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ABSTRACT

Equiatomic Cobalt-Iron (Co-Fe 50%at.) has great potential as a soft magnetic alloy, but its wider use has been limited by its poor workability and strength. Recent
advancements in Laser Powder Bed Fusion (LPBF), an Additive Manufacturing (AM) technique, provided a new pathway for constructing fully dense, structurally
sound, complex-shaped components from bulk equiatomic Co-Fe in a single process step. To obtain the desirable soft magnetic performance in the alloy, thermal post-
processing with a controlled slow cooling needs to be applied. In order to identify the optimum heating conditions, several single and multiple step heat treatment
profiles were performed and compared. The effects of the thermal post-processing on the microstructure, structural ordering, and functional properties of the alloy
after each heat treatment were investigated using electron microscopy, neutron diffraction (ND), electron backscatter diffraction (EBSD), and quasi-static magnetic
characterisation in a closed loop magnetic circuit. Results have shown that a normalisation heat treatment at 1300 K for 2-hours followed by a 4-hour primary heat
treatment at 1123 K and slow cooling to room temperature produced a recrystallised microstructure characterised by predominantly equiaxed grains with an average
size of up to 61 pm, and a fully ordered B2 structure. The quasi-static soft magnetic properties obtained were favourable compared to those of commercial Co-Fe
grades, with maximum relative permeability higher than 8000, coercivity as low as 112 A/m and magnetic saturation polarization of 2.39 Tesla. These findings

provide the basis to enable the manufacturing of three-dimensional complex-shaped electromagnetic cores by LPBF.

1. Introduction

Co-Fe (Cobalt-Iron) intermetallic compounds are industrially
important soft magnetic alloys that possess high saturation induction
(Bs), high Curie temperatures (T.), as well as good maximum relative
permeability (pmax) and coercivity (Hc) [1]. They are ideal candidates
for extreme temperature applications such as aerospace generators,
starter motors and high flux electromagnetic circuits [2,3]. Co-Fe sys-
tems are particularly interesting since Co_xFex alloys with x
= 30-70 at%, undergo an order — disorder transformation above 1000 K
[4]. At these elevated temperatures Co and Fe are distributed randomly
on the sites of a body-centred cubic (BCC) lattice. Below the order —
disorder transformation temperature Co and Fe atoms are arranged into
two interpenetrating primitive cubic sublattices and form an ordered B2
(CsCl) structure [4]. It has been shown that the ordered and disordered
phases exhibit significantly different functional and structural properties

[5].

The highest possible saturation induction at room temperature of
2.45 T (Tesla) was first identified by Preuss and Weiss in the composi-
tion Coss-Fegs [6,7]. Later, Ellis and Elmen discovered that the almost
equiatomic alloy (50 at% Co) had higher maximum relative perme-
ability of around ~8000 and a saturation induction of 2.40 T [8-10].
However, the equiatomic Co-Fe alloy exhibits extremely brittle me-
chanical behaviour and this hampers the fabrication of bulk electro-
magnetic components by conventional manufacturing (CM) routes such
as casting, forging, and rolling [5,11,12]. The brittleness of equiatomic
Co-Fe was attributed to the formation of the ordered B2 phase [5,11,12].

Recent advancements in laser-based Additive Manufacturing (AM)
provided a new pathway for constructing complex-shaped electromag-
netic components from bulk equiatomic Co-Fe in an efficient, net-
shaping single process [14-16]. In addition, the properties of
AM-fabricated components such as structural ordering, precipitate
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formation, and texturing can be fine-tuned by changing the process
parameters to suit the particular set of required material characteristics
[13,14,17,18]. Previous studies have demonstrated that the high cooling
rates (>10° K/s) associated with the Laser Powder Bed Fusion (LPBF)
technique can suppress the formation of the brittle B2 phase and induce
a BCC ductile phase [14,15]. However, the disordered BCC cannot be
fully realised as previous detailed studies revealed small portions of B2
ordered phase in AM processed Co-Fe samples [14,15]. Ordering has
been demonstrated that can be varied based on sample size and cooling
rates in different AM methods [14,15,20]. Even so, it has been reported
that LPBF AM technique, can produce as-fabricated (AF) equiatomic
Co-Fe samples that yield a ductility of ~ 13 - 30% accompanied by
strength of ~ 700 MPa [15,16]. However, even though good mechanical
properties were obtained, these previous studies didn’t managed to
match the soft magnetic performance of AM Co-Fe to that of conven-
tionally manufactured Co-Fe used in electrical machines, actuators and
high-performance transformers [5,10,11,19,21].

Fundamentally, the magnetic properties of bulk Co-Fe alloys are
strongly dependent on the microstructure as well as structural ordering
[22,23]. For instance, the shape of magnetic hysteresis loop, coercivity
and relative permeability are determined both by the intrinsic material
properties such as magneto-crystalline anisotropy and magnetostriction
constants, as well as microstructural characteristics like grain size,
crystallographic defects, crystallographic texture, and precipitates [5,
11,19]. Structural ordering is also known to affect the average magnetic
moment per atom [24-27], as well as the spatial arrangement of atoms
and the lattice constant. Furthermore, the arrangement of atoms in
Co-Fe can affect the magneto-crystalline anisotropy [23]. Magnetic
properties such as coercivity and initial permeability in a soft magnetic
material can be described as functions of average grain size (D),
magneto-crystalline anisotropy, and lattice parameter, based on the
Grain Size Dependence of Coercivity and Permeability (GSDCP) theory
[28-33]. Therefore, promoting a softer magnetic behaviour in the Co-Fe
requires obtaining low magneto-crystalline anisotropy and higher lattice
constant by increasing the structural ordering [19,20,24-27], together
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with defect-free large equiaxed grains [22,33]. The aforementioned
characteristics can be obtained by choosing the most appropriate
manufacturing methods together with appropriate thermal
post-processing treatments to achieve the optimum functional and
structural properties [5,11]. These considerations motivated the work
reported in this paper to characterise the effects of thermal
post-processing on the microstructure, structural ordering, and soft
magnetic properties of LPBF equiatomic Co-Fe. The observed functional
property relationships are interpreted by considering the alloy micro-
structure and ordering in each specific manufactured and thermally
post-processed condition.

2. Materials and methods

The powder used in this study was a pre-alloyed gas-atomised
equiatomic Co-Fe powder supplied by Sandvik AB, Sweden. The particle
cross-section morphology (Fig. 1(a-b)) was imaged by Scanning Electron
Microscopy (SEM) using LYRA3 dual-beam FIB-SEM microscope located
in the Oxford Multi-Beam Laboratory for Engineering Microscopy
(MBLEM) (TESCAN Orsay Holding, Brno, Czech Republic) with a 20 kV
accelerating voltage and a working distance of 9 mm. Micrographs were
recorded using Secondary Electron (SE) and Backscattered Secondary
Electron (BSE) detection modes. One powder sample was simply
mounted on a carbon tape to show the particle morphology, whilst the
second was polished to show the particles cross-section, Fig. 1(a -b).
Particle size distribution was measured with a Malvern 2000 laser
diffraction analyser by Malvern Panalytical Ltd, Malvern, UK. The

Table 1
Summary of particle size data for Co-Fe powder.

Average Co-Fe Powder
Do (um) 18.1
Dso (um) 32.4
Dgp (um) 56.4
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Fig. 1. (a-c) SEM micrographs showing (a) powder morphology, (b) ground and polished to reveal porosity, (c) a graph of the powder size distribution. (d) Schematic
representation of the chessboard island scanning strategy. The black and blue arrows represent the scan vectors within each of the island with the distance between
these vectors defined as the scan spacing. (e) Ring-shaped AF Co-Fe samples. (f) Cubic and Ring-shaped specimens. (g-h) Heat treatment profiles with normalisation

and primary heat treatments of additively manufactured Co-Fe.
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results are presented in Table 1 and Fig. lc.

To identify the composition of the as-received powder, X-ray Fluo-
rescence Spectroscopy (XFS) was employed using a M4 TORNADO
(Bruker Corporation, Billerica, Massachusetts, USA). The results are
presented in Table 2. Before use the powder was first dried at 333 K for
12h in an oven operated under vacuum to remove any adsorbed
moisture.

LPBF samples were fabricated using a TruPrint 1000 system
(TRUMPF GmbH, Ditzingen, Germany) that utilised a 200 W (1070 nm)
YLR-Faser-Laser and allowed the laser spot to scan the surface of the
powder bed at a maximum speed of 7000 mm/s. TruPrint 1000 used a
fixed laser spot size of 30 um and has a maximum build plate diameter of
100 mm and buildable height of 98 mm. The building plate made from
austenitic stainless steel 316 L was not preheated during operation to
ensure high cooling rates, therefore causing the formation of disordered
BCC phase in the AF Co-Fe samples. 3D printing of the specimens was
performed under argon (Ar) atmosphere (purity: 99.9995%) to prevent
oxidation, and the O, content in the chamber was reduced down to
~100 ppm. Gas pressure within the chamber was kept at 5 bar during
printing. A parametric study was conducted by varying hatch spacing (h)
and scanning speed (u). The laser power (P) and layer thickness (t) were
kept constant. The LPBF machine was located in the Insitute of Materials
Research and Engineering (IMRE), Singapore.

A CUT P 800 Electron Discharge Machine (EDM) (Georg Fischer AG,
Schaffhausen, Switzerland) was used to extract the following sample
sets: 10 x 10 x 10 mm cubic samples for metallographic analysis
(Fig. 1 f); a bar sample with the diameter of 6 mm and height of 10 mm
for Neutron Diffraction (ND) measurements; ring samples with a height
of 2 mm, an outer diameter of 29 mm, and an inner diameter of 20 mm
for quasi-static magnetic characterisation (Fig. 1 f).

The ring and cubic specimens were heat-treated in an STF 16/450
tube furnace (Carbolite Gero Ltd, Sheffield, UK) under Ar atmosphere.
The different thermal profiles used in this study are presented in Table 3
and Fig. 1(g-h). Ramp-up rate was kept at 3.3 K/min for all heat treat-
ments. Holding time at the different target temperatures was 2 h for the
normalisation heat treatment with a cooling rate of 1.6 K/min. Similar
heating rates were used for the primary heat treatment with a holding
time of 4 h and fixed cooling rate of 1.6 K/min. Samples were allowed to
cool down to 400 K, after which they were left to cool down to room
temperature in the furnace. The primary heat treatment profile was kept
identical in all cases as it was designed based on ASTM A801 thermal
post-process standards for wrought Co-Fe alloys [34,35].

For the metallographic analysis, AF and heat-treated (HTs) cubic
samples were hot-pressed mounted and ground with 400, 800 and 1200
grit grinding papers, followed by fine mechanical polishing in a water-
based solution containing suspensions of 9 um, 3 ym and 1 um dia-
mond particles. Eventually a 0.1 um colloidal silica by Struers GmbH
was used as the finishing step. SEM imaging was performed in MBLEM
using the TESCAN LYRA3 dual-beam FIB-SEM microscope at 20 kV
accelerating voltage and a working distance of 9 mm. Micrographs were
collected in the BSE mode, and Electron Backscatter Diffraction (EBSD)
mapping was carried out using the integrated SYMMETRY detector
(Oxford Instruments, Abingdon, Oxfordshire, UK). EBSD maps covered
the area of 1 mm x 1 mm with an acquisition step size of 0.64 um. All
the acquired EBSD data were post-processed by MATLAB using MTEX
texture and crystallographic analysis toolbox [36].

Samples for Transmission Electron Microscopy (TEM) were prepared
using the Focused Ion Beam (FIB) lift-out method using FEI Helios
NanoLab 450 S (Thermo Fisher Scientific, USA). Specimens prepared
using FIB were thinned to approximately 100 nm using the accelerating

Table 2

Chemical composition of the investigated Co-Fe alloy (at%).
Element Fe Co Si o C P
Content (at%) Bal. 49.30 0.02 0.43 0.05 0.01

Additive Manufacturing 67 (2023) 103499

Table 3
Details of Heat Treatment Profiles.

Normalisation
heat treatment

Sample code Primary

heat treatment

AF (as-fabricated) - _

HT1 1010K/2h -
HT2 1123K/2h -
HT3 1300K/2h -
HT4 1010K/2h 1123K/4h
HT5 1123K/2h 1123K/4h
HT6 1300K/2h 1123K/4h

voltage of 30 kV and current of 80 pA. An Ar ion plasma with an energy
of 5 kV was employed for the final polishing and removal of any FIB-
induced damage. TEM analyses were conducted in the TEM/STEM
mode using FEI Titan 300 microscope (Thermo Fisher Scientific, USA).

Neutron diffraction (ND) measurements were performed using the
time-of-flight POLDI diffractometer in the Swiss Spallation Source, at
Paul Scherrer Institute (PSI, Switzerland). POLDI instrument has one
detector bank at the scattering angle of 90° relative to the incident
neutron beam. Bar samples were aligned with their long dimension
parallel to the scattering vector. The neutron diffraction data were
reduced and fitted using the open-source software Mantid [37].

Quasi-static magnetic properties were characterised using the closed-
circuit methods under Direct Current (DC) [38-40]. The magnetic
characterisation setup used in this experiment for measuring the initial
magnetisation curves and hysteresis loops was designed and calibrated
in accordance with the ASTM A773 standards by the first author [39].
Before any measurement the samples were strictly demagnetised ac-
cording to the standards [39]. Flux density (B [T]) versus magnetic field
strength (H [A/m]) initial magnetisation curves derived by the ring
samples, were used to measure the maximum relative permeability
(Mmax), and flux density value at a field strength of 5000 A/m (Bspoo [T1).
Remanence (B; [T]) and coercivity (H. [A/m]) for every sample were
derived from the quasi-static B-H hysteresis loops of each specimen. All
the magnetic measurements on the ring samples were conducted with
primary winding of 43 turns, secondary winding of 20 turns, and
maximum primary winding current of 12 Amps. The magnetic flux was
set to be perpendicular to the build direction during magnetic mea-
surements for all samples. For the measurement of saturation polariza-
tion values Jso¢ [T] (J = B - pH), J-H curves were obtained from the
cubic-shaped samples with a PERMAGRAPH®-L hysteresis graph system
(MAGNET-PHYSIK, Dr. Steingroever GmbH, Koln, Germany) [41]. This
magnetic characterisation machine was designed and calibrated in
accordance with the ASTM A977/A977M standards [40]. All the mag-
netic measurements were conducted at temperature of 293 K and rela-
tive humidity of 40%.

3. Results and discussion
3.1. As-fabricated microstructure of Co-Fe

To identify the optimum printing parameters that yield low porosity
and crack-free equiatomic Co-Fe samples, a parametric study was con-
ducted by varying scanning speeds (u = 300 mm/s — 1100 mm/s), and
hatch spacings (h = 30-150 um). At the same time, the laser power, and
layer thickness were kept constant at P = 120 W, and t = 20 pm
respectively. During printing a chessboard scanning strategy was used
for all samples with an island size of 4 x 4 mm? and 67 rotation of the
laser scanning direction between successive layers, Fig. 1(d). Micro-
graphs of the twenty-five different combinations of parameters are
presented on Fig. 2(a-y) and results of mean porosity (%) on Fig. 2(z).
The builds were characterised to assess the degree of consolidation and
the impact of the process parameters. Since a fixed layer thickness of
20 um and laser powder of 120 W were used for all the samples, a three-
dimensional energy density factor from Eq. (1), representing the key
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Fig. 2. Representative micrographs showing the influence of LPBF process parameters on the consolidation behaviour in the equiatomic Co-Fe.

process variables to give a semi-quantitative estimate of the heat input
[42] was chosen to identify the heat input threshold required to achieve
maximum consolidation and minimum porosity or cracks. Build condi-
tions with E< 89 J/mm? displayed the highest porosity percentages. A
sharp decrease of porosity was observed when scanning speed of
300 mm/s was used (g, f, k, p, u). From these results the highest relative
density was observed in the sample (p). Therefore, the optimum printing
parameters used to manufacture the rest of the samples where: layer
thickness of 20 pum, laser power of 120 W, scan speed of 300 mm/s, and
hatch spacing of 120 pm. Based on the classical definition on Eq. (1),
volumetric energy density was calculated to be around ~167 J/mm?. All
build parameters presented in Table 3. No cracks were observed in any
of the samples, even in the ones with relatively high porosity.

E( / mm®) = P(W) / [h(pm) . u(%) . t(pm)] ¢h)

These printing parameters presented on Table 4, produced crack-
free, highly dense (around ~99.8 + 0.05%) samples.

Fig. 3(a) shows the grain morphology of the AF Co-Fe sample with
the build direction (BD) vertical in all images as indicated by the black
arrow.

The BSE image and EBSD map in Fig. 3(a) reveal a hybrid micro-
structure consisting of fine elongated grains along with regions of
smaller equiaxed grains. The relatively fine grain size is a consequence
of the high cooling rate inherent to the LPBF process [43]. TEM imaging
elucidated the substructure composed of tangled dislocation networks,
see Fig. 3(b), with occasional nanoscale voids/pores, see Fig. 3(c),
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Table 4

LPBF processing parameters.
Parameters Value
Laser Power 120w
Scanning Speed 300 mm/s
Hatch Spacing 120 pm
Rotation Between Layers 67
Layer Thickness 20 pm
Scanning Strategy Chessboard
Island Size 4 x 4mm 2
Energy Density 167 J/mm?®

consistent with previous studies [15]. Coupled STEM/EDS imaging
conducted previously by members of our group [15], revealed dispersed
silica particles with diameter of 60-90nm located at the
grain-boundaries and within grains. Additionally it has been shown that
Co and Fe were distributed uniformly without any signs of segregation
[14,15]. A small amount of Si was intentionally added to the Co-Fe
before its atomisation to decrease the melting point and increase the
melt flowability, both of which facilitated better gas-atomisation for
powder manufacturing subsequently. As Si addition was indispensable,
control of the oxygen content during printing and HT is vital.

3.2. Effect of heat treatment on microstructure

EBSD maps in Fig. 4(a-h) show the crystallographic texture of grains
in the vertical (along BD) and horizontal directions. Pole figures reveal
the preferred orientations of the < 100>, <110>, and
< 111 > crystallographic directions with respect to the sample axes.
The AF condition in Fig. 4(a) was found to have the average grain size of
~10.3pum and a near random crystallographic texture with the
maximum intensity = 1.7 MRD (multiples of a random distribution).
HT1 condition following the normalisation heat treatment at 1010 K for
2 h, see Fig. 4(b), resulted in insufficient grain growth with the average
grain size of ~10.9 um and random crystallographic texture. HT2 at
1123 K for 2 h, see Fig. 4(c), induced a bimodal grain structure con-
sisting of the combination of very small and large grains, indicating that
some abnormal grain growth took place during that heat treatment. The
small grains had a diameter of only a few micrometres, whereas some of
the largest grains had a diameter of over 200 um, resulting in the
average grain size for HT2 of ~29 um. This implies that some of the
grain boundaries could be pinned by the second phase silica particles
that did not dissolve during heat treatment, as it has been suggested and
investigated by previous studies [14-16]. Some grain growth was not
impeded due to pinning effects being overcome due to local grain
orientation and misorientation across adjacent grains [44,45]. HT3
involved normalisation heat treatment at 1300 K for 2 h, see Fig. 4(d),
and resulted in a larger number of big equiaxed grains, along with an
area of smaller grains. The average grain size was found to be 46 um. In
HT3 the largest grains were equiaxed and presented sizes up to 130 pm,
while smaller grains with sizes below 30 um were also present. This
suggested that the recrystallisation process was not fully completed. The
EBSD analysis in Fig. 4(e-f) indicates that the normalisation and primary
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heat treatments HT4 and HT5 were also unable to introduce a fully
recrystallised structure. Their respective average grain sizes, morphol-
ogies, and textures were very similar and almost identical to those of
HT2. Slightly larger grains were observed in HT5 due its longer exposure
to higher temperatures. EBSD maps in Fig. 4(g-h) show the HT6
microstructure in the vertical (BD) and horizontal directions, respec-
tively. HT6 consisted of the normalisation step at 1300 K for 2 h fol-
lowed by a 4 h primary heat treatment at 1123 K, and resulted in an
equiaxed structure with relatively large grain size seen both in the
vertical and horizontal directions with respect to the BD. The average
grain size of HT6 was found to be ~61 um. This outcome of increasing
the normalisation heat treatment maximum temperature above the
austenitic transformation of equiatomic Co-Fe [4] suggested that re-
sidual stresses and microstructural obstacles hindering grain-growth
inherited from the process were overcame. It is concluded that a
longer primary heat treatment allows the specimen to be completely
recrystallised.

3.3. Neutron diffraction study

Neutron diffraction was used to determine the structural ordering of
AF, HT3, and HT6 states, Fig. 5. Neutron diffraction was used to
determine the degree of ordering, since X-ray scattering factors of the
constituent elements, Co and Fe, are nearly equal and therefore the
superlattice diffraction peaks are very weak [46-48]. It was proven that
the ordering parameter was dependent on the cooling rate and only
slightly changed with the holding time. The relevant crystallographic
planes indicated. Neutron diffraction peaks were used to derive the
relative degree of atomic ordering by identifying the integrated intensity
ratio of the superlattice reflection peak (Iz10) to the fundamental peak
(I211). These ratios were normalised to the HT6 heat treatment following
the Eq. 2 from [14,46-48] taking S/Syre as the ratio of ordering with
respect to the HT6 heat-treated condition.

hio

b (2)

b

(12“)1-116

The HT6 conditions was selected as normalisation point due to the
complete remove of residual stresses and the promotion of complete
recrystallisation, while the slow cooling allowed sufficient time for the
complete ordering transformation to take place. The relative ordering
values were calculated to be ~0, 0.98, 0.99 for AF state, HT3 and HT6
states, respectively. According to the phase diagram of the equiatomic
Co-Fe, disordered BCC phases is thermodynamically stable above
1000 K [5,11]. On the other hand, HT3, and HT6 states were charac-
terised by a fully ordered B2 (CsCl) phase due to their slow cooling rate
to room temperature. High values of relative ordering have been re-
ported from previous studies in the Co-Fe kinetics using neutron
diffraction as well as TEM microscopy after a heat treatment with a slow
cooling [14,46-48].

Fig. 3. Representative TEM and STEM images of AF Co-Fe: (a) BSE and EBSD images of AF Co-Fe. Melt pool boundaries are indicated using white dashed curves. (b),
and (c) TEM images of dense and tangled dislocations as well as voids in AF Co-Fe..
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Fig. 4. EBSD maps and pole figures (PFs) for AF and all heat-treated (HT) conditions. The top images in every box correspond to EBSD maps taken vertically or
horizontally with respect to the building direction (BD), while the bottom boxes are PFs showing the preferred orientation of the < 100 >, <110 > and
< 111 > crystallographic directions with respect to the sample axes direction for every condition.
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Fig. 5. Neutron diffraction patterns for AF, HT3 and HT6 samples. AF sate is a
fully disordered BCC, while HT3 and HT6 after slow cooling exhibit an ordered
B2 structure.

3.4. Quasi-static soft magnetic properties

The quasi-static magnetic characterisation was performed on the AF
and heat-treated ring and cubic-shaped specimens. The B-H hysteresis
loops, B-H initial magnetisation and pimax curves are shown in Fig. 6(a-f).
The magnetic properties such as the value of the flux density at magnetic
field strength of 5000 A/m (Bsggo), coercivity (H), value of maximum
relative permeability (Umax), and remanence (B;) were extracted from
the plots and are listed in Table 5. alongside previously reported
research results from CM and AM Co-Fe alloys. Furthermore, the evo-
lution plots of coercivity H. and maximum relative permeability pmax in
each processing condition are presented in Fig. 6(g-h), respectively. The
J-H curves for studying the saturation polarization are shown in Fig. 7.
Saturation Polarization (Jg) and their respective magnetic field
strength values (Hgye) are displayed in Table 6. These graphs illustrate
the outstanding soft magnetic properties that can be achieved in the
LPBF equiatomic Co-Fe alloy through an optimised heat treatment route.
For additional comparison, the magnetic values of coercivity and
maximum relative permeability of commercial Co-Fe alloys: HIPERCO®
50 A [49] and VACOFLUX 50 [50] are also reported in Table 5 and plot
against this paper’s results in Fig. 6(g-h).

From the quasi-static magnetic characterisation, it is evident that the
equiatomic AF Co-Fe behaved as a “semi-hard” magnet with a high
coercivity value of He ~ 1394 A/m, low maximum relative permeability
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Fig. 6. Magnetic properties of Co-Fe alloy in AF, and all the different heat-treated conditions. (a-c) Results from the normalisation heat treatment, quasi-static BH
hysteresis loops. (d-f) Magnetic measurements for primary heat treatment. (g-h) Evolution of the coercivity H,, and maximum relative permeability pma.x of LPBF
equiatomic Co-Fe after all the different heat treatments. The dashed coloured lines indicate the magnetic properties of the HIPERCO® 50 A and VACOFLUX 50, from

[49,50].

of Pmax ~ 314 and remanence of B, ~ 0.52 T. It also achieved relatively
small flux density value of only Bsgpp =~ 1.34 T at 5000 A/m. The poor
magnetic performance of the AF condition originates from the presence
of process-inherited residual stresses, small grain size, high dislocation
density, and high levels of disordering resulting from the high cooling
rates during the LPBF process. Higher values of coercivity because of
structural disordering were reported in CM Co-Fe alloys and it was
attributed again to the small grain size and higher magneto-crystalline
anisotropy associated with the disordered condition [51]. Further in-
crease in coercivity was observed in quenched CM Co-Fe alloys due to
the internal strain created by the rapid phase transformation from the
austenitic phase to the BCC disordered phase [52,54]. The same phe-
nomenon occurs during LPBF due to its inherited high cooling rates [14,
15]. However, the different heat treatments considered led to the
“softening” of the magnetic properties. Residual stress relief and grain
growth reduced the density of lattice defects known to have a detri-
mental effect on the relative permeability by acting as pinning sites for

the magnetic domain walls and therefore hindering their motion [11,
28]. HT1 managed to relieve the process-induced residual stresses but
did not lead to sufficient recrystallisation. Even though the material
displayed a “softer” magnetic response, achieving coercivity of H.
~ 803 A/m, remanence of B, =~ 1.55 T, and maximum relative perme-
ability of pmax ~ 1138, the magnetic properties did not compare well
with those of CM Co-Fe alloys. Heat treatments HT2, HT4 and HT5
resulted in magnetic hysteresis plots that displayed additional in-
flections and reflected a duality in their permeability. This is the
reflection of a bimodal grain structure in the overall magnetic behaviour
due to very small grains with multiple grain boundaries impeding
domain wall motion, whilst larger grains allowed easier domain wall
movement. Similar to HT1, these heat treatments failed to achieve the
desirable soft magnetic response. HT2 and HT4 demonstrated almost
identical performance, despite the fact that HT4 included both a nor-
malisation and primary heat treatment steps. Magnetic measurements
were in the ranges of coercivity He ~ 615-659 A/m and maximum
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Table 5
Magnetic properties of Co-Fe alloys fabricated via different methods.
Materials Fabrication Method Condition Major Phase Pmax H. (A/m) B, (T) Bmax (T) Ref.
Co-Fe / Permendur CM Annealed?) B2 7900 80 1.4 2.40 [10]
Co-Fe CM Annealed®) B2 5000-8000 150 - 2.40 [51
Co-Fe-2V CM Annealed?) B2 4000-8000 393 1.5 2.40 [19]
HIPERCO® 50 A CM Annealed?) B2 3350 209 - 2.3 ** [49]
VACOFLUX 50 CM Annealed®) B2 7000 100 - 2.29 * [50]
Co-Fe-1.5V LENS AF BCC + B2 518 995 - 2.23 % [14]
Annealed®) B2 1639 383 - 2.30 *
Co-Fe-2V LPBF AF - - - - 1.82 [16]
Annealed") - — - — 1.41 %
Annealed?®) B2 673 - - 2.17 *
Annealed®) B2 736 - - 2.16 *¥**
Co-Fe LPBF AF BCC 503 1417 - 2.09 * [15]
Annealed”) B2 4789 702 - 2.38*
Annealed®) B2 5008 450 - 2.37
Co-Fe LPBF AF BCC 315 1394 0.52 1.34* This Work
HT1 B2 1138 803 1.55 2.12*
HT2 B2 1567 615 1.64 2.21*
HT3 B2 5742 126 1.71 2.27 *
HT4 B2 1572 659 1.64 2.12*
HT5 B2 2224 429 1.68 2.22%*
HT6 B2 8197 112 1.75 2.28 *

H, = coercive field strength, umax = relative maximum permeability, B, = remanence, By,x = maximum flux density .

*B, ** B *%k B *kkk B
50005 160005 200005 40000
) Slow Cooling Heat treatment, b) Quenching Heat treatment

The magnetic properties "BULK MATERIAL (BAR)" from HIPERCO® 50 A and "DC MAGNETIC PROPERTIES OF SOLID MATERIAL" from VACOFLUX 50 datasheets

were used for comparison in this study [34,35].
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Fig. 7. Magnetic polarization J-H curves for AF, HT1, and HT6 conditions at
maximum field strength of 400 kA/m.

Table 6

Saturation Polarization of LPBF Co-Fe.
Sample Code Hgar (kA/m) Jsat (T)
AF (as fabricated) 217 2.21
HT1 162 2.38
HT6 115 2.39

Jsat = Magnetic Polarization saturation value, Hg,, = magnetic field strength
value at the polarization saturation point.

relative permeability pmax ~ 1567-1572 for HT2 and HT4. Remanence
B ~ 1.64 T was identical for both heat treatments.

HT5 showed an increase of pmay &~ 2224, lower He &~ 429 A/m, and
slightly higher B; ~ 1.68 T. The flux density at magnetic field strength of
5000 A/m were in the range Bspgp ~ 2.12-2.22 T. Most of the magnetic

properties obtained for AF, HT1, HT2, HT4, and HT5 are similar to those
previously reported for AM processed Co-Fe alloys [14-16].

Notable improvements of soft magnetic properties were achieved
after HT3 and HT6. The low values of coercivity obtained from these
heat treatments led to high levels of relative permeability and flux
density at lower magnetic field strength values. Larger grain size
resulted in easy movement of magnetic domains, that led to the desir-
able softening of the alloy response. Since this resulted from increasing
the normalisation heat treatment maximum temperature above the
austenitic transformation of equiatomic Co-Fe [4], it is suggested that a
big amount of the process-induced residual stresses as well as micro-
structural obstacles [51] hindering domain wall motion were overcome
[14,15]. Normalisation heat treatment HT3 achieved comparable
quasi-static soft magnetic performance to some CM Co-Fe alloys, with
coercivity He ~ 126 A/m, maximum relative permeability pmax ~ 5742,
and remanence of B, =~ 1.71 T.

The two-step heat treatment HT6 was proven to be the optimal
thermal post-processing profile for achieving ideal quasi-static soft
magnetic properties directly comparable with those of the original
equiatomic Co-Fe work [9,10], as well as comparing favourably with
other CM Co-Fe alloys [5,11,19,20]. HT6 achieved a high value of
maximum relative permeability, pmax ~ 8197, coercivity of H.
~ 112 A/m, and remanence of B, ~ 1.75 T. This heat treatment also
managed to achieve higher performance of maximum relative perme-
ability (pmax) compared to both HIPERCO® 50 A [49] and VACOFLUX
50 [50] commercial Co-Fe grades. It also achieved lower coercivity
value than that of HIPERCO® 50 A, H, ~ 209 A/m [49]. The flux den-
sities at 5000 A/m for HT3 and HT6 were Bsgpgp ~ 2.26-2.28 T,
respectively.

The remanence B;, shown major improvements after different heat
treatments due to the relief of process-induced residual stresses and by
maintaining a level of defect density (grain boundaries, regions of
smaller grains) that hinder demagnetisation [31]. In particular, B
values of the AM equiatomic Co-Fe were higher compared to those of CM
Co-Fe alloys [5,10].

The Jgt polarization values of single-step normalisation HT1
~2.38 T, and two-step primary HT6 ~2.39 T heat treatments had
almost identical saturation values compare to CM Co-Fe alloys [4,5,10,
19] and previously studies of thermally post-processed AM Co-Fe alloys
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[15]. In the AF state Js,; was measured to be around ~ 2.21 T. This can
be attributed to the extent of chemical disordering in the AF state. It has
been reported previously that disordered BCC phase possess a smaller
saturation polarization compared to the ordered B2 phase in both CM
and AM Co-Fe [20,22].

It is noteworthy to mention that while H., and ppax vary over the
different heat treatments, their product remains approximately con-
stant, because both properties depend on the extent of structural
ordering, grain size, stresses, and pinning forces that lattice defects exert
on domain wall motion [28,51,53]. The observed higher saturation
polarization Jg, after the normalised and primary heat treatments can
be attributed to the higher average moment per atom in the B2 structure
formed after slow cooling, compared to lower average moment per atom
in the disordered BCC in the AF condition [24-27]. It has also been re-
ported by previous studies [20], that a two-step heat treatment of AM
Co-Fe alloys, substantially coarsen anti-phase domains boundaries, and
induces a higher degree of ordering than the one observed in single step
thermal processes. Furthermore, the improvement of magnetisation at
higher fields is also associated with the spatial arrangement of atoms in
the ordered lattice [19,22]. Lattice constant of the ordered Co-Fe was
reported to be higher, around ~ 2.851 A compared to the disordered
version of the alloy ~ 2.849 A [19]. Additionally, the arrangement of
atoms in the ordered Co-Fe alloy decreases the magneto-crystalline
anisotropy, thus inducing a softer magnetic response [23]. The
improvement of H. and ppax are also heavily depended on all the
aforementioned factors, with the addition of grain size. Based on the
GSDCP theory [29-33] H, and initial permeability (y;) that correlates
with pmax, can be described as functions of average grain size (D). For
example, by referring to the expression for coercivity in Eq 3 [22]:

ksT K, 1
— 3
al;, D 3

H.~3

Where D is the average grain size [pm], kg is the Boltzmann’s constant,
T, is the Curie temperature [K], K; is the magneto-crystalline anisotropy
[J/cm3], o is the lattice constant [/o\], and Jgy¢ is the magnetic saturation
polarization [T]. With a combination of lower magneto-crystalline
anisotropy, higher lattice constant and magnetic saturation polariza-
tion in the ordered B2 phase, coupled with large average grain size
would result in small coercivity values. Based on GSDCP theory [33], the
behaviour of permeability is inversely proportional to the H,. Therefore,
a combination of large grain size, lower magneto-crystalline anisotropy,
high lattice constant and magnetic saturation polarization in the ordered
B2 phase results in amore permeable material [22,33].

Furthermore, [54] developed the following empirical relationship,
Eq 4, for the effect of grain size on coercivity for traditional CM Co-Fe
alloys based on an extensive review of published experimental data.
(Fig. 8)

H.=3.42+758.2D" 4

The correlation between H, vs D! is derived by GSDCP theory where
the D! law is used to describe coercivity in an alloy with grain size larger
than the domain wall width [55,56]. The grain size, and the corre-
sponding H, for the HT3, and HT6 samples followed a similar behaviour,
which is consistent with the reported data from CM Co-Fe [22,57]. AF,
HT1, HT2, HT4 as well as previously reported AM Co-Fe [15,16], didn’t
follow the expression exactly probably due to smaller levels of recrys-
tallisation, lower levels of structural ordering, and possible remnants of
oxidation in the solidification structure.

The outcomes of this study indicated that the quasi-static magnetic
properties of LPBF Co-Fe after different heat treatments are depended on
the combination of the final degree of structural ordering, and grain size.
Each of the aforementioned parameters can be tuned (from the LPBF
process (structural ordering of the AF state [14]), and by thermal
post-process parameters (structural ordering, grain size [15,16,19,20]).
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Fig. 8. Comparison of H, vs D! for AM Co-Fe, and CM Co-Fe alloys.
4. Conclusion

In conclusion, this research study has demonstrated that highly
dense equiatomic Co-Fe components manufactured via LPBF with
appropriate thermal post-processing can achieve soft magnetic perfor-
mance that is either comparable or better than commercially available
grades.

e Parametric study revealed the optimised process parameters for how
to obtain defect-free equiatomic Co-Fe samples with relative density
up to 99.8 £+ 0.05% via LPBF.

Detailed SEM-EBSD mapping on the AF and thermally post-processed
states revealed that microstructure varied greatly after every heat
treatment. The aforementioned microstructural investigation was
linked with the complete quasi-static soft magnetic characterisation
of all the states. Some of the heating profiles investigated produced
undesirable soft magnetic responses and unconventional bimodal
microstructures.

o Further investigation utilising neutron diffraction revealed that the
AF state possessed a mainly a BCC disordered structure due to the
high cooling rates of the LPBF process that is magnetically undesir-
able due to small grain size, higher magneto-crystalline anisotropy
and smaller lattice constant associated with the disordered condition
[51]. HT3, and HT6 obtain a fully ordered B2 (CsCl) structure
because of the slow controlled cooling after each heat treatment
cycle.

Single-step normalisation heat treatment HT3 at 1300 K for 2h
produced a promising microstructure but again led to a degree of
bimodality in the grain size distribution and hence sub-optimal soft
magnetic performance. HT6 heat treatment with a normalisation
step at 1300 K for 2 h followed by a 4 h primary heat treatment at
1123 K, achieved the best soft magnetic properties, comparable to
the original equiatomic Co-Fe study [10] research work, and superior
to that of HIPERCO® 50 A [49] and VACOFLUX 50 [50] commercial
grades. The empirical equation from [54] has shown that HT3 and
HT6 follow the trend of H, vs D! similarly to the CM Co-Fe alloys.

The material investigated in this study demonstrated excellent soft
magnetic properties and it is well known that has also a high Curie
temperature [1]. This opens the road for the development of complex
electromagnetic core geometries, for low and high temperature appli-
cations where sophisticated geometrical component design offers crit-
ical advantages and the employment of a laminates are not desirable due
to structural integrity constrains.
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