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Abstract

The next generation of rotating electrical machines requires materials with an optimized combination
of magnetic, electrical and mechanical properties. High-throughput experiments can accelerate the
discovery of relevant materials. Past work has focused on complex multicomponent alloys in which it
is difficult to pinpoint the effect of each component. On the other hand, in this work, Fe-Cu binary
alloys were used as a model materials system to determine the feasibility of novel materials discovery
through a rapid determination of multiple properties. The microstructures, magnetic, electrical, and
mechanical properties of Fe—Cu alloys were rapidly determined. With increasing Cu contentin Fe-xCu
from 0 to 40 wt.%, the phases present changed from single phase BCC to a two-phase FCC + BCC
microstructure. There was a decline in the saturation magnetization (M) from 211.3to 118 emu/g. The
hardness value increased from 166.3 HV to 238.5 HV, the coercivity (H.) ranged from 14.6 to 45.7 Oe,
and the resistivity varied between 27.3 and 43.0 pQ-cm. The increased content of a Cu-rich phase led
to a decrease in M and grain size, and higher H. and hardness. Using an accelerated methodology, a
significant variation in material properties was determined. Three compositions, i.e., Fe-3Cu, Fe-4Cu
and Fe-10Cu, with a good balance of properties were identified for potential use in energy applications.
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1. Introduction

Soft magnetic materials (SMM) are used in a plethora of applications such as electrical rotating
machines, transformers, converters, actuators, recording heads and sensors etc. [1]. Increasingly,
rotating electrical machines, e.g., motors, require operation at high frequencies, high speed and high
torque. Hence, apart from good magnetic properties, superior electrical and mechanical properties
are also essential to achieve improved efficiency and power density [2,3]. Hence, to identify novel
materials compositions which can satisfy these requirements, the study of multiple properties is
necessary.

Traditionally, new material discovery has relied on high cost, slow, trial-and-error approaches to study
a small number of alloy compositions. The speed of research and development of new materials is
very slow compared to the demand for improved material properties. With the advancement of
artificial intelligence (Al) and inverse design, the rapid screening of multiple properties of a range of
material compositions is required. Predictions derived from Al and machine learning (ML) models [4]
need to be validated by high-throughput (HT) techniques [5]. Combinatorial materials science [6],
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integrated computational materials science [7] and materials genome initiative [8] are some of the
methods used for accelerating the development of novel materials. The combination of HT computing
and design, HT characterization, material databases, and Al dramatically reduces material
development cycles, lowers material development costs, and can quickly pinpoint new materials that
meet performance requirements.

HT rapid experimental alloy development methods, incorporating computational work and machine
learning, were deployed by Vecchio et al. [9] on nickel-based alloy systems with different
compositions. Santodonato et al. [10] used HT thermodynamic calculations to predict the phase
evolution of Al containing high entropy alloys (HEA). Yang et al. [11] used the high throughput
CALPHAD method to revisit the valence electron concentration (VEC) rule in the AlCoCrFeNi HEA
system. They proposed a data screening method to down-screen the candidate alloy compositions.
Prior work on rapid HT SMM materials development, e.g., Padhy et al. [12], focused on the rapid
characterization and evaluation of Fe-Co-Ni alloys prepared by combinatorial flow synthesis and HT
spark plasma sintering, and identified novel compositions with an attractive balance of multiple
properties. The proof of concept was established in studies with smaller sample sizes, material
libraries of the Fe—Co-Ni alloy system were prepared using different processing techniques [13,14].
Teh et al. [15] and Padhy et al. [16] prepared compositionally graded Fe-Co-Ni samples via laser
engineered net shaping (LENS) and magnetron co-sputtering deposition, respectively.

A common strategy to improve mechanical, magnetic and electrical properties of SMM had been to
focus on complex ternary, quaternary and HEA alloys [3,[17],[18], [19], [20]]. For example, the
microstructure, mechanical and magnetic properties of AlxCrCuFeNi, samples with a gradient
composition prepared by HT laser deposition methods had been studied [21].

As the behaviour of these multi-element alloys are complex due to the large number of components,
an understanding of the relative importance of each element was not possible. Hence, Fe-Cu was
investigated as a simple model system in which we start with an element, Fe, which has good
magnetic properties, but low electrical resistivity and mechanical strength. This leads to excessive
eddy current losses and is incompatible for use in high speed and high torque applications. It is
hypothesized that Cu can be used to increase the strength and resistivity without a large drop in
magnetic properties. An accelerated approach was used to generate data to test our hypothesis.
Earlier reports on this material system focused more on Cu-rich compositions and a few Fe-rich
compositions. The microstructure, magnetic, mechanical and electrical properties were separately
investigated [[22], [23], [24], [25]]. Apart from mechanical alloying [24], other synthesis routes which
have been explored include chemical synthesis [26], deposition methods [22,27], additive
manufacturing [28], gas atomization [29] and vacuum arc melting [30]. Mechanical alloying is used in
this work as it is a non-equilibrium processing method which is attractive for processing normally
immiscible alloys, such as Fe-Cu [31].

First, Fe-xCu alloys (where xinwt.% = 1to 10 in intervals of 1 wt.%, and 15 to 40, in intervals of 5 wt.%)
were prepared using a HT approach by ball milling and spark plasma sintering, and their magnetic,
electrical and mechanical properties were determined. The significance of the work is the HT
discovery of 3 novel compositions with a good multiple property set potentially relevant to next-
generation electrical motors. Further detailed investigations can be conducted in the future into these
compositions.

2. Materials and methods

2.1. Sample preparation
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Elemental Fe (<195 um, 99%) and Cu (<425 pm, 99.5%) powders from Sanvik Osprey and Sigma
Aldrich, respectively, were mechanically alloyed in a high energy planetary ball mill (Fritsch
Pulverisette 7 planetary micro mill). A total of 10 g of Fe and Cu powders were loaded with 10 mm
diameter tungsten carbide balls in vials (with a ball-to-powder weight ratio of 10:1), and 0.5 mL of
absolute ethanol was added to the powders as a control agent. Each cycle of milling (at 500 rpm)
consisted of 10 min of milling time, followed by a pause of 10 min, to avoid overheating. The total
milling time of the samples was 6 h. Each ball mill can hold 2 vials in each run; thus only 8 runs were
required to prepare a total of 16 compositions (wt.% of Cu=1,2,3,4,5,6, 7, 8,9, 10, 15, 20, 25, 30,
35 and 40).

HT spark plasma sintering (SPS) was carried out in a custom-made multicavity die, at a vacuum level
<8 Pa, using Fuji Electronic Industrial, SPS-211LX. During the sintering process, the powder samples
were compressed at a pressure of 40 MPa and sintered at a maximum temperature of 750 °C for
15 min. For each SPS run, 4 pellets of single compositions were prepared. This HT approach reduced
the number of SPS runs by 75%. The samples were then vertically sliced, characterized and their
material properties evaluated. The density of the SPS samples were measured via the Archimedes
method.

2.2. Accelerated phase identification and microstructural characterization

Phase identification of samples was done via X-ray diffraction (XRD) conducted at room temperature
using a Bruker D8 Advance diffractometer, employing Cu Ka radiation (A = 0.15405 nm) over a 26 range
of 20°-80°. The operating voltage and current were 40 kV and 40 mA, respectively. EqQuipped with a
robotic arm, multiple samples could be loaded, and measurements can be set to be performed
automatically. TOPAS V6 was used to calculate the phase fractions.

Electron microscopy studies and elemental mapping were performed on a JEOL JSM-7800F PRIME
field emission scanning electron microscope (FESEM), with an attached Aztec - Ultim Max
170 mm?2 energy dispersive X-ray (EDX) spectrometer and a Symmetric electron backscatter
diffraction (EBSD) detector. Maps were taken at an accelerating voltage of 20 kV and probe current
of >30 nA. Grain size observation was performed via crystallographic texture maps obtained at a step
size of 0.15 pm in EBSD, using the area-weighted mean values. Multiple samples could be mounted
in conductive epoxy for ease of sample preparation and observations.

2.3. Material properties testing

The microhardness was measured at a load of 1 kgf using a Vickers hardness tester (Future-Tech). An
automated four-point probe tester was used to determine the electrical resistivity of each
composition. Magnetic characterization was performed on similarly sized samples using a Lakeshore
7400 vibrating sample magnetometer (VSM) for magnetic fields up to 14.5 kOe, calibrated with a Ni
standard, while the Curie temperature for selected samples were determined using a
thermogravimetric analysis (TGA, TA Instruments Q600 SDT) instrument and a permanent magnet,
which is a method developed in-lab [14,32]. Calibration was also done prior to measurements, using
Fe as a standard. Each cycle takes about 2.5h to complete, compared to using traditional
magnetization-temperature measurements, which can take a day to complete.

From the results obtained, the Pearson correlation factor (r) was calculated from the
Equation (1) [33]:(1)r=Zi=1n(Xi-X")(Yi=Y )Zi=1n(Xi-X )2%i=1n(Yi-Y )2where ris the Pearson
correlation factor, X; and Y; are the observed values of the two variables, and X and Y are the mean
values of the two variables, respectively. This factor can be used to understand the relationship

between composition and the material properties.
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The Fe—Cu phase diagram [34], and an overview of the experimental process and characterization, is
shown in Fig. 1. From the phase diagram Fig. 1(a), the solubility limit of Cu in Fe below 600°C is
~0.35%. Above this Cu content, Fe-Cu alloys can form new phases. Mechanical alloying can increase
this solubility limit [31], as it is a solid-state processing technique. Fig. 1(b) presents the experimental
processes and accelerated assessment of the alloys after mechanical alloying and SPS.
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Fig. 1. (a) Phase diagram of Fe-Cu alloy [34] and (b) Schematic diagram of the preparation and
accelerated assessment of Fe-xCu alloys.
3. Results and discussion
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3.1. Phase analysis using X-ray diffraction

Fig. 2(a) and (b) show the XRD patterns of the as ball milled Fe-xCu powders. For a Cu content of 1-
4 wt.%, a single body-centered cubic (BCC) structure, identified by the 110 and 200 BCC diffraction
peaks, was present, like that of a-Fe. With a further increase in Cu content, the alloy exhibited a
mixture of BCC and face-centered cubic (FCC) phases. An additional 111 diffraction peak
corresponding to the FCC phase became more prominent and was clearly present from 8 wt.% Cu
onwards. 200 and 220 FCC diffraction peaks were obvious when the content of Cu was increased to
15%.

Fig. 2(c)and (d) are the XRD patterns of as the SPS bulk samples. The diffraction peaks are sharper as
compared to the corresponding peaks in Fig. 2(a)-(b), due to the improved crystallinity after the
sintering process [35]. Like the powder samples, the BCC peaks of the as SPS samples first appeared
in alloys containing 1-3 wt.% Cu. However, the 111 FCC peak became apparent from Fe-4Cu onwards,
while the peak for 200 FCC was noticeable from Fe-9Cu. After the SPS process, due to the thermal
history, some of the defects were removed and stresses were relieved, improving the crystallinity,
hence the 111 peak started appearing in lower Cu content samples. The small peak (at 26.6°) in the
XRD pattern of Fe-2Cu was attributed to a carbon peak, due to the presence of remnant graphite

paper (used in SPS) on the sample surface.
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Fig. 2. XRD patterns of (a—b) as ball milled powders, (c—d) as SPS alloys.

The phase fractions of BCC and FCC phases and the lattice parameters for selected compositions
were determined using TOPAS, and shown in Table 1. The crystallite sizes shown were from the volume
weighted mean (LVol-IB) calculation in TOPAS.
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Table 1. Phase fractions and crystal structure information of the as SPS Fe-xCu alloys calculated by
TOPAS.

Composition BCC% FCC % Lattice Crystallite size Lattice Crystallite size
parameter BCC BCC (nm) (LVol- parameter FCC FCC (nm) (LVol-
(A) IB) (A) IB)

Fe—1Cu 100 - 2.8753 30.6 - -

Fe-5Cu 95.2 4.8 2.8755 31.2 3.6252 26.0

Fe-10Cu 89.6 10.4 2.8768 32.6 3.6267 28.0

Fe-15Cu 84.1 15.9 2.8776 29.9 3.6292 25.3

Fe-20Cu 79.4 20.6 2.8776 39.7 3.6292 26.6

Fe-25Cu 75.9 24.1 2.8764 33.5 3.6261 28.0

Fe-30Cu 69.4 30.6 2.8775 35.0 3.6278 27.6

Fe-35Cu 65.2 34.8 2.8759 36.3 3.6255 29.8

Fe-40Cu 58.6 41.4 2.8744 36.4 3.6234 29.9

The phase fraction for these alloys presented in Table 1 differed from the observations of Awadhi et al.
[24] and Chien et al. [27]. In their work, binary phases were observed in Fe,Cuigx (60 < x< 75)
compositions. This deviation may be due to the different processing methods, e.g., sputtering [27] or
different mechanical alloying conditions (600 rpm for 10 h) [24] compared to that in our work.

The lattice parameters and crystallite sizes of the BCC and FCC phases are also presented in Table 1.
The lattice parameters for the BCC and FCC phase varied from ~2.874 to ~2.878 A, and from ~3.623
to ~3.629 A, respectively. The BCC phase exhibited slightly larger lattice parameters than
BCCr. (2.872 A, from PCPDF card number 04-002-8917) due to the solid solution alloying of Cu into
Fe. The lattice parameter for FCCc, is ~3.604 A (from PCPDF card number 00-004-0836), while the
values obtained for the FCC phase were slightly larger. Thus, the second phase is not a straightforward

solid solution alloying of Fe into Cu (where the lattice parameter is expected to be smaller than
3.604 A). It is possible that this phase formed as a physical reaction between Cu and Fe during the
mechanical alloying. The crystallite size range calculated from TOPAS was consistent for BCC and
FCC phases, at 30.6-39.7 nm and 25.3-29.9 nm, respectively.

3.2. Microstructure, phase and texture analysis using backscattered electron microscopy and
electron backscatter diffraction

The densities of the as SPS samples measured by Archimedes method were in the range of ~93%-
~96% of the theoretical density. Fig. 3 shows the backscattered electron (BSE) micrographs of as SPS
Fe-xCu alloys for the various compositions. The vertical direction in the figure is the compression
direction of the SPS, the streamlines observed in the microstructure are perpendicular to the pressure
direction.
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Fig. 3. Backscattered electron micrographs of Fe-xCu alloys (x = 1-40 wt.%). (a)-(p) represent the Cu
contentof1,2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 35 and 40 wt.%, respectively.

With the Cu content increasing from 1 to 40 wt.%, the content of the white phase in the backscattered
electron images increased significantly, and the parallel white banded structure changed to a white
reticular structure. Between 1 and 5wt.% Cu, the microstructure comprises of a grey matrix with
discontinuous white banded precipitates, as shown in Fig. 3(a)—(e).

When the copper content increased from 6 to 15 wt.%, the white striped precipitates became
connected and separated the grey a-Fe matrix to form a lamellar structure, as illustrated in Fig. 3(f)—
(k).

When the copper content was more than 20 wt.%, the layers progressively deformed and interconnect
vertically and horizontally to form a mesh-like structure, thereby fully isolating the grey matrix phase,
as shown in Fig. 3(l)—(o0). From Fig. 3(p), the white precipitate phase volume fraction dominates when
the Cu is 40 wt.%.

The band structure was formed due to the nature of the ball milled powders, which were in the form
of flat flakes at low Cu content, and evolved to a mixture of small flakes and particles at high Cu
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content (refer to Fig. S1 in Supporting Information (Sl) for more details).

At low Cu content, when the powders were filled in the graphite die for SPS, the flakes would tend to
lie on the flat side. Due to the rapid sintering nature of the SPS process, these features would be
preserved, appearing as banded structures.

As the powders became smaller flakes and more particle-like, the band structures evolved into a
reticular structure, which can be explained as follows: With the increase of Cu content, the presence
of aCuin Fe would also increase. As the solid solubility of Cu in Fe (and vice versa) is very limited, the
Fe-rich matrix would be separated by the Cu-rich layer rather than forming a compound, and the
spacing separated by Cu-rich layer would also decrease due to the increase of Cu content.

As the morphology of ball milled powders changed, the adjacent Cu-rich layers and Fe-rich matrix
became Cu-rich and Fe-rich regions. Eventually these adjacent Cu-rich regions became close enough
to be connected to form a network structure.

EDX analysis was carried out on the phases with differing contrast in the microstructure and the
results are shown in Table S1 in the SI. The Fe-xCu alloy consisted mainly of a grey matrix phase and
white precipitates. The grey matrix phase was dominated by Fe, whose content ranged from 98.23 to
99.74%. The Fe content showed a decreasing trend with increasing Cu content, but the total range of
Fe content fluctuation was within 1.5%. Although the solid solubility of Cu in BCC Fe is low, at 0.35%
below 600 °C, the ball milling process had increased the solubility limit slightly. The content of Cu in
the white phase was high, ranging from 54.5 to 87.7%, indicating that the white phase was a Cu-rich
phase. The EDX information confirmed the solid solution alloying of Fe and Cu in the matrix and the
presence of the second phase. A small amount of a black phase or omitted porosity appeared as
interlayer bands or was distributed randomly within the grey matrix, and contained the elements Fe,
CandO.

The software Image-Pro Plus was used for the calculation of the volume fraction of this Cu-rich second
phase (white phase), and the results are shown in Table 2. The volume fraction of the white phase in
Fe-xCu alloys increased from 0.13 to 57.54%.

Table 2. Data related to microstructure of as SPS Fe-xCu alloys.

No. Composition Volume Fe-BCC:Fe- Grain size Standard Grain size Standard
(wt.%) fraction of FCC (from of BCC deviation of FCC deviation
white phase EBSD) phase (um) phase (um)
(Vwhite phase) (%) (%) (um) (hm)
(from (from
EBSD) EBSD)
1 Fe-1Cu 0.13 83.4:16.6 6.83 2.30 - -
2 Fe-2Cu 0.36 90.4:9.6 9.47 3.47 - -
3 Fe-3Cu 0.74 89.6:10.4 9.42 3.28 - -
4 Fe-4Cu 2.03 89.5:10.5 7.38 2.65 0.39 0.11
5 Fe-5Cu 3.09 80.0:20.0 5.81 2.15 0.37 0.11
6 Fe-6Cu 4.90 85.8:14.2 6.89 2.50 0.48 0.14

7 Fe-7Cu 6.84 63.6:36.4 5.39 1.81 0.46 0.13
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No. Composition Volume Fe-BCC:Fe- Grain size Standard Grain size Standard

(wt.%) fraction of FCC (from of BCC deviation of FCC deviation

white phase EBSD) phase (um) phase (um)

(Vwhite phase) (%) (%) (m) (hm)

(from (from

EBSD) EBSD)
8 Fe-8Cu 8.81 73.6:26.4 6.21 2.18 0.58 0.16
9 Fe-9Cu 9.91 72.9:27 .1 6.16 2.23 0.50 0.13
10 Fe-10Cu 18.52 71.0:29.0 4.44 1.38 0.45 0.12
11 Fe-15Cu 20.92 78.2:27.2 5.69 2.04 0.73 0.13
12 Fe-20Cu 27.96 65.5:34.5 5.20 1.78 0.70 0.10
13 Fe-25Cu 28.54 75.6:24.4 6.37 2.08 0.60 0.20
14 Fe-30Cu 38.09 62.8:37.2 5.10 1.60 0.60 0.10
15 Fe-35Cu 41.22 66.7:33.3 5.70 1.90 0.90 0.20
16 Fe-40Cu 57.54 56.4:43.6 4.36 1.52 1.23 0.24

Phase maps are presented in Fig. 4 and the corresponding phase ratios of Fe-BCC to Fe-FCC are
presented in Table 2. Overall, the Fe-BCC phase was the majority phase with an increase in Fe-FCC
content with Cu addition, as observed in the XRD patterns of Fig. 2. Comparing the phase ratio to the
volume fraction of the white phase inTable 2, this increase in the Fe-FCC phase had a direct

correlation to Cu content at higher Cu loading. At lower loadings, however, the deviation from the ratio
was larger. This could be attributed to the fine nanosized grains which were highly stressed by the ball
milling process and were difficult to index via EBSD, hence the signals were not picked up as the Fe-
BCC phase. The grain size distribution of as SPS samples calculated from the area weighted mean
average from EBSD is also shown in Table 2.
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Fig. 4. Phase maps of Fe-xCu alloys, (a)-(p) represent the Cu contentof 1, 2, 3,4, 5,6, 7, 8,9, 10, 15,
20, 25, 30, 35 and 40 wt.%, respectively.
The out-of-plane crystallographic texture maps obtained by EBSD are presented in Fig. 5 and were
used in addition to inverse pole figures (Figs. S2 and S3 in the Sl) to characterize Fe-xCu alloys for their

grain size and preferred crystallographic orientation.
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Fig. 5. Crystallographic texture maps of Fe-xCu alloys taken out-of-plane (Z direction), (a)—(p)
represent the Cu contentof 1, 2, 3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 35 and 40 wt.%, respectively.

Overall, the Fe-BCC grains in the Fe-xCu alloys exhibited a low strength <001> texture with maximum
multiple of uniform density (MUD) values between 1.26 and 2.94 (Figs. S2 and S3). This texture

preference is common in ferrous cubic alloys as it is the fast grain growth direction and follows the
direction of heat flow, sintering current and pressure [36].

This texture weakened with increasing Cu content due to it stabilizing the Fe-FCC phase and
refinement of the grains. Comparatively, Fe-FCC grains showed a weak <111> texture preference
characteristic of 23 grain boundaries, the texture direction with the minimum energy [37].

Overall, both phases presented weak crystallographic textures, exhibited in a range of cubic alloys
processed by mechanical alloyed and pre-alloyed powders [[38], [39], [40], [41], [42], [43]].

The grain size decreased significantly with an increase of Cu content, as represented in the statistical
results shown in Table 2. Overall, the average grain sizes of Fe—Cu alloys obtained from mechanical
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alloying and spark plasma sintering were small and distributed between 4.36 and 9.47 pm. As
mechanical alloying involved the crushing and alloying of fine powder, followed by spark plasma
sintering under conditions of pressure and rapid heating and cooling, the grain sizes obtained were
small. The corresponding particle sizes and crystallite sizes of selected compositions of the ball
milled powders were obtained from secondary electron imaging and volume weighted mean (LVol-1B)
calculations in TOPAS, from its XRD patterns, respectively. These are shown in Fig. S1 and Table S2 in
the SI.

When Cu was added in low concentrations, the spacing between the layers in the matrix increases,

with each layer width being the grain width. Additionally, there were fine grains dispersed among the
large grains in each layer. As the Cu content increased, the spacing between the layers decreased,
along with the size of the larger grains, while the volume fraction of the smaller grains increased. Upon
comparison of the EDX and EBSD maps, it was evident that the region in which the fine grains were
situated was a white Cu-rich phase, whereas the region containing the large grains was a Fe-rich
matrix phase, as seen in Fig. 3, Fig. 4, Fig. 5.

As the Cu content increased, Cu-rich particles aggregated in the interlayer, forming small grains.
Simultaneously, the interlayer also broke up the Fe-rich matrix, while reducing the grain size. When
the Cu addition exceeded 20 wt%, the interlayer distribution along the compression direction was less
obvious. The orientation was disrupted by an increase in the Cu-rich phase content, the arrangement
of grains changed from a fixed orientation along the layer to a random distribution. The reduction in
average grain size presented in Table 2 was attributed to two factors. Firstly, the Fe-rich matrix was
partitioned because of the increased Cu-rich phase content. Secondly, an increase in small grains of
the Cu-rich phase led to a decrease in the average grain size.

3.3. Magnetic properties

Fig. 6(a) and (b) show the field dependence of magnetization at room temperature. From Fig. 6(c), the
saturation magnetization (M) of as SPS samples are in the range of 211.3-118 emu/g, while the
coercivity (H.), are in the range of 14.6-45.7 Oe. M, generally decreased and the H. increased as the
content of Cu increases in Fe-xCu alloys. M is a function of the magnetic moment [44]. Cu is a
diamagnetic element, and anincrease in its content will reduce the net magnetic momentin the alloy,
resulting in a decrease in its Ms. For H., the variation may be related to microstructure related
parameters, e.g., second phase precipitates and boundaries, defects, variation in grain size, etc.
Although grain size changes were limited to a small range, a significant increase in the small Cu-rich
second phase content increased the phase boundaries present in the alloy, which could impede the
magnetic domains as they move and ultimately increased the H. of the alloy (refer to Fig. 7). Due to
the sensitivity to multiple factors, it is common to not have a monotonic trend in H; values with
composition [45]. We tried to understand the effect of band structures on H. in the samples by
applying magnetic fields along and across the band structure, but there was no significant difference
inthe H. values.
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Fig. 6. Magnetic properties of as SPS Fe-xCu alloys. (a,b) Field dependence of magnetization at room
temperature, (c) Saturation magnetization (M, left axis, black squares) and coercivity, (H., right axis,
red spheres) and (d) Curie temperature, T., as a function of Cu content. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Change in H; with 1/D, for Fe-xCu alloys.

The values of the Curie temperature (T.) measured using a magnet assisted TGA method [14,32] are
shown in Fig. 6(d). T. ranged from ~753 to ~757 °C, close to the value of 760 °C in the phase diagram
shown in Fig. 1(a). There was an additional transition at lower temperatures of ~720 and ~727°C
observed for Fe-30Cu and Fe-40Cu, respectively, indicating that at these compositions, the second
phase played a role in the magnetic transitions.

Based on the microstructural results presented in Fig. 3 and Table 2, the addition of Cu increased the

fraction of the white Cu-rich second phase in Fe-xCu alloys from 0.13 to 57.54%. Meanwhile, changes
in grain size showed an overall decreasing trend with slight fluctuations.

Fig. 7 shows the plot between the 1/Dg4 (Dg is the grain size) and H. of Fe-xCu alloys. The oval shape
covering the points shows a general trend of decreasing grain size and increasing H.. This inverse
relationship between grain size (in the micron size range) and coercivity is similar to that presented in
the Herzer plot [46].

For example, the grain sizes of Fe-4Cu, Fe-5Cu and Fe-6Cu first decreased and then increased, while
the values of H. showed a tendency to increase and then decrease. There is a correlation
between H. and the grain size, as shown in Equation (2):

When the size of grain is larger than the size of the magnetic domain
[46],(2)Hc=3(kTcK1/a)1/2)sx1Dgwhere H. is the coercivity, K; is the anisotropy constant, Jsis the
saturation polarization, kis the Boltzmann constant, ais the lattice parameter, T.is the Curie
point, Dg is the grain size.

In this study, the grain sizes obtained by mechanical alloying and SPS were distributed between
4.36 pm and 9.47 uym, which is much larger than the domain width of a typical soft magnetic alloy. The
smaller grain sizes of the second phase were in the range of ~0.4-1.2 um, near the size of the magnetic
domains. Typical domain widths range from a few nanometers to several hundred nanometers in soft
magnetic alloys. Shi et al. [47] investigated FeCoNiGd alloy and found magnetic domain widths
between 0.42 pm and 0.69 pm, and Zhou et al. [48] found that the magnetic domain width of a Fe-
3wt.%Si alloy was between 0.8 and 1.3 pm. Considering the trend observed, the smaller grain sizes of
the second phase may not have much influence on H;, except for Fe-40Cu. Other than Fe-
40Cu, H. was inversely proportional to the grain size and decreased as the grain size increased.

3.4. Electrical properties

Fig. 8 shows the electrical resistivity as a function of Cu content. The values for as SPS samples ranged
from 27.3 to 40.9 pQ-cm. The resistivity value decreased slightly from 1 wt.% Cu to 2 wt.% Cu, then
generally increased with Cu content until 4 wt.%, before decreasing in value to 25 wt% Cu and finally
slowly increasing until 40 wt.% Cu. For reference, the electrical resistivity of Fe and Cu are 10 uQ-cm

and 1.7 uyQ-cm, respectively [49].
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Fig. 8. Electrical resistivity of Fe-xCu alloys as a function of Cu content.

The resistivity values of the alloys were about 3-4 times more than that of Fe, indicating that solid
solution behavior led to an overall synergistic effect (with the effect most obvious in low Cu content);
the presence of two phases also played a role. The layered microstructures present could increase
the area of the scattering boundaries. With increasing Cu content, lower resistivity values were
obtained, and the microstructure was observed to change from a parallel white banded structure to a
white reticular structure. In addition, due to the nature of processing via mechanical alloying, there
would be more grain boundary area from the compacted powders as compared to a bulk alloy, which
increased the resistivity.

For a low concentration solid solution alloy, the electrical resistance p is described by Matthiessen's
rule in Equation (3) [50]:(3)p=pt+pb+pl+pdwhere p:, pv, P1, and pqrepresent the thermal, grain
boundary, impurity, and dislocation contributions, respectively. As the Cu contentincreased, the grain
size decreased and the fraction of second phase increased, leading to a greater number of grain and
phase boundaries. Consequently, the p, and p, factors led to increased electron scattering, which led
to larger resistivity of the alloy. Some deviations from the trend (e.g., in samples with 2%, 7% and 40%
Cu) may be due to the various factors mentioned in Equation (3) being sensitive to the differences in
the condition of the samples. Electrical resistivity measurements were measured in the same
direction for all samples, i.e., parallel to their length, for consistency. However, there is a possibility of
anisotropy in resistivity due to the presence of a banded microstructure. Due to the limited dimension
of the samples, resistivity measurements could not be done in the perpendicular direction to verify it.
3.5. Mechanical properties

Fig. 9 shows the changing trend of hardness values of Fe-xCu alloys with an increase of Cu content.
When the addition of Cu was low (1-10 wt.%), its hardness fluctuated in a small range, but the overall
trend was anincrease of hardness. For the addition of 15-20 wt.% Cu, the hardness value significantly
increased, and with an increase of Cu to 40 wt.%, the hardness value decreased slightly, and then

continued to increase.
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Fig. 9. Vickers hardness of Fe-xCu alloys.
Electromagnetic-mechanical devices for energy conversion require materials with efficient electrical
and magnetic properties. Being mechanical devices, they also need to have certain processability and
good mechanical properties. Hardness is one of the quickest ways to reflect a material's ability to
resist deformation and is used as a proxy to indicate its mechanical properties. Our experimental
findings above demonstrated an increase in the hardness of Fe-xCu alloys as the Cu content
increased. This alteration in hardness could potentially be influenced by various factors:

o |
According to the relationship between grain size and Vickers hardness, it can be seen in Fig. 10 that
with an increase in Cu content, the overall trend of grain size is decreasing, while the hardness of the
alloy has an overall upward trend. The Hall-Petch relationship predicts an inverse relationship
between the grain size and the resistance to dislocation motion. The smaller the size of the grain, the
stronger the obstruction to the dislocation motion, leading to a higher hardness.
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Fig. 10. Relationship between grain size (left axis, black squares) and hardness (right axis, red spheres)
of Fe-xCu alloys. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

o .
From a constituent phase standpoint, the alloy underwent a transformation from a BCC phase to
binary BCC + FCC phases with increased content of Cu. The introduction of Cu into the alloy matrix
resulted in the formation of a Cu-rich FCC precipitate, which led to an enhancement in the hardness
of the alloy. Although the solubility of Cu in Fe is low, not exceeding 0.35% at room temperature,
mechanical alloying can change this solubility limit, since it a non-equilibrium process. As the amount
of Cu increased, the content of Cu-containing precipitates within the Fe—-Cu alloy matrix also
increased, which impeded dislocation motion during deformation and consequently increased the
alloy's hardness.
3.6. Accelerated screening
The microstructure and a range of material properties of Fe-xCu alloys were investigated using
accelerated methodology, and the effect of Cu content on the microstructure, electrical properties,
magnetic properties and mechanical properties of Fe-xCu alloys were investigated. Fig. 11(a) shows
the plot for the 16 compositions for 4 properties — Mg, 1/H., electrical resistivity and microhardness
(more information is provided in Table S3 in the Sl). As lower H. values are more ideal, 1/H. was used
so that selection of a sample with attractive H. would be the one with a larger 1/H. value, similar to

the metrics for other material properties.
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Fig. 11. Plot of (a) various material properties vs Fe-xCu alloys and (b) M, vs HV of selected Fe-xCu
alloys and representative soft magnetic materials [51].

From Fig. 11(a), based on the current processing variables, 3 compositions, Fe-3Cu, Fe-4Cu and Fe-
10Cu, were identified as potential compositions for future development. Fe-4Cu had the highest
electrical resistivity (blue arrow), while Fe-10Cu had the lowest coercivity (red arrow), amongst all
samples. Fe-3Cu did not possess the highest values for all the measured material properties, but it
had attractive values for the other three properties (circled in purple), with microhardness being
slightly low. The range of these material properties were between 195 and 199 emu/g, 14.6-18.5 Oe,
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36-43 uQ-cm and 168-196 HV, comparable to currently used soft magnetic materials [51]. With a
high T, of ~757°C, they are potentially attractive for energy applications.

Fig. 11(b) shows the M, vs Vickers hardness for these 3 alloys with representative soft magnetic alloys,
e.g., iron, permalloy, permendur, FeszNiss, low Si content grain oriented (GO) or non-oriented (NO) Fe—
Siand nanocrystalline alloys (FINEMET). The 3 Fe-xCu alloys possessed properties close to commonly
used low Si content alloys, and better than Fe-Ni based alloys. It also has the added advantage of
being a binary alloy system and cheaper than cobalt containing alloys. This will be beneficial for
reducing total cost of production.

Fig. 12 shows a heat map of the Pearson's correlation coefficients with composition and other
parameters prepared from the accelerated methodology data of the Fe-xCu alloys. The maximum
positive correlation coefficient of 0.99 was obtained for the Cu content and the volume fraction of the
Cu-rich white phase. A positive correlation indicates that when the value of one parameter increases,
there is a tendency for the other to increase as well. The maximum negative correlation coefficient of

—-0.98 was obtained from the Cu content and saturation magnetization.
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Fig. 12. Heat map for the accelerated methodology data of Fe-xCu alloys.

The above results show that H.and hardness were positively correlated with Cu additions,
while M and resistivity were inversely correlated, which calls for the need to comprehensively
consider the trends of multiple properties in the selection of magnetic alloys, such as ensuring higher
magnetic properties, i.e., high M5 and low H., and improving the alloy hardness and resistivity as
much as possible. Especially for Ms and H. with strong correlation, relatively low Cu element addition
is conducive to maintaining high magnetic properties without much deterioration of other properties.
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These results indicate that our approach of using accelerated methodologies can rapidly establish the
correlation between composition and multiple properties, providing optimal conditions for screening
components and determining novel potential attractive compositions. This accelerated approach can
also expand the materials database. A summary of the results obtained for all 16 compositions is
included in Table S4 in the SI. This in turn can provide support to the future development of this family
of alloys via machine learning approaches, and meet the growing demand for these properties in
applications such as electric motors and electronic products.
4. Conclusions
In this study, Fe-xCu alloys were synthesized using an accelerated method of mechanical alloying and
HT spark plasma sintering. The microstructure and multiple properties of the alloys were
characterized and analyzed.
The findings suggest the following conclusions:

o 1.
As the Cu increases from 0 to 40 wt.%, the proportion of Cu-rich phase increased from 0.13% to
57.54%, and the constituent phases changed from BCC to FCC + BCC. Additionally, the grain size
varied between ~4.4 ym and ~9.5 um for the BCC phase and ~0.4 pm-1.23 pm for the FCC phase.

o 2.
The increase of Cu content led to a decline in the M from 211.3 emu/g to 118 emu/g. Conversely, the
hardness value increased from 166.3 HV to 238.5 HV, and the H; changed from 14.6 Oe to 45.7 Oe,
while the resistivity changed from 27.3 pQ-cm to 43.0 pQ-cm.

o 3.
The increased content of the precipitated phase enriched with the diamagnetic Cu led to a decrease
in Ms and grain size, as well as an increase in H; and hardness.

o 4,
Compositional screening using accelerated methodology experiments can quickly establish the
relationship between alloy microstructure and overall performance.

e 5.
Based on the processing parameters, three compositions were identified in this work — Fe-3Cu, Fe-
4Cu and Fe-10Cu - that exhibited a balanced set of properties, high electrical resistivity and low
coercivity respectively. With comparable M vs HV to commonly used soft magnetic materials, they
are potentially attractive for energy applications, with the added benefit of lower cost.
Thus, the hypothesis of the work has been validated — the resistivity and hardness did increase
significantly compared to elemental Fe with increased Cu content. The results presented in this work
highlighted the diverse aspects of this material system that can be further investigated to optimize the
material properties —the microstructure evolution and the directional effects of the microstructure on
electrical resistivity and coercivity. With further investigation and understanding of the ball milled Fe—
Cu alloys, better materials can be developed for energy applications.
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