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High-throughput (HT) chemical synthesis facilitates accelerated materials discovery products. However, HT
methods are limited by the need for expensive robotic systems, complicated methodology, and low yield. Hence,
we developed a hyper-heuristic combinatorial flow synthesis (HCFS) device capable of composition gradient generation
and production of an adequate mass of Fe-Co—Ni alloy nanoparticles. A library of 91 Fe—-Co-Ni powder compositions
was synthesized using this technique. A high-throughput spark plasma sintering (HT-SPS) methodology, along with
the die design, was developed for combinatorial screening of multiple properties. 56 compositions were down-selected
and consolidated into compositionally graded bulk samples using HT-SPS and subsequent annealing. The crys-
tallographic, magnetic, electrical, and magnetic properties of the bulk library were assessed. The saturation
magnetization (M) varied from 83.3 emu/g to 225.2 emu/g, coercivity (H,) from 17.5 Oe to 78.4 Oe, resistivity
(p) from 17.2 pQ-cm to 986.7 pQ-cm, and Vickers hardness (Hy) from 41.9 HV to 281.7 HV. Novel Fe-Co-Ni
compositions, e.g., Feze 5C0s5.1Nig 4 and Fepo 6Co73 4Nig with a promising multi-property set, were identified for
the first time. This study demonstrated that promising new compositions exhibiting multi-property optimization
can be successfully discovered by our hyper-heuristic combinatorial chemical synthesis methodology.

1. Introduction

Materials innovation is crucial in advancing technology and driving
progress in various industries, such as healthcare, transportation, con-
struction, and energy [1]. The current time frame from discovering and
developing new materials to certification, manufacturing, and deploy-
ment is typically about 10-20 years [2,3]. In the discovery and devel-
opment stage, trial-and-error experimentation and observation have
been conventionally employed. A typical experimental method for
synthesizing materials is the wet chemical technique. It has been
employed for developing various types of materials, ranging from
structural materials such as alloys [4-6] and ceramics [7,8] to functional
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materials such as catalytic materials [4,9], energy materials [8-11],
optical materials [12,13], and magnetic materials [5,6,9]. However, the
usual linear approach of “one sample at a time” wet-chemical synthesis
technique cannot be used to explore the vast space of possible compo-
sitions and synthesis parameters such as the reactant concentration,
temperature, time, and pH. Therefore, there is an urgent need to develop
new high-throughput (HT) chemical synthesis devices to screen mate-
rials for the desired combination of properties.

In the past two decades, there has been significant progress in
developing HT chemical synthesis techniques, consisting of sol-gel, hy-
drothermal, microwave-assisted, and laser scanning ablation. The sol-
gel method was accelerated by implementing spin coating or drop
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casting and automated robotic dispensers [14,15]. Similarly, a
multi-chambered autoclave was designed for HT hydrothermal synthe-
sis, and an automated robotic pipetting setup was implemented [16,17].
For HT microwave-assisted synthesis, two types of reactor systems were
implemented — a multimode system where a multiple cavities holder was
used for several reaction vessels and a monomode system where one
reaction vessel is used by integrating robotics to carry out multiple re-
actions [18,19]. The disadvantages of these methods are their
complexity, the need for large reaction or synthesis setups along with
robotic systems, and limitations to explore the vast composition space.
Recently, a new ultrafast HT technique, laser scanning ablation, has
been implemented to rapidly synthesize nanostructured materials,
including high-entropy alloys, high-entropy ceramics, carbon nano-
particles, amorphous materials, and composites [20-23]. However, the
limitations of this method are the limited amount of samples produced
and difficulties in removing the nanomaterials from the substrate.

The limited sample amount, the complex experimental setup, and
high cost of operation has led to combinatorial continuous flow syn-
thesis setups [24], e.g., microfluidic setups [25,26], continuous hydro-
thermal flow synthesis setups [27-29], and microwave-assisted
continuous flow synthesis setups [30,31]. These systems have been
implemented for the synthesis of metallic nanoparticles [25,26], quan-
tum dots [25,26,29], perovskites [26,27], binary alloys [32], oxides [24,
28,31], and organic compounds. A library of materials was synthesized,
with various compositions, sizes, and properties, by varying the flow
rates or by varying the reaction temperatures. The majority of the
research on continuous flow synthesis was performed for exploring
organic compounds. For metals and alloys, only a few flow synthesis
studies were performed which explored a limited composition space and
produced a low yield of particles. Hence, this study focused on devel-
oping a flow synthesis setup to produce a higher yield of ternary alloy
particles to explore the ternary composition space and their associated
structural and functional properties.

An important class of alloys are magnetic alloys which are used very
widely in a variety of electromagnetic and energy conversion devices.
There is an urgent need for developing efficient, high-performance, and
sustainable energy-related technologies for more inclusive universal
access to modern energy, keeping up with the socio-technological
progress. This progress is getting hampered due to sudden reshaping
of energy demand trends, more than 100 % increased energy demand in
developing counties; the projected 14 % increase in global energy con-
sumption and 300 % increase in electricity demand by 2050 [33,34]. In
particular, it is critical to developing high-speed electric machines which
are in high demand in various sectors such as industrial motors,
renewable power generation (particularly from wind), and trans-
portation (e.g., aerospace, naval, hybrid/electric traction) [35]. How-
ever, it is challenging to develop high-power density electric machines
with increased efficiency, decreased manufacturing cost, high torque,
and a lightweight design [36,37]. Magnetic alloys are a fundamental
component of these machines, hence, to create next-generation electric
machines for high-frequency and high torque conditions, it is necessary
to develop magnetic alloy compositions with the optimal mix of func-
tional and structural properties.

To identify suitable alloy compositions, Fe, Co, and Ni were chosen
as the main constituent elements as we hypothesize that the Fe-Co-Ni
ternary alloy system has promising novel alloy compositions to achieve a
balanced mix of desirable values of properties. The often-antagonistic
relationships of magnetic, electrical, and mechanical properties pose a
challenge to find such potential compositions. The magnetic properties
of saturation magnetization (M;) and Curie temperature (T,) depend on
the composition of the alloy, e.g., with larger Ni content both M; and T,
decrease as per the Slater-Pauling curve and the Bethe-Slater curve,
respectively [38,39]. The coercivity (H.) is observed to decrease with
higher Ni content, which can be due to the low anisotropy constant of Ni,
followed by that of Fe and Co [40,41]. Further, it was observed that
addition of Co and Ni to Fe based alloys increases the electrical
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resistivity (p) [42]. The increase of p was higher when Ni was added to
Fe based alloys, suggesting that comparatively higher Ni content in
Fe—Co-Ni can lead to higher p. Moreover, Co exhibits mechanically su-
perior properties compared to Fe and Ni [43], which suggests that
comparatively high Co content might lead to better mechanical
properties.

It was reported that a Fe3oCosoNigg film exhibited a high M; of 217.2
emu/g with moderate H, of 11 Oe and low p of 11 pQ-cm. A
Fe15CogoNigs film exhibited a low H, of 4.1 Oe with a moderate M of
168.7 emu/g and a moderate p of 22.9 uQ-cm [44]. A Fees.5C010Niz45
arc melted sample was reported to exhibit Hy of 285 HV and M; of 225.4
emu/g [45]. Commercial Fes3NizoCo17, used mainly for glass-to-metal
seals due to its good thermal expansion properties matching that of
borosilicate glass and alumina ceramic, exhibits a M of 114.4 emu/g, H.
of 0.85 Oe, Hy of 160 HV, T, of 703K and p of 43 pQ-cm [46]. A novel
alloy composition (Fesg ¢Nig7 7Co27 7TasAly) with a high tensile strength
of 1336 MPa, low H, of 0.98 Oe, high p of 103 pQ-cm, and low M; of 100
emu/g was reported recently [47]. In this alloy, suitable nano-
precipitates and interfacial coherency resulted in greater hindrance to
dislocation motion and a reduced pinning effect of domain wall move-
ment, thereby increasing strength and lowering coercivity, respectively.
However, M; of this alloy is lower due to the paramagnetic nature of the
precipitates [48]. The properties of these materials are summarized in
Table 1. Based on the above studies, Fe-Co-Ni alloy system was chosen
to study to identify potential compositions with an optimum mix of
properties.

A novel hyper-heuristic combinatorial flow synthesis (HCFS) exper-
imental device, capable of high yield, rapid, and simultaneous genera-
tion of gradient compositions by a reduction-based chemical synthesis
was designed, providing a semi-automated chemical flow synthesis
workflow. The HCFS platform rapidly synthesized 91 compositions of
Fe—Co-Ni powder alloys by varying the flow rates of the reactants. Out
of these, 56 samples were consolidated into compositionally graded bulk
samples using high-throughput spark plasma sintering (HT-SPS), which
were further annealed rapidly. Multiple properties for both the powder
and bulk alloy libraries were quickly assessed. Finally, potential novel
Fe-Co-Ni alloy compositions were identified using a screening tech-
nique. Fig. 1 shows a schematic of this high-throughput work.

2. Experimental methodology

The experimental procedure in illustrated in the flowchart (Fig. 2).
The HCFS device and the experimental setup, design of experiments
(DOE) with the setup, materials used for the synthesis of the Fe-Co-Ni
powder alloy library, converting powder alloys into a compositionally
gradient bulk alloy library using high-throughput spark plasma sintering
(HT-SPS), annealing of the bulk alloy library, multiple property assess-
ment, and screening for promising candidates are summarized in this
section.

2.1. Hyper-heuristic combinatorial flow synthesis device (HCFS) device

The rapid synthesis unit (Fig. 3) consisted of three sections, an HCFS
device (Fig. 3(a)), pumping system, and a collection section. The
experimental setup (Fig. 3(d)) for the synthesis of Fe-Co-Ni powder

Table 1

Summary of the materials.
Material System M; (emu/ H, p(pQ-cm) Hy Ref.

g) (Oe) (HV)

Fe30CosoNizo 217.2 11 11 - [44]
Fe,5C0goNizs 168.7 4.1 22.9 - [441
Fegs.5C010Nig 5 225.4 - - 285 [45]
Fes3NizpCoqz 114.4 0.85 43 160 [46]
Fes, 6Nip7.7C027 7 TasAl; 100 0.98 103 - [47]
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Fig. 1. Schematic of combinatorial synthesis of the Fe-Co-Ni powder and bulk alloy libraries using the hyper-heuristic combinatorial flow synthesis (HCFS) device
and a multi-cavity graphite die for high-throughput spark plasma sintering (HT-SPS), respectively. Rapid assessment of the properties of powder and bulk alloy

libraries are also indicated.

alloy samples was obtained by connecting the specified three sections.

A novel HCFS device for combinatorial flow synthesis of Fe-Co-Ni
alloy powders was fabricated by three inlet channels (A, B, C) for re-
actants input flow and 7 outlet channels (O1 to O7). The device was built
in chemically resistant polytetrafluoroethylene (PTFE) body, with a
transparent polyethylene (PET) cover for inline imaging of combinato-
rial reactions. PTFE and PET were chosen as they are chemically resis-
tant to hydrazine [49], hence, suitable to perform the selected,
chemically intensive process of hydrazine reduction for Fe-Co-Ni alloys
synthesis. Fig. 3(a and b) shows the design configurations and image of
the fabricated device, respectively. The HCFS device’s internal channel
design performs the required combinatorial operation in each layer by
dividing the input flows and mixing it with the other divided adjacent
flow, generating the output of concentration required to synthesize
different composition gradient. The device synthesizes compositions at a
higher yield compared to its microfluidics counterpart [32,50-55]. The
HCFS device flow rate and mixing were optimized using RGB colored
water (red, green, and blue for the inlets A, B, and C, respectively),
producing the mixed color spectrum at the outlets O1 to O7. We found
that a minimum of 50 mL/min flow rate is required for efficient mixing,
hence, suitable for rapid gradient compositions and high yield.

The pumping system consisted of 5 peristaltic pumps connected to
HCFS device via three cross-junctions. Each cross-junction consisted of
three inlet flows, one for salt solution (Co, Fe, and Ni at inlets A, B, and
C, respectively), one for NaOH, and one for hydrazine, and one outlet
flow connected to the HCFS device. Ethylene tetrafluoroethylene (ETFE)
tubes (size: 3.175 mm outer diameter and 2.362 mm inner diameter, P/
N: 1648XL, company name: IDEX, USA) connects all reactants flows by
standard M6 threads with Luer lock fittings. The FeCl, solution was fed
to the central inlet B to minimize the formation of oxides. Iron-rich al-
loys chemically synthesized by the hydrazine reduction method show
oxide formation [56], hence, limiting iron-rich alloy compositions
space.

We used optimization results of the HCFS setup to develop a DoE,
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deciding the flow rate combinations for all the input precursors with a
target of FRpe + FRco + FRyj = 300 mL/min (where, FRge: FeCly, FRco:
CoCly, FRy;: NiCly, FRyaon: NaOH and FRyyq: NoHy solutions). Table 2
describes designed experimental runs and their parameters. From
experimental run 1 to 5, FR¢, was varied to obtain Co-rich alloys with a
range of Ni and Fe content. Similarly, FRy; and FRg. was varied to obtain
alloy compositions over a wide range of ternary Fe-Co-Ni compositions.
About 200 mL of the resultant solution was collected from each outlet
channel. The run time for collecting the stated amount of solution was in
the range of 1 min 35 s to 2 min per experiment.

2.2. Synthesis of Fe—-Co-Ni powder alloy library

Iron (II) chloride tetrahydrate (FeCly-4H20, 98 %, CAS No. 13478-
10-9), nickel (II) chloride hexahydrate (NiCly-6H20, 98 %, CAS No.
7791-20-0), and cobalt (II) chloride hexahydrate (CoCly-6H20, 98 %,
CAS No. 7791-13-1) from Sigma Aldrich, ethanol (EtOH, 99.8 %, CAS
No. 64-17-5) from Fisher Scientific, hydrazine monohydrate (NaH4-H20,
80 % solution in water, CAS No. 7803-57-8) from Merck, sodium hy-
droxide (NaOH, CAS No. 1310-73-2) pellets from Schedelco, and
deionized water (DI HyO, Type I+, Elga) were used as received.

First, precursor solutions of 0.3 M FeCly, 0.3 M NiCl,, and 0.3 M
CoCl, were prepared by dissolving appropriate amounts of FeCly-4H50,
NiCly-6H20, and CoCly-6H20 in the solvent consisting of EtOH and de-
ionized water (DIW) in the ratio of 3:1. Second, NaOH pellets were
dissolved in DIW to form a 3 M NaOH solution. Finally, hydrazine was
used as received for the reaction in the HCFS device. After collection of
the resulting solutions from each experimental run, the solutions were
left aside for approx. 3 h in glass beakers by covering their lid gently. For
the solutions in which magnetic alloy (black) particles were formed,
they were first separated using magnetic decantation, and then washed
three times with a 95 % ethanol + 5 % methanol solution using magnetic
decantation. For the solutions in which oxide (brown) particles or hy-
droxides are formed, there is little or no magnetic attraction, hence they
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Fig. 2. Flowchart of the accelerated methodology for producing a Fe-Co-Ni
bulk alloy library and rapidly assessing structural, magnetic, electrical, and
mechanical properties (XRD - X-ray diffraction, EDS — Energy dispersive X-ray
spectroscopy, r-VSM - rapid Vibrating Sample Magnetometer, 4 PP — Four-point
probe, Hy — Vickers Hardness).
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were first centrifuged at 4000 rpm for 3 min and then washed thrice with
95 % ethanol and 5 % methanol using centrifugation for the same
conditions. The samples were then placed in a vacuum oven for drying.
The hydroxide powder samples were then reduced in a 95 % Ar + 5 % Hp
atmosphere at 870 °C for 2 h.

2.3. Rapid screening of the Fe—-Co—Ni powder alloy library

The powders, including hydroxides, were analyzed using rapid X-ray
diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), and
vibrating sample magnetometery (VSM). Crystallographic information
of the powders was determined using an automated Bruker D8 Advance
diffractometer (Cu K, radiation, A = 0.154 nm). Elemental mapping of
the powders was performed using an energy dispersive X-ray spec-
trometer attached to the JEOL JSM-7600F field emission scanning
electron microscope (FESEM), at a rate of 2 min per sample. The mag-
netic properties of the powders were measured using a LakeShore Cry-
otronics 7400 VSM rapidly at a rate of 4 min per sample.

2.4. Compositionally graded Fe-Co—Ni bulk alloy library using HT-SPS

To accelerate the process of SPS and simultaneously consolidate
powders of many alloy compositions, a graphite die with nine cavities
was designed, Fig. 4(a) and (b). Compositionally graded Fe—Co-Ni bulk
alloy samples were prepared using SPS by consolidating the synthesized
powders as discrete layer [41,56] cylindrical samples of 8 mm diameter,
as shown in Fig. 4(c). Each layer was separated by using tantalum (Ta)
foil as an inert spacer. 56 alloy compositions were chosen to cover most
of the composition space of the ternary diagram. SPS was performed
using a Fuji Electronic Industrial SPS-211LX equipment at a vacuum
level below 9 Pa. The final actual temperature was 700 °C. Thus, sin-
tering was conducted at 700 °C for 35 min under a pressure of 40 MPa
per cavity. The sintered samples were cut vertically in four sections, two
sections were labelled “as-SPS”, the other two sections were annealed at
870 °C for 4 h in a 95 % Ar + 5 % Hjy atmosphere and labelled
“annealed”. To increase the throughput, annealing was performed by
placing two sections of two sets of compositionally graded SPS samples
in the alumina crucible. The rectangular cross section samples (both
as-SPS and annealed) were embedded in epoxy and used for micro-
hardness measurements.

2.5. Rapid characterization of Fe-Co-Ni bulk alloy library

The crystal structures of as-SPS and annealed samples were deter-
mined by automated XRD using a Bruker D8 Advance diffractometer (Cu
K, radiation, A = 0.154 nm). The magnetic properties of the samples
were measured using a LakeShore Cryotronics 7400 VSM at a rate of 14
min per composition. The microhardness of the samples was measured,
using a Vickers hardness tester (Future-Tech) at a load of 5 kgf, at a rate
of 30 s per composition. The I-V curves of the samples were obtained
using a four-point probe (4 PP) tester (Keithlink) at the rate of 2 min per
composition. The p of the samples were calculated using the following
equation [56-58]:

it

()
()

where R, t and s are the resistance, sample thickness and probe spacing
respectively.

p=Re

2.6. Screening for potential candidates

Annealed SPS samples were used for final screening of potential
compositions with an optimum combination of properties. As a
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Fig. 3. (a) Design with dimensions and (b) image after fabrication of the hyper-heuristic combinatorial flow synthesis (HCFS) device. (c) Schematic representation
and (d) image of the experimental setup for high-throughput (HT) synthesis of Fe-Co-Ni powder alloy library.

Table 2
Design of experiments (DoE) for synthesis of Fe—-Co-Ni powder alloy library.

Experimental Flow rate  Flow rate  Flowrate  Flow rate Flow rate

Run No. of FeCl, of NiCl, of CoCl, of NaOH of NoHy
solution solution solution solution solution
(FRee), (FRn), (FRco), (FRNaon)» (FRyya),
mL/min mL/min mL/min mL/min mL/min

1 100 100 100 100 240

2 90 90 120 920 240

3 80 80 140 80 240

4 110 110 80 110 240

5 120 120 60 120 240

6 90 120 90 90 240

7 80 140 80 80 240

8 110 80 110 110 240

9 120 60 120 120 240

10 120 90 90 90 240

11 140 80 80 80 240

12 80 110 110 110 240

13 60 120 120 120 240

reference, individual compositions possessing the highest M;, lowest H,
highest p, and highest Hy were identified. The following criteria for
screening was used: M; > 80 % of highest M; and Hy > 50 % of highest
Hy. After determining the compositions, the T, of the same samples were
measured by a home-built thermogravimetric analysis (TGA) setup, with
a permanent magnet placed near the TGA pan, as discussed in earlier
reports [41,56,59]. For TGA, TA instruments Q600 SDT was used.

3. Results and discussion
3.1. Fe—-Co-Ni powder alloy library

Fig. 5 shows the 91 Fe-Co-Ni powder alloy compositions in the
ternary phase diagram, obtained from a series of high-throughput ex-

periments (HTE) using the HCFS device. Samples spanning the ternary
composition space of the Fe-Co-Ni alloy can be synthesized in a semi-

2980

50 mm

-

8 mm
7 mm
6 mm
'y
N ﬁ
A

Isometric view

(@)

Top view

(b)
(©)

Fig. 4. (a) Isometric view and (b) Top view of the designed graphite die for HT-
SPS of the synthesized Fe-Co-Ni alloy powder samples. (c) Representation of 3
layer and 4 layer compositionally graded bulk alloy samples synthesized using
HT-SPS.

automated experimental setup. This device automatically in-
corporates the mixing of reactants in appropriate amounts and per-
forms the reaction in a controlled environment with minimal human
intervention. Hence, it is referred to as hyper-heuristic combinatorial
flow synthesis.

3.1.1. Process parameters

The Fe, Co and Ni content was determined using EDS. The compo-
sition of the powder alloys obtained from outlet 1 are Ni-rich and from
outlet 7 are Co-rich, in accordance with the experimental setup shown in
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Fig. 3(c): outlet 1 is towards the NiCl, solution and outlet 7 is towards
the CoClj solution. Powders obtained from outlets 3, 4, and 5 have a Fe
content mainly between 25 and 75 at.%, along with decreasing Ni
content and increasing Co content from outlet 3 to 5. Such a concen-
tration gradient behavior of the HCFS device design is consistent with
reported concentration gradients in Christmas-tree design microfluidic
devices [50,51,53-55,60]. Our device and experimental setup has the
uniqueness of producing higher yield compared to previously reported

work on Ni-Co using a microfluidic device [32]. A higher yield is
essential to evaluate multiple properties, samples of at least dimensions
5 mm x 5 mm x 1 mm are needed for the multiple property
measurements.

The flow rates were used to tune the concentration gradient of the
solutions in the channel, resulting in the wide distribution of alloy
compositions. From experimental run 1 to runs 2 and 3, FR¢, was
increased in steps of 20 mL/min, FRy; and FRg. decreased in steps of 10
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Fig. 6. (a) Phases, (b) contour plot of saturation magnetization (M), and (c) contour plot of coercivity (H.) of Fe-Co-Ni powder alloy library.
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mL/min, which resulted in a lower Ni and Fe content in outlets 5 to 7,
enabling the synthesis of Co-rich samples. From experimental run 1 to
runs 4 and 5, FR¢, was decreased in steps of 20 mL/min, FRy; and FRg,
were increased in steps of 10 mL/min, which caused the increase in Ni
and Fe content in outlets 5 to 7, enabling the synthesis of samples with
greater Fe and Ni content compared to experimental runs 2 and 3.
Similarly, FRy; and FRg. could be varied to obtain powder alloy com-
positions distributed across the maximum area of the ternary space.

3.1.2. Characterization and property evaluation
Fig. 6 shows the crystal structure, saturation magnetization (M;), and
coercivity (H,) of the powder alloy library.

3.1.2.1. Crystal structure. In Fig. 6(a), depending on the composition,
face centered cubic (FCC), body centered cubic (BCC), FCC + BCC, FCC
+ BCC + hexagonal closed packed (HCP), FCC + HCP, and some oxides
were observed. The XRD of these powder alloy samples are presented in
Figure S1 in Supporting Information (SI). Compositions with higher
content of Co, Ni content <37.5 %, and Fe content <30 % showed crystal
structures of either FCC + HCP, FCC + BCC + HCP, or FCC + BCC, which
is consistent with the reported formation of two phases and three phases
in Fe-Co-Ni nanostructured powder alloys [61]. Hence, formation of
metastable phases in Co-rich ternary nanostructured alloys through this
method is possible. Similarly, the compositions with higher content of Ni
mainly exhibited a FCC crystal structure [61-63]. Finally, the compo-
sitions with higher content of Fe exhibited either BCC, FCC + BCC, or
FCC crystal structure but had a greater tendency to form Fe;O3 by the
reaction of Fe with the dissolved oxygen in water. Early formation of
oxides of Fe is possible because of the higher reduction potential of Fe?*
(E° = —0.44) compared to Co*" (E° = —0.28) and Ni2* (E° = —0.26)
[64].

The near-equiatomic compositions of Fe-Co-Ni mainly exhibited the
FCC crystal structure with some tendency to form FCC + BCC phases.
This tendency increases when we move from the equiatomic region to
the Co-rich region. This is partly in agreement with the phase diagram
reported by Zaharov et al. [61] for Fe-Co-Ni nanostructured particles
synthesized by hydrazine reduction at 90 °C. The synthesis temperature
in this work was room temperature. Thus, a few of the compositions
showed minority non-equilibrium phases.

3.1.2.2. Magnetic properties. The M; of the powder alloy library was in
the range of 187 emu/g to 57.5 emu/g for the compositions
Fesg.2C0425Nig 3 and Fesy sNisgs, respectively. However, the latter
composition exhibited crystal structure of FCC + BCC along with a mi-
nority oxide phase. The non-oxide composition with the lowest M; of
64.1 emu/g was Fesp 9C012.2Nis4.9. In Fig. 6(b), it can be observed that
M decreased with higher Ni content due to the lower atomic magnetic
moment of Ni (0.6pp) compared to that of Co (1.7pp) and Fe(2.2pp) [65].
Moreover, the region of high M; (orange and red color region) is for the
compositions with Ni content <30 %, Fe content <55 %, and Co content
>30 %, which can be attributed to the enhancement of M by the pres-
ence of the BCC phase. The powder alloys in this region consists of BCC
as one of the crystal structures, as reported previously in the Fe-Co-Ni
alloy system [5,56,66-69].

Similarly, the H, of the powder alloy library was in the range of 45 Oe
to 219.4 Oe for the compositions Fess4Niss ¢ and Fej; 7CogssNig g,
respectively. The crystal structures found in the former composition was
FCC + BCC + HCP and in the latter was FCC along with oxide. The non-
oxide composition with the lowest H, was Fe3y 9gC012 5Nis4 g with a value
of 47 Oe, it also exhibited the lowest M; and a crystal structure of FCC. In
Fig. 6(c), it can be observed that the H. decreases with increasing Ni
content or decreasing Fe and Co content [5,66,70-72], which can be
attributed to the higher anisotropy constant of Co, followed by that of Fe
and finally that of Ni [40,41,73,74].

Finally, to identify compositions with an optimum combination of

2982

Journal of Materials Research and Technology 27 (2023) 2976-2988

high M; and lower H, in the powder alloy library, the following
constraint was applied: M; > 0.8 x 187 emu/g and H, < 0.3 x 219.4 Oe.
There were only two compositions satisfying this constraint, which are
F813.7C085v8Ni0.5 (Ms =175.5 ernu/g, HC =63.2 Oe) and F66,1C092V1Ni1_8
(M; = 164.2 emu/g, H. = 63.8 Oe). Another composition with M close
to the former composition and slightly higher H, was also identified,
which is Fesp 6Cos6.2Ni11.2 (My = 172 emu/g, H. = 72.9 Oe).

3.2. Fe—Co-Ni bulk alloy library (as-SPS)

Fig. 7 shows the crystal structure, M, H, Hy, and p of the as-SPS bulk
alloy library. Out of the 91 powder alloy compositions, 56 compositions
were chosen for HT-SPS such that these compositions cover most of the
ternary composition space and have sufficient mass of powders to
consolidate the powders into a bulk sample.

3.2.1. SPS process

The details of the SPS process are included in Figure S2 in SI. There,
an image of the prepared SPS graphite die (from Fig. 4), its placement in
the vacuum chamber of the SPS machine, and the change in SPS process
parameters with time is shown. An example of a longitudinally cut
sample is shown in the inset of Figure S2(c). SPS is a versatile technique,
and with good control of parameters, dense samples with good me-
chanical properties can be obtained in the target material system
[75-77]. In this work, the SPS parameters were selected to be same as
that employed in our earlier work [41,56,58], while the final parameters
reached were dependent on the die set and SPS equipment capability.
Nevertheless, these conditions allowed sufficiently dense samples to be
fabricated. The shrinkage of samples during SPS is briefly discussed in SI
as well. The porosity information of a selected sample, as SPS and after
annealing, is presented and discussed in Figure S3 in SI.

Also, as inert Ta foils are used as spacers between each layer, no
interdiffusion between the layers occurred. This is supported by further
characterization in Table S1, Figures S4, S5 and S6 (consisting of SEI,
EDS and XRD), which shows no penetration of the layers into one
another. Use of SPS in a similar fashion, but without the inert layer, has
been reported by Shichalin et al. [78], to form functionally graded
materials by purposefully joining different metals. This approach is
useful for fabricating materials with different compositions (and in turn
site-specific material properties) [41].

3.2.2. Crystal structure

In Fig. 7(a), it can be observed that the HCP crystal structure in Co-
rich alloys (Co content >50 %) was absent, except for two alloys which
have very high Co content. The majority of the ternary compositions
exhibited the FCC crystal structure. Unlike powder alloys, the Fe-rich (Fe
content >50 %) as-SPS bulk alloys exhibited the FCC or FCC + BCC
crystal structures and not the BCC crystal structure. Interestingly, for 50
% < Fe content <65 %, the crystal structure was FCC and for Fe content
>65 %, the crystal structure was FCC + BCC. This suggests that for high
Fe content, the BCC structure may occur, this structure is the stable
phase for high Fe content [66]. Further, the majority phase in alloys with
higher Ni content in near-equiatomic Fe-Co-Ni exhibited the FCC
crystal structure, as reported earlier [5,56,66]. Some of the alloy com-
positions exhibited some oxide formation after SPS. The compositionally
graded SPS samples were annealed in hydrogen atmosphere to remove
the oxide phases [56,79], all the properties were then evaluated.

After SPS, most of the higher Co content powder alloys, consisting of
HCP as one of the crystal structures, were transformed into pelletized
bulk alloys consisting of FCC and FCC + BCC crystal structures. How-
ever, the Fey 4Coge.7Nig 9 and Fej; 1Cogy gNi; compositions consisted of
FCC + HCP crystal structures. Further, Fess4Co024Nig32 and
Fe17.4Co44.3Nisg 3 exhibited the FCC + BCC crystal structures after SPS,
compared to the FCC crystal structure in the powders. These two com-
positions stand out compared to others as neighboring compositions
show only the FCC crystal structure. This may be attributed to the
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Fig. 7. (a) Composition and phases, contour plot of (b) saturation magnetization (M), and (c) coercivity (H.), (d) Vickers hardness (Hy), (e) electrical resistivity (p),
and (f) p excluding compositions with oxide phases of as-SPS Fe-Co-Ni bulk alloy library. (f) Is plotted to display greater contrast of p values of as-SPS samples.

metastable state of the FCC and BCC crystal structures in the two
compositions.

3.2.2.1. Magnetic properties. The M of the as-SPS bulk alloy library was
in the range of 191.3 emu/g to 67.9 emu/g for the compositions
Feyg.2C0425Nig 3 and Fey7Co408Niig s, respectively. The M; of the
Fe40.7C040.gNiig 5 powder alloy was 179.4 emu/g and the crystal struc-
tures were FCC + BCC. However, after SPS, the crystal structure of the
alloy was changed to FCC, resulting in a decrease of M, which shows the
influence of the BCC crystal structure in enhancing M; [5,56,66-69]. The
second lowest value of M; was 79.7 emu/g for the composition
Fe18.9C07.6Ni74.0, which can attributed to the fact that Ni has the lowest
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atomic magnetic moment among the three elements [65]. In Fig. 7(b), it
can be observed that the region of high M; is similar to that of the
powder alloy library but with a narrower spread. It now includes of
Fe17.4C044 3Nisg 3, whose crystal structure changed after SPS from FCC
to FCC + BCC.

In Fig. 7(c), the H, values of the as-SPS bulk alloy library composi-
tions were in the range of 14.5 Oe to 82.3 Oe for the compositions
Feg6.9C022.3Nis0.g and Fe49Coa44 9Nie 1, respectively. The crystal structure
of the former composition was FCC and of the latter was FCC + an oxide
phase. The non-oxide composition with the highest H, was
Feso.7Co4g.7Nig ¢ with a value of 65 Oe, which exhibited FCC + BCC
crystal structures. The compositions Fey 4Cogg 7Nig g and Fe;1.1Cogy.gNip
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which exhibited FCC + HCP crystal structures had H, values of 64.5 and
62.2 Oe, which can be attributed to the high anisotropy constant of Co
[41,73,74].

3.2.2.2. Hardness. In Fig. 7(d), the Hy of the as-SPS bulk alloy library
was found to be in the range of 473.8 HV to 51 HV for the compositions
Fees.5C011.7Nig2 g and Fep37Cogs gNig 5, respectively. The crystal struc-
ture of the former composition was FCC along with oxide and of the
latter was FCC + BCC. The non-oxide composition with highest Hy was
Fe4g.2C042 5Nig 3 with 380.9 HV, which also exhibited the highest M and
crystal structures of FCC + BCC. Further, the composition with second
highest Hy was Fezg 5C055.1Nig 4 with 380.9 Oe which also exhibited the
second highest M; of 190.9 emu/g and crystal structures of FCC + BCC.

0 25 50 75 100
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50
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(b) 0
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The H, for these two compositions were 36.9 Oe and 23.9 Oe,
respectively.

3.2.2.3. Resistivity. In Fig. 7(e), the p of the as-SPS bulk alloy library
was in the range of 4153.4 pQ-cm to 15.2 pQ-cm for the compositions
Fegs.1Co77.9 and Feq6.2C047 4Nisg 4, respectively. The crystal structure of
the former composition was FCC, along with a minority oxide phase and
of the latter was FCC. Due to the presence of the oxides, some of the SPS
samples exhibited very high p and it is challenging to visualize the dis-
tribution of p in relation with composition. Therefore, the contour graph
of p for the compositions without the oxide phases was plotted and is
shown in Fig. 7(f).

The non-oxide composition with the highest p was Fe4g 6C032 3Nize.1
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Fig. 8. (a) Composition and phases, contour plot of (b) saturation magnetization (M;), and (c) coercivity (H,), (d) Vickers hardness (Hy), (e) electrical resistivity (p),
and (f) p excluding compositions with greater than 200 pQ-cm. (f) Is plotted to display greater contrast of p values of annealed samples.
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with a value of 161.9 pQ-cm, which exhibited Mg = 162.1 emu/g, H, =
25.8 Oe, and Hy = 193.8 HV. Moreover, when a screening criterion of
M; > 0.8 x 191.3 emu/g, p > 0.5 x 161.9 pQ-cm, and Hy > 0.5 x 380.9
HV was applied to find the as-SPS composition with an optimum com-
bination of properties, this was the only one composition identified. A
slightly less strict constraint was also applied, i.e., M; > 0.8 x 191.3
emu/g, p > 0.3 x 161.9 pQ-cm, and Hy > 0.5 x 380.9 HV, to identify
other potential compositions. Only one composition was identified —
Fe34.4C02,4Ni63,2 which exhibited M, = 163.8 ernu/g, H.= 35.7 Oe, p=
69.3 pQ-cm and Hy = 278.6 HV with FCC + BCC crystal structure.

3.3. Fe—Co-Ni bulk alloy library (annealed)

Fig. 8 shows the crystal structure, M, H;, Hy, p and p of the com-
positions of the annealed bulk alloy library with p < 200 pQ-cm. After
annealing, the oxide phase is completely removed from the SPS samples.
EDS is done on a selected sample to show the homogeneity of the sample
after annealing and is presented in SI Figure S7.

3.3.1. Crystal structure

In Fig. 8(a), the two compositions, Fey4Cogs7Nigg and
Fei1.1Cogy.9Nij, which exhibited the FCC + HCP crystal structures after
SPS, exhibited the same crystal structure after annealing. Further, the
Co-rich compositions exhibited FCC + BCC crystal structures after
annealing, as compared to the FCC crystal structure before annealing.
Also, Fes 7Cogs.4Nig 9 and Fej4Cogg exhibited the BCC crystal structure
after annealing, compared to FCC + BCC before annealing. This shows
the metastability of FCC, BCC, and HCP in Co-rich alloys prepared via
the hydrazine reduction method, as reported previously [61]. Further, it
can be observed that Fe-rich and Fe-Co rich compositions after
annealing exhibited a mix of FCC, FCC + BCC and BCC crystal structures.
These results are broadly in agreement with the crystal structures ob-
tained using other techniques, e.g., hydrazine reduction and SPS [56],
additive manufacturing [66], electroplating [80], and sputtering [44,
72].

3.3.2. Magnetic properties

In Fig. 8(b), the M; of the annealed bulk alloy library was in the range
of 225.2 emu/g to 83.3 emu/g for the compositions Fe49Co44 9Ni¢ 1 and
Fe;5.2Co7 ¢Niy4.2, respectively. The M of the Fe49Co44.9Nig 1 as-SPS alloy
was 128.6 emu/g with a crystal structure of FCC along with some oxide
phase. After annealing, the crystal structure of the alloy was BCC which
again shows the influence of BCC in enhancing M;. The composition
Fe4g.2C042 5Nig 3, which exhibited the highest M; of 191.3 emu/g for as-
SPS condition, after annealing exhibited M; of 187.7 emu/g, retaining
the same crystal structures of FCC + BCC. Also, it was observed that the
samples consisting of oxide phase before annealing exhibited compar-
atively higher M; after annealing. For e.g., Fes 7Cog4.4Nig ¢ exhibited an
M; of 160.4 emu/g with mixed crystal structures of FCC + BCC + Fe304
before annealing. After annealing, it exhibited an M; of 200.9 emu/g
with a crystal structure of BCC.

In Fig. 8(c), the H, of the annealed bulk alloy library was in the range
of 17.5 Oe to 78.4 Oe for the compositions Feys 9Co29.3Nisog and
Fegs.1Co77.9, respectively. Fegg 9Co223Nisgg exhibited the lowest H,
(14.5 Oe) in as-SPS bulk alloy library as well. After annealing, the H,
increased by 3 Oe and the crystal structure remained the same, i.e., FCC.
It can be observed that the H, increases for larger Co and Fe content or
lower Ni content, as explained in Section 3.1.

3.3.3. Hardness

In Fig. 8(d), the Hy of the annealed bulk alloy library was in the range
of 281.7 HV to 41.9 HV for the compositions Feyg 9C022.3Nisog and
Fes3.9Nige.1, respectively. Feog 9Co22 3Nisg g exhibited a combination of
lowest H. and highest Hy with a crystal structure of FCC, M; of 132.2
emu/g and p of 42.4 pQ-cm. Feg3 gNige 1 before annealing exhibited a
crystal structure of FCC along with some oxide phase. After annealing,
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the oxide phase is removed which could have caused porosity in the
sample, resulting in the low hardness of the composition.

3.3.4. Resistivity

In Fig. 8(e), the p of the annealed bulk alloy library was in the range
of 986.7 pQ-cm to 17.2 pQ-cm for the compositions Fegs 1Co77.9 and
Fes7.3Cog2.7 respectively. Fejg2C047.4Nige 4, Which exhibited lowest p
(15.2 pQ-cm) in the as-SPS bulk alloy library, exhibited a p of 37.2
pQ-cm. Feyy 1Coy7.9 exhibited the highest p for both the as-SPS and the
annealed bulk alloy library. The crystal structure for this composition in
the as-SPS sample was FCC along with oxide and in the annealed sample
was FCC + BCC. As mentioned above, annealing can cause porosity in
the sample after oxide removal, which may be the reason for such high p
[56].

To clearly visualize the distribution of p in relation with composition,
a contour graph of p was plotted with the compositions which exhibited
p < 200 pQ-cm, as shown in Fig. 8(f). In Fig. 8(f), the composition with
the highest p was Fegs 5C011.7Nig2 g with a value of 161.6 pQ-cm. This
composition was chosen as the composition with highest p for compar-
ison with the screened potential compositions as this composition is
close to the previously reported composition Fes4Co17Nigg synthesized
via hydrazine reduction and SPS which exhibited high p [56].

3.4. Identification of promising compositions

Among the 56 Fe-Co-Ni annealed alloy compositions, the composi-
tion with the highest M; (Fe49C044.9Nig 1, 225.2 emu/g), lowest H, and
highest Hy (Fegs.9C022.3Nisgg, 17.5 Oe, 281.7 HV), and highest p
(Fegs.5C011.7Nign g, 161.56 puQ-cm) were selected. Additionally, using
the earlier mentioned screening criterion in Section 2.6, Ms > 80 % of
highest M (M > 180 emu/g) and Hy > 50 % of highest Hy (Hy > 150
HV), six more compositions were selected. All of these compositions are
tabulated in Table 3 below with their properties, including the measured
T.. The reason for choosing the annealed bulk alloy library is the oxide-
free samples, making this library more relevant for electric machines
applications.

From the screened compositions, the three compositions with the
highest M, lowest H, and highest Hy, highest p, three other compositions
with a good balance of multiple properties are chosen (highlighted in
bold in Table 3) for comparison. The field dependence of magnetization
for the 6 samples highlighted in bold in Table 3 are shown in SI
Figure S8. Fig. 9 shows the donut heatmap of these 9 compositions with
their properties. The compositions Fesg 5Cos5.1Nig 4 and Fegy 6Coy3 4Nig
were chosen due to their combination of high Hy, moderately low H,
high M; and comparatively high values of T.. Finally, the composition
Fes 7Cog4 4Nig 9 was chosen as it exhibited a combination of high Mj,
high p, comparatively high Hy, and T, value greater than 800 °C.

The property contour maps of the Fe-Co-Ni ternary composition
space, the screened compositions, and the radial heatmap showing the

Table 3
Screened compositions with highest M, lowest H,, highest Hy, highest p, and
combination of M; > 180 emu/g and Hy > 150 HV.

Composition Crystal M; H. T, p Hy

structure (emu/ (Oe) Q) (pQ-cm) (HV)
8)

Fe49C044.9Nig 1 BCC 225.2 42.7 927.2 26.35 127.3

Feg6.9C022.3Nis0s  FCC 132.2 17.5 718.1 42.39 281.7

Fegs.5C011.7Niz2 s BCC 194.7 33.4 724 161.56 47.6

Fey7.4C044.3Nisg 3 FCC + 182.1 31.7 715.7 34.99 156.1
BCC

Fe36.5C055.1Nig 4 FCC + 192.9 28.9 881.7 22.42 253.7
BCC

Fegs.6C073.4Nig FCC 183 28.6 983.6  24.83 238.7

Fe4s.2C042.5Nig 3 BCC 187.7 41.6 899.4  22.75 266.7

Fes 7C0g4.4Nig o BCC 200.9 54.8 820 58.41 205.6

Feg7.3C062.7 FCC 192.2 39.8 1040 17.24 188.8
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Fig. 9. Radial heatmap of consolidated potential compositions and their properties of annealed SPS Fe-Co-Ni alloy library. Notation: saturation magnetization (Mj),
coercivity (H.), Curie temperature (T,), electrical resistivity (p), Vickers hardness (Hy).

properties of potential compositions are useful to select new composi-
tions satisfying a variety of performance metrics. The identified com-
positions are promising for electric machine applications.

4. Conclusions

Fe-Co-Ni alloy libraries in the form of powder and bulk has been
developed for the first time by a novel hyper-heuristic combinatorial
flow synthesis (HCFS) device capable of programmable automated
closed-loop rapid materials synthesis, relevant to accelerated materials
discovery. We also developed a high-throughput spark plasma sintering
technique providing a consolidated gradient bulk alloy for rapid
characterization and property evaluation. HCFS device performed
rapid, high-throughput, combinatorial synthesis providing binary and
ternary alloy library of 91 compositions by the developed efficient
design of experiments. The magnetic properties, saturation magnetiza-
tion and coercivity, of the powder alloy library were measured rapidly
and plotted on the Fe-Co-Ni ternary diagram.

Further, powders of selected 56 alloy compositions were consoli-
dated into compositionally graded bulk alloys using high-throughput
SPS. These bulk alloys were further annealed in hydrogen atmosphere.
The M, H, p, and Hy of both the SPS and annealed bulk alloys were
plotted on the Fe—Co-Ni ternary diagram.

After annealing, alloy compositions with the highest M;
(Fe49Co44.0Nig 1, 225.2 emu/g), lowest H; and highest Hy
(Fegg.9C029.3Nis0 8, 17.5 Oe, 281.7 HV), and highest p

(Fegs.5C011.7Nign g, 161.56 pQ2-cm) were identified. Finally, a screening
criterion of M; > 80 % of highest M (M; > 180 emu/g) and Hy > 50 % of
highest Hy (Hy > 150 HV) was implemented and 6 compositions were
identified. T, measurements of all these compositions were performed
and compared.

Consequently, three new compositions with an optimum combina-
tion of properties were identified for electric machine applications. As
an example, Fesg 5C055.1Nig 4 exhibits M; of 192.9 emu/g, H, of 28.9
Oe, T, 0of 881.7 °C, p of 22.4 pQ-cm and hardness of 253.7 HV. Hence,
we demonstrated for the first time, a feedback-loop controlled
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accelerated materials discovery capabilities of HCFS device integrated
with high-throughput SPS technique to produce structural, magnetic,
electrical, and mechanical properties of Fe-Co-Ni alloys for current and
future electrical machines.
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