to that taken in the present work, an increase in the lattice parameter of the fcc
structure relative to pure copper was recorded after prolonged milling. The reported lattice
parameter (~3.643 Å) [35] was larger than the value measured in the present work for the
alloy milled for 90 min.

Table 1. Lattice parameters, crystallite sizes <D> and phase ratios Cu(Fe):Fe for the 67Cu–33Fe
powders milled for 0–90 min.

Sample (Milling Time)
[min]

Cu, a
[Å]

Cu, <D>
[nm]

α-Fe, a
[Å]

α-Fe, <D>
[nm]

Cu(Fe):Fe
[wt.%]

Cu+Fe (0) 3.615 (1) >100 2.866 (1) >100 70:30
Cu+Fe (15) 3.619 (1) 19 2.869 (1) 25 77:23
Cu+Fe (30) 3.619 (1) 11 2.869 (1) 12 79:21
Cu+Fe (45) 3.626 (1) 9.5 2.871 (1) 9.5 85:15
Cu+Fe (60) 3.630 (1) 9.5 2.870 (1) 9.0 92:8
Cu+Fe (75) 3.632 (1) 10.0 2.868 (2) 10.0 97:3
Cu+Fe (90) 3.634 (1) 10.0 - - 100:0

f

α-Fe (0) - - 2.867 (1) >100 0:100

α-Fe, (ICDD,
PDF#06-0696) - - 2.8664 - -

Cu, (ICDD, PDF#04-0836) 3.615 - - - -

• The ICDD data the observed phases are given.

Table 2 and Figure 3 show the results of MS of the mechanically alloyed powders. The
concentration of α-Fe decreases with increasing milling time of the Cu+Fe powder mixture.
Furthermore, broadening of the Fe lines is observed: from 0.30 ± 0.1 mm·s−1 in pure iron
to 0.36 ± 0.1 mm·s−1 in the Cu+Fe mixture milled for 90 min. After 60 min, another state of
iron appears; it is significantly different by the value of the isomer shift and is designated
as Fe “fcc”. Considering the results of XRD, it can be assumed that this state of iron is
related to the incorporation of iron atoms into the fcc lattice of copper. It is likely that this
is a mixture of states ranging from single atoms of iron to their clusters distributed in the
copper lattice [35,36], as, in our case, an asymmetric doublet mentioned in Ref. [36] does
not have sufficient time to form.

Table 2. Hyperfine parameters of the Mössbauer spectra were recorded from the powders *.

Sample (Milling Time)
[min] State of Iron Area [%] δ [mm·s−1] ∆ [mm·s−1] Bhf [T]

Fe (0) α-Fe 100 0.000 (1) 0.002 (1) 33.10 (1)

Cu+Fe (30) α-Fe 100 0.001 (1) 0.003 (2) 33.10 (2)

Cu+Fe (60) α-Fe 90 0.002 (2) 0.001 (2) 33.03 (3)
Fe “fcc” 10 0.24 (4) - -

Cu+Fe (90) α-Fe 79 0.003 (2) −0.001 (3) 32.88 (3)
Fe “fcc” 21 0.18 (2) - -

(Cu+Fe) + Al (24) **
α-Fe 32 0.005 (7) −0.004 (7) 32.99 (6)

Fe(Al)am 59 0.15 (5) 0.45 (6) -
FeAl2O4 9 1.00 (6) 0.77 (8) -

* δ is the isomer shift reflecting the chemical neighborhood of the resonant nucleus, ∆ is the measure of the
distortion of the nearest neighborhood with respect to a cubic one, Bhf—magnetic hyperfine field [36]. ** The
sample made by two-stage mechanical alloying will be discussed in the respective section below.
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Figure 3. Mössbauer spectra of the products of MA Cu+Fe and (Cu+Fe) + Al. In the inset, an enlarged
view of a part of the spectrum is presented.

There is an obvious discrepancy between the results of XRD and MS for mixtures
milled for 30 min and 90 min (Tables 1 and 2). According to the results of XRD, in the
sample milled for 90 min, the concentration of α-Fe is close to zero. The MS analysis of this
mixture indicates that the major part of iron is in the α-Fe state. In the sample milled for
30 min, MS indicates no “fcc” Fe (Table 2). This can be due to fluorescence during the XRD
analysis, leading to partial absorption of X-rays in Fe instead of diffraction. For example,
in a blend of Ni and Fe (50:50 at.%), with the use of CuKα radiation, only 60% of Fe is
“visible” [38]. Thus, the Cu:Fe ratio in Table 1 should be treated as “apparent” only.

The SEM analysis showed that the Cu+Fe powder consists of aggregates of irregular
shape ranging from 1 µm to 10 µm after 90 min of milling (Figure 4). The aggregate is
composed of smaller round-shaped particles separated by pores between them. The surface
of the aggregates is rough, showing asperities (hillocks) ~0.1 µm in size. The nature of the
aggregate morphology suggests that particles of higher hardness (iron) are embedded into
a softer matrix (copper-based solid solution).
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Figure 4. SEM images of the powder particles formed after 90 min of milling of the 67Cu–33Fe
mixture at different magnifications (a) ×30,000 (b) ×10,000 and (c) ×3,000.

EDX maps of Fe and Cu in the particle (Figure 5) show that the distribution of the
elements is non-uniform. The intensity of signals from the particle edges is lower due to
the smaller thickness of those regions. The results of the quantitative analysis are given
in Table 3. In the interior of the particles, the concentration of copper is higher than the
nominal concentration. In the edges, the concentration of iron is higher than the nominal
concentration (Table 3).
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Table 3. Cu and Fe contents in flat projections are marked in Figure 6a. The linewidth is 130 eV.

Element [keV] Projection (1)
[at.%]

Projection (2)
[at.%]

Projection (3)
[at.%]

Fe K 6.398 68.9 17.2 68.6
Cu K 8.040 31.1 82.8 31.4

The size of mesopores present in the particles ranges from 5 nm to 10 nm (Figure 6a).
These pores can form when the particles reduce their size at the beginning of milling
and aggregate later. A similar particle fragmentation followed by aggregation has been
observed in ref. [33].

It can be seen at higher magnification that the particles’ edges are not smooth after
90 min of milling (Figure 6b). The distribution of the elements in such regions is rather
non-uniform (Figure 6c). Areas with an excess of copper or iron can be detected; areas
having a composition close to the nominal value are also found (Table 4). Thin layers
of iron are seen between the copper particles (Figure 6c, marked by arrows (3)). This
region corresponds to a metastable solid solution of iron in copper. Area (1) corresponds to
Cu–rich crystallites, while area (2) corresponds to Fe-rich crystallites. This interpretation of
the microscopy data agrees with the results of XRD and MS.
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Figure 6. (a) STEM-HAADF image of a Cu+Fe aggregate (90 min of milling), (b) a higher magnifica-
tion image, (c) superposition of the EDX maps for the area shown in (b): (1) Cu–rich areas, (2) Fe-rich
areas, (3) layers of iron between copper particles.

Table 4. The atomic concentration of elements in the Cu+Fe mixture after 90 min of milling from
regions shown in Figure 6c.

Element keV Area (1) [at.%] Area (2) [at.%]

Fe K 6.398 6.6 23.6
Cu K 8.040 93.4 76.4

To summarize, in the first stage of mechanical alloying, the average size of copper and
iron crystallites decreases from >100 nm down to 10 nm. Also, even finer crystallites of
iron form and become embedded between the crystallites of copper. Upon further milling,
iron partially dissolves in copper to form a solid solution, which is reflected by an increase
in the lattice parameter of copper. A portion of iron gets dissolved in the copper lattice,
while the remaining iron exists as clusters of iron atoms. This results in the formation
of a mixture consisting of a complex Cu(Fe) + Fe cluster nanocomposite and α-Fe phase
“invisible” due to X-ray fluorescence. The rate of alloying in the present study was found
to be faster compared with low-energy milling reported previously [20,21].

3.2. Mechanical Alloying of a Mixture of Ball-Milled (Cu+Fe) and Newly Added Al

To prepare a Cu–Fe–Al precursor for the catalyst synthesis, the mechanically alloyed
mixture of Cu+Fe (milling time 90 min) was further milled with an addition of aluminum.
Milling was continued until the powder changed its color from silvery to black (24 min after
the Al powder was added). The ternary mixture had a composition of 33Al–45Cu–22Fe
(at.%).

As seen in the XRD pattern of the (Cu+Fe) + Al mixture (Figure 7), the major phase
in the product of co-milling of the Cu+Fe mixture with Al is a crystalline solid solution
based on Cu with a lattice parameter 3.636 Å (ICDD, PDF#04-0836). Other (minor) phases
are aluminum (ICDD, PDF#04-0787), α-Fe (2.871 Å) (ICDD. PDF#06-0696), and tenorite
(ICDD, PDF#05-0661). After milling the mixture with Al, the lattice parameter of copper
did not change significantly (Table 1, 90 min). A small increase in the lattice parameter of
iron relative to the initial α-Fe is observed. The presence of tenorite is due to the oxidation
of copper during milling. Of particular importance is the presence of 5 wt.% of the α-Fe
phase in the (Cu+Fe) + Al mixture (note that, by the end of the first alloying stage, no
crystalline Fe-based phase was present). Other crystalline Fe-containing compounds were
not detected in the (Cu+Fe) + Al mixture.
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Figure 7. XRD pattern of the 33Al–45Cu–22Fe ((Cu+Fe) + Al) powder milled for 24 min. “Cu”—Cu–Al
fcc solid solution; “Fe”—α-Fe bcc variant having a slightly higher lattice constant.

MS allowed further characterizing the Fe-containing compounds in the ternary alloy
obtained at the end of the second stage. The MS analysis showed that the ternary alloy
contains α-Fe (32%) along with iron, the parameters of which correspond to symmetric
doublet close to Fe “fcc” (59%). However, for that state of iron, there is quadrupole splitting
not observed for Fe “fcc” (Table 2). The parameters of this doublet are close to those present
in the spectra of Fe–Al alloys [39,40]. According to MS, milling of the ternary mixture
significantly reduces the content of α-Fe in the mixture as compared with the mixture
obtained at the first alloying stage (Cu+Fe, 90 min). This can be due to the interaction of
iron in both α-Fe and Fe “fcc” states present in the binary alloy with aluminum resulting
in the formation of X-ray amorphous Fe–Al and Cu–Fe–Al phases. In addition, Fe2+ is
detected in the ternary alloy, which can be attributed to the spinel phase (Table 2). The
quadrupole splitting of this state has been described in reference [41]. A larger isomer shift
observed for this state may be related to partial occupancy of the octahedral spinel sites by
Fe2+. The spinel phase is a product of the interaction of the alloy with the oxygen of the
air and can be described as X-ray amorphous since it is not detected by the XRD analysis
(PDF#340192).

The results of the XRD and MS studies lead to a conclusion that the Cu–based solid
solution is not a simple solid solution of iron in copper, as the MS spectrum is different from
that of the “fcc” phase in the Fe+Cu system. Presumably, the solid solution is a solution of
aluminum in copper, and a change in its lattice parameter is caused by the dissolution of
aluminum in copper (5 at.%).

The SEM images show that, at low magnification, the shape of the particles is similar
to that shown in Figure 4. At a higher magnification, the surface morphology of the ternary
alloy particles is quite different from that of the binary alloy particles. The (Cu+Fe) + Al
particle surface is smoother; some aggregates acquire a platelet shape (Figure 8).
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Figure 8. SEM images of the powder particles formed after 24 min of milling of the ternary (Cu+Fe) +
Al mixture at different magnifications (a) ×30,000 (b) ×10,000 and (c) ×3000.
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The TEM analysis shows that the ternary alloy particles contain mesopores (Figure 9a)
similar to those observed in the particles of the binary alloy. A lower intensity at the edges
is again related to a smaller thickness of the particle in those areas. The intensities of all the
elements are seen to pass through the maximum, presumably due to a lower density of
the particles near the edge. The distribution of Fe and Cu in the ternary alloy particles is
more uniform (Figure 9b, Table 5) than in the binary alloy particles (Table 3). In some areas,
the concentration of aluminum is only 3.2–8.1 at.%, which is much lower than the nominal
concentration (Table 3). In other areas, the concentration of aluminum is higher (Figure 9b,
point 4—edge of the particle, Table 5). These results indicate a non-uniform distribution of
the metals in the alloy at the nano-level.
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Figure 9. (a) STEM-HAADF image of a particle aggregate (Cu+Fe) + Al (24 min), (b) superposition
of the EDX maps combining Fe, Cu and Al signals showing the element distributions in the 33Al–
45Cu–22Fe particle (a,c) intensity of Fe K, Cu K and Al K signals along the line shown in (a). (1)–(3)
different regions of particle at (a).

Table 5. Atomic percentages of Al, Cu and Fe in regions marked in Figure 8b,c.

Element [keV] Region (1)
[at.%]

Region (2)
[at.%]

Region (3)
[at.%]

Region (4)
[at.%]

Total,
[at.%]

Al K 1.486 4.1 3.2 8.1 88.93 3.59
Fe K 6.398 27.7 31.5 26.1 4.18 28.70
Cu K 8.040 68.2 65.3 65.8 6.89 66.71

A high-resolution TEM (HRTEM) image of a ternary alloy particle is presented in
Figure 10. Points visible on the Fast Fourier Transform (FFT) of the image (inset) indicate
the periodicity of the lattice and the presence of lattice spacing corresponding to a metallic
phase Cu(Al) (d111 ≈ 0.2 nm) and the oxide phases Fe3O4 (d311 ≈ 0.25 and d222 ≈ 0.24 nm)
and FeAl2O4 (d111 ≈ 0.24 nm) detected by MS. Wide dark strips are indicative of the
presence of lattice microstrain. The Fe(Al) solid solution is not detected by the XRD, and,
therefore, can be considered X-ray amorphous. The iron particles may be partially covered
with a Cu(Al) solid solution and oxide phases of spinel-type.
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4. Discussion
4.1. Phase Composition and Microstructure of the Mechanically Alloyed Cu+Fe Powder Mixture

The Cu–Fe system is immiscible because of the difference in lattice structures of the
metals (fcc for Cu and bcc for α-Fe) and has a positive heat of mixing [42]. However,
when the temperature reaches 920 ◦C, α-Fe transforms into γ-Fe having fcc lattice, which
enables the formation of metastable solid solutions. Metastable copper-based solid solutions
containing up to 22 at.% of iron were obtained by quenching from the melt [43]. In addition,
Cu–Fe solid solutions with 57 at.% of copper were obtained by quenching from the vapor
phase [44].

During mechanical alloying, the temperature of the particles increases, which facilitates
the formation of a solid solution between Cu and Fe. In Ref. [45], a Fe-Cu alloy was obtained
by mechanical alloying of mixtures containing an excess of iron. In several publications, Cu–
Fe alloys were obtained by mechanical alloying of Cu–rich mixtures. The results have been
summarized in [46]. From many reports, it is seen that a metastable solid solution of iron in
copper can be formed in Cu–rich mixtures as a result of mechanical alloying [35,36,47–54].
These solid solutions are of fcc structure. The concentration of iron in the solid solution and
the concentration of copper in the mixture, at which the solid solution forms, depending
on the processing conditions. Reflections of the bcc phase were no longer visible in the
XRD patterns of the mixtures after 400 h [49], 150 h [48], 65 h [35], 24 h [50,53], 16 h [51], or
4 h [52] of mechanical alloying. If high-energy milling is used, the peaks of iron disappear
from the XRD patterns after 30 min of treatment [47].

In most publications, an increase in the lattice parameter of copper is observed, while
the sextet disappears from the Mössbauer spectra of the mechanically milled mixtures.
These effects are attributed to the dissolution of iron in fcc copper. However, the states of
iron in the lattice of copper can be different. In Ref. [52], in a Fe30Cu80 mixture milled at a
ball-to-powder weight ratio of 5:1 for 24 h, iron clusters were not found in the fcc structure.
In the MS spectrum of the Fe20Cu80 mixture milled for 16 h, only a non-magnetic doublet
was detected [51]. In [49], the doublet was seen in the spectrum of Fe20Cu80 milled for
600 h. This doublet is observed when Fe atoms are surrounded by at least one Fe atom
but less than six small Fe clusters. The authors of [36] concluded on the formation of iron
clusters of similar shape in the powder mixture milled for 75 h. At a concentration of iron
of 25 at.% or lower, a broadened doublet with distribution was found in the spectrum
of Fe30Cu70. In the spectra of samples milled for shorter periods, there was a sextet
characteristic of α-Fe. At a lower concentration of iron, only a singlet was detected, caused
by the isolated iron atoms [36].
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In the MS of our samples, we did observe a state different from α-Fe, which we ascribed
to a solid solution of Fe in the fcc structure of Cu. It should be mentioned that there is
a difference between our results and the literature data. First, the lines of metallic iron
disappear from the XRD patterns faster than in investigations of other authors. According
to [47], this is a feature of the high-energy ball milling process realized in an APF mill.
Second, the disappearance of iron lines from the XRD patterns is not accompanied by the
disappearance of the α-Fe state from the MS. We believe that high-energy milling results
in the formation of X-ray amorphous iron at the first stage (during milling of the Cu+Fe
mixture). The iron is concentrated on the surface of the alloy particles (Figure 4, Table 3). It
is only after longer milling durations that iron interacts with copper to form a metastable
solid solution:

Fe→ Cu→ Cu(Fe) (1)

Part of α-Fe remains unreacted.
The formation of Cu(Fe) can occur at the boundary between copper and iron crystal-

lites when this boundary becomes two inter-atomic distances wide, which facilitates the
formation of new phases [47]. The information extracted from Figure 6c speaks in favor of
this hypothesis: in the Cu–Fe alloy particles, on a 10-nm scale, both Cu–rich and Fe-rich
regions are present. It should be noted that, when measured at a lower magnification, the
distribution of the elements appears rather uniform (Figure 5b).

4.2. Phase Composition and Microstructure of the Product of Two-Stage Mechanical Alloying of the
(Cu+Fe) + Al Mixture

Mechanical alloying in the Al–Cu–Fe system was previously studied concerning the
synthesis of Al63-70Cu20-25Fe10-12 quasicrystals [29,30,55,56]. It was stated that the Al–Cu–
Fe alloy phase composition depends on the ball milling conditions [57].]. An alloy of close
composition was obtained and characterized in our previous work [33]. In all those cases,
the alloys were obtained via a single-stage alloying process.

After the single-stage mechanical alloying of the (Cu+Fe) + Al powder mixture [28],
the following crystalline phases were found: Cu(Al) solid solution (47 wt.%), Al4Cu9
intermetallic (46 wt.%), and a non-bound α-Fe (7 wt.%). The product of the two-stage
process demonstrates significant differences: X-ray amorphous phases were present, and
the solid solution of aluminum in copper was formed without the intermetallic phase
formation. The MS analysis revealed that iron was present in the following phases: α-Fe
(32%), amorphous solid solution (FeAl)am (59%), and spinel FeAl2O4 (9%). The latter is
essential for application in catalysis.

It should be noted that MS allows balancing the iron-containing phases only. So, a
full agreement between the quantitative analysis by MS and XRD cannot be expected.
According to the XRD, the major component of the product of two-stage mechanical
alloying of (Cu+Fe) + Al is a Cu(Al) solid solution. It can be inferred that the interaction
with aluminum leads to the decomposition of the first-stage-synthesized solid solution
of iron in copper. A fraction of this solid solution reacts with aluminum and forms an
amorphous X-ray phase, whereas another fraction is consumed to form a crystalline phase.

A comparative analysis of the XRD and MS results allowed looking deeper into the
mechanisms of the alloying processes during milling of the (Cu+Fe) + Al mixture. The
interaction of aluminum with the Cu(Fe) solid solution according to Equation (2) leads to
the formation of two types of solid solutions:

Al + Cu(Fe)→ Cu(Al) + Fe(Al)am (2)

Reaction (3) is also possible:

Al + Cu(Fe)→ Cu(FeAl)am (3)
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Both MS (see inset in Figure 3) and TEM point to the presence of an oxide phase with
a spinel structure. Oxidation was observed during the mechanical alloying of Cu and Al
powders in [28]. In the present work, the following reactions are possible:

Cu + O2 → CuO (4)

CuO + Fe, Al→ FeOx, CuFeOy, FeAlOz (5)

These reactions can lead to the formation of the oxide phases, including those with
spinel structures.

The comparison of the single- and two-stage alloying processes reveals different
phase formation sequences. The intermediate products (Al2Cu and Al4Cu9 intermetallics)
observed in the single-stage alloying process (ball milling of (Cu+Fe) + Al) did not form
in two-stage alloying. In the two-stage process, a crystalline Cu–Al solid solution formed
upon decomposition of a Cu–Fe solid solution.

Another interesting aspect of the alloying process is the formation of a mesoporous
structure in the particles formed by two-stage alloying (Figures 6a and 9a). The presence of a
mesoporous structure has been confirmed by a high specific surface area of the ternary alloy
(~0.9 m2/g). The specific surface area of non-porous particles 5–10 µm in size (Figure 8)
should be only 0.1–0.2 m2/g. Previously, the formation of pores in metallic particles was
attributed to chemical reactions with other metals [58,59]. In our case, the pores are more
likely to form via fracturing and welding, as described in [45]. This phenomenon will be
the subject of future investigations.

5. Conclusions

33Al–45Cu–22Fe (at.%) powders were prepared by two-stage mechanical alloying
using high-energy ball milling. The powders were studied by XRD, MS, TEM, and EDX..
At the first stage, a Cu+Fe powder mixture was mechanically milled; at the second stage,
Al was added to the alloy, and milling was continued. According to XRD, after 90 min
of milling of the Cu+Fe mixture (the end of the first stage), no crystalline iron was found.
A large part of α-Fe may be “invisible” by XRD due to fluorescence. The main product
forming at the first stage is a metastable crystalline solid solution of iron in fcc copper,
in which Fe atoms are distributed mainly in the form of clusters. The use of high-energy
milling instead of conventional (low-energy) milling allows significantly reducing the time
required for the alloy formation.

At the second stage, the metastable solid solution of iron in copper transforms into a
crystalline Cu(Al) solid solution and X-ray amorphous Fe-containing phases. It was shown
that the products of the two-stage alloying process differ from those of single-stage alloying.
In contrast to single-stage alloying (ball milling of (Cu+Fe) + Al), the intermediate products,
which are Al2Cu and Al4Cu9 intermetallics, do not form in the two-stage alloying process.
Therefore, a Cu(Al) solid solution forms upon decomposition of a metastable Cu(Fe) solid
solution. The products of the two-stage alloying of the 33Al–45Cu–22Fe mixture possess a
mesoporous structure and also contain an oxide spinel. The formation of X-ray amorphous
metastable structures and mesopores is indicative of the high chemical reactivity of the
alloy product, which are desirable characteristics for catalysts and will be addressed in
future studies.
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