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A Novel Magnetic Hardening Mechanism for Nd-Fe-B
Permanent Magnets Based on Solid-State Phase

Transformation

Lukas Schdfer,* Konstantin Skokov, Fernando Maccari, Iliya Radulov, David Koch,
Andrey Mazilkin, Esmaeil Adabifiroozjaei, Leopoldo Molina-Luna, and Oliver Gutfleisch

Permanent magnets based on neodymium-iron-boron (Nd-Fe-B) alloys
provide the highest performance and energy density, finding usage in

many high-tech applications. Their magnetic performance relies on the
intrinsic properties of the hard-magnetic Nd,Fe;,B phase combined with
control over the microstructure during production. In this study, a novel
magnetic hardening mechanism is described in such materials based on a
solid-state phase transformation. Using modified Nd-Fe-B alloys of the type
NdgFepix.,.2C0xMo,Cu,B; for the first time it is revealed how the microstruc-
tural transformation from the metastable Nd,Fe;;B, phase to the hard-magnetic
Nd,Fe;,B phase can be thermally controlled, leading to an astonishing

electricity, from wind, waves, and hydro,
and to consume it, in transportation,
buildings, and clean-tech.'"3l Most Nd-
Fe-B magnets are sintered, with the grain
size of the hard-magnetic Nd,Fe,B phase
being in the range of 2-10 um.[4% There
are some alternative process routes, for
example, the hot deformation can pro-
duce textured Nd-Fe-B magnets with grain
sizes in the sub-micrometer range.’®
But irrespective of the way the magnets
are made, the Nd,Fe,,B grains are sepa-

increase in coercivity from =200 kAm™' to almost 700 kAm™'. Furthermore,
after thermally treating a quenched sample of Nd,gFessCo,,Mo,Cu,B;, the
presence of Mo leads to the formation of fine FeMo,B, precipitates, in the
range from micrometers down to a few nanometers. These precipitates are
responsible for the refinement of the Nd,Fe,4B grains and so for the high
coercivity. This mechanism can be incorporated into existing manufacturing
processes and can prove to be applicable to novel fabrication routes for

Nd-Fe-B magnets, such as additive manufacturing.

1. Introduction

With their large energy density, neodymium-iron-boron
(Nd-Fe-B) permanent magnets are central to our renewable-energy
future. They are used in countless applications to generate

rated by a few-nanometer-thick Nd-rich
grain-boundary layer, which reduces the
presence of defects on the surfaces of the
hard magnetic grains, decouples these
grains, and helps prevent the nucleation
of reverse magnetic domains in a demag-
netizing field, which then leads to a high
coercivity.?10

The goal of all permanent-magnet fab-
rication processes is to create an ideal
microstructure that maximizes both the
coercivity and the remanence, resulting
in the highest energy density. This ideal microstructure can be
approximated with multi-step powder-metallurgy, but not by
simply heat-treating ingots in the as-cast state, nor with any of
the additive-manufacturing techniques like powder-bed fusion
that melt the powders with a laser. This is because melting
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the Nd,Fe;,B phase results in a complex solidification path,
which is made more problematic by the line-compound nature
of the Nd,Fe;,B phase.™] Attempts to additively manufac-
ture Nd-Fe-B magnets have proved to be frustrating, with the
resulting microstructures containing many unwanted features
that negatively affect the magnetic properties and especially
the coercivity: the non-optimal grain size, poor redistribution
of paramagnetic grain-boundary phases and the presence of
soft-magnetic phases, e.g., o-Fe. Achieving a high coercivity
with laser-melted magnets requires a new approach. If the
coercivity cannot be based solely on creating isolated, microm-
eter grains, magnetic hardening based on precipitation with a
phase-decomposition reaction would appear to be a possibility
worth exploring. Here, we can take encouragement from the
fact that the creation of a complex, coherent nanostructure has
been possible with both Sm,Coy,-type and Alnico magnets.['*15]

In this study we show the magnetic hardening of Nd-Fe-B-based
bulk alloys via the formation of a metastable Nd,Fe;;B, phase
in rapidly solidified cast alloys,"*33 which can subsequently be
transformed during a heat treatment into magnetically decoupled
Nd,Fe B grains together with nanometer-sized, inter- and intra-
granular precipitates. With a degree of compositional modifica-
tion of the Nd-Fe-B alloys we achieved a coercivity of =670 kAm™
without the need for a multi-step powder-metallurgy process or an
expensive hot-pressing and die-upsetting procedure.

2. Rapid Solidification of Nd—Fe—-Co—Mo—Cu-B
Alloys and the Formation of a Metastable
Nsze'|7Bx Phase

Cast Nd-Fe-B alloys tend to have a dendritic microstructure
in which the Nd,Fe4B grains are magnetically coupled due to
a non-ideal redistribution of the paramagnetic, Nd-rich grain-
boundary phase. As a result, the coercivity of cast or laser-
melted materials is very low. Furthermore, it is not possible
to achieve the desired microstructure with a subsequent heat
treatment. We decided on a different approach and took advan-
tage of the fact that undercooling the melt can lead to the for-
mation of micrometer-sized grains of the metastable Nd,Fe;;B,
phase. Upon subsequent annealing, the Nd,Fe;B, — Nd,Fe,B
phase transformation can create the desired microstructure
in which the newly formed Nd,Fe;,B grains are magnetically
decoupled. During the undercooling, the metastable Nd,Fe;B,
phase competes with the formation of ¢o-Fe and Nd,Fe;,B.

To obtain a large fraction of the metastable Nd,Fe;;B, phase,
we quenched small pieces of Nd-Fe-B-based alloys (0.5-1 g)
sealed in evacuated quartz ampules. These samples were
remelted in a resistance furnace at 1300 °C for 10 min and
subsequently quenched into water at room temperature. This
simple experimental method allows us to imitate the “contain-
erless” solidification techniques used by others to obtain the
metastable Nd,Fe;;B, phase.[16-33]

As part of our alloy-design strategy we investigated how
modifying the composition of Nd-Fe-B alloys by adding Co, Mo
and Cu can enhance the fraction of the metastable Nd,Fe;;B,
phase in the as-quenched state, with the formation of the
Nd,Fe,B phase upon subsequent annealing. The addition of Co
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Figure 1. Overview of the sample compositions (in at. %). Nd (16 at. %)
and B (7 at. %) contents were kept constant. The additions of Mo and Cu
(2 at. % each) were at the expense of Fe. The Co concentration was kept
constant at 20 at. %.

to the Nd—Fe-B system is known to stabilize the Nd,(Fe,Co);
phase.3*38 In order to be consistent with the existing litera-
ture, we have adopted the categorization of Fidler & Schrefll!¥]
where Cu (referred to as “type-I” element) is known to form
low-melting-point rare-earth eutectics, which improve the wet-
tability of the grains and lead to grain refinement (and so to
a higher coercivity). On the other hand, Mo (referred to as a
“type-11” element) has low solubility in the Nd,Fe,,B phase and
so has the potential to form precipitates. In all our samples, the
Nd:B ratio was kept constant, which means that only the pro-
portions of the transition metals were changed. An overview of
these compositions with the systematic substitution of Fe with
Mo and Cu is presented in Figure 1. This series is compared
with a quaternary Nd-Fe-Co-B composition that has the same
modifications involving Mo and Cu in Figure 1.

An annealing process was applied to each sample, sim-
ilar to that is used in the production of sintered perma-
nent magnets: high-temperature annealing at 1075 °C for
30 min, followed by cooling at 300 K h™! to 500 °C, dwell for
1 h and then furnace cooling to room temperature. The Co-
free compositions are shown on the left-hand side of Figure 2
(images a, ¢, e, g). The Nd;sFe;;B; ternary sample (Figure 2a) is fol-
lowed by the Cu-added Nd;Fe;sCu,B; (Figure 2c), the Mo-added
Nd;¢Fe;sMo,B; (Figure 2e) and the sample with both Cu and Mo
added Nd;¢Fe;;Cu,Mo,B; (Figure 2g). The microstructures of
the Co-doped samples with Nd;sFes;Co,0B;, Nd;sFessCo,oCu,B;,
Nd;gFessCoy0Mo,B;, and Nd;sFes;Co,oCu,Mo,B; (Figure 2b,d,fh)
are shown on the right side of Figure 2.

For the ternary Nd-Fe-B alloy, globular o~Fe appears in
the dark BSE contrast, the matrix Nd,Fe;,B phase is grey,
while the bright contrast corresponds to the Nd-rich grain-
boundary phase. The additions of Cu (Figure 2¢) and both Cu
and Mo (Figure 2g) lead to a refined microstructure, but den-
dritic o+Fe remains as the primary solidification product. The
only exception was the NdisFe;sMo,B; sample (Figure 2e),
where the metastable Nd,Fe;B, phase was the primary solidi-
fication product, rather than the o-Fe. The right-hand images
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Figure 2. Microstructures of NdigFey,..,..CoMo,Cu,B; samples (BSE-SEM contrast) after quenching from liquid state (left frame) and after annealing
(right frame). The left-hand column (a,c,e,g) represents the alloys without Co substitution, whereas the right-hand column shows the Co-containing
samples (b,d,fh).

(Figure 2a,ceg) show the microstructure of these same by the heat treatment. The Mo addition leads to grain refine-
samples after annealing. All the samples consist of the hard-  ment of the Nd,Fe,B phase after the heat treatment.

magnetic Nd,Fe;,B grains and a Nd-rich phase, with both the The addition of Co changes the solidification behavior of
metastable Nd,Fe;B, and o-Fe phases being fully transformed  the samples. The quenched sample (Figure 2b) shows grains
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with a core-shell structure. In the center of the grains the dark
Nd,(Fe,Co);B, phase was observed, whereas the rim of the
grains was the Nd,(Fe,Co)4B phase. Introducing both Co and Cu
(Figure 2d) leads to a grain-refining effect, whereas the micro-
structure coarsens with the addition of Co and Mo (Figure 2f).
The addition of Co, Cu, and Mo (Figure 2h) leads to a very fine
microstructure consisting of Nd,(Fe,Co)y;B, grains surrounded
by the Nd(Fe,Co),B and Nd-rich phases after quenching.

After annealing the Co-containing alloys, a bimodal size dis-
tribution with grains larger than 40 pm and smaller than 5 pm
was found for the NdjsFes;CoyyB; sample (Figure 2b). The
grain-boundary phases are Nd-rich (very bright contrast) and
=Ndj3(Fe,Co)py (dark-grey contrast). Although the binary NdFe,
Laves phase does not exist under equilibrium conditions, the
EDX result indicates the formation Nd(Fe,Co), phase in the Co-
containing alloys, which was confirmed by X-ray diffraction
(XRD). The corresponding diffractograms of the samples in the
quenched state are shown in Figure S2 and after annealing treat-
ment in Figure S3 (Supporting Information). The addition of Cu,
Mo, and both Mo and Cu leads to a grain-refining effect, and in
the Ndy¢Fes3Co,,Cu,Mo,B; sample (Figure 2h) the Nd,(Fe,Co)4B
grain size is below 10 um. In addition, these grains are well sepa-
rated by the (Nd,Cu)-rich and Nd(Fe,Co), grain-boundary phases,
so resembling the microstructure of a sintered Nd—Fe-B magnet.

X-ray diffraction analyses (XRD) were used for all the as-
quenched and the annealed samples to identify the phases. The
corresponding phase fractions were obtained by a combination
of EDX, XRD, and image processing based on a Trainable Weka
Segmentation,*%) and are shown in Figure 3. After annealing, the
Nd,Fe,B phase occupied the largest fraction for all the samples.
The Nd-rich phase was present in all the annealed alloys, although
in the Co-containing alloys the fraction was very small due to the
formation of the Nd(Fe,Co), phase. In the Nd;¢Fes5Co,,Cu,B; alloy
the hexagonal Nd(Fe,Co),B phase was detected, whereas in the
annealed Nd;gFessCoy,gMo0,B; and Nd;cFes;Co,nCu,Mo,B; sam-
ples, there were traces of FeMo,B, phase.

To understand the microstructural transformation during
the heat treatment, thermomagnetic measurements were per-
formed with the same quenched samples that were used for the
microstructural analyses. At this point, it must be clarified that
the heat treatment that the samples undergo during the meas-
urement sequence does not result in any magnetic hardening.
The corresponding measured hysteresis curves are shown in
Figure S1 (Supporting Information) and show soft magnetic
properties before and after heating the samples.

The heating (Figure 4, red lines) and cooling (Figure 4, blue
lines) curves between 350 K and 1200 K were recorded in a
magnetic field of 0.05 T. The magnetization is given in arbi-
trary units. The quenched ternary NdsFe;B; alloy (Figure 4a)
can be taken as a reference sample. It shows only two Curie
temperatures (T¢), corresponding to the Nd,Fe,B (T ~ 585 K)
and orFe phases (T¢ ~ 1030 K). Similar behavior was observed
for the Nd;sFe;sCu,B; alloy in Figure 4c. Introducing Mo to
the alloy leads to the formation of the metastable Nd,Fe;B,
phase (T¢ ~ 375 K) in the NdisFe;sMo,B; (Figure 4e) and
Nd;sFe;3Mo,Cu,B; (Figure 4g) alloys. It is important to mention
that the formation of small amounts of metastable Nd,Fe;;B,
phase in the Nd;;Fe;sMo,Cu,B; could only be detected with a
sensitive thermomagnetic measurement, in addition to the
XRD and SEM-BSE analysis (Figures 2 and 3).
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The thermomagnetic measurements of the Nd-Fe-Co-B
series (Figure 4, right-hand column) highlight the influ-
ence of Co on the Nd-Fe-B system. In the heating curve for
Nd;gFes;Co,B; (Figure 4b), two T are observed. The first T
at approximately 710 K can be related to the Nd,(Fe,Co)y;By
phase, followed by the T of the Nd,(Fe,Co),B phase (=760 K).
With a further increase in the temperature, the magnetization
increases again, due to the formation of the o-(Fe,Co) phase.
In the Cu- and Mo-substituted samples (Figure 4d,fh) the
transition temperatures during the heating correspond to the
Nd,(Fe,Co)y7B, phase, whereas during cooling the T¢ is that of
the Nd,(Fe,Co)4B phase, indicating the Nd,Fe;;B, — Nd,Fe;,B
solid-state reaction.

3. Magnetic Hardening of the
Nd;gFepa.xy-2COxMo,Cu,B; Samples

The hysteresis loops of the annealed samples are shown in
Figure 5. The high initial magnetic susceptibility (the slope of
the initial magnetization curve) from the thermally demagnet-
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Figure 3. Phase fractions of the quenched samples (top) and annealed
samples (bottom). The metastable Nd,Fe;;B, phase is present in all the
as-cast alloys that contain Co, and in the NdigFe;sMo,B; alloy. After the
heat treatment, the metastable Nd,Fey;B, is fully transformed into
the Nd,Fe4B and secondary intermetallic phases.
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Figure 4. Thermomagnetic measurements of the quenched samples. The red lines are heating curves, whereas the blue lines are the cooling curves
(the maximum temperature is 1200 K). The corresponding regions of the magnetic transitions are marked with shaded areas.

ized state indicates that all samples exhibit a nucleation-type
coercivity mechanism. The coercivity values of the four samples
without any Co addition (Figure 5a) do not exceed 250 kAm™.
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Small variations in the absolute values can be attributed
to slightly different grain sizes, and so are not significant.
Figure 5b shows the hysteresis loops of the four Co-containing
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Figure 5. Hysteresis loops of the annealed samples without Co (top) and
with Co (bottom). The alloys without Co show a maximum coercivity of
approx. 250 kAm™, and additions of Cu and Mo do not lead to a signifi-
cant change in the magnetic properties. In contrast, the addition of cobalt
improves the coercivity, and simultaneous addition of Co, Mo, and Cu
leads to the highest measured coercivity of around 670 kAm™.

samples. The addition of Co alone does not improve the mag-
netic properties: the coercivity of the NdsFes;Co,B; sample
(Figure 5b, black) is =200 kAm™.. Only the combination of
Co with Mo and/or Cu, plus the annealing treatment, leads
to an astonishing improvement in the coercivity. For the
Nd;¢Fes3Co,0Cu,Mo,B; sample we measured 670 kAm™.

To explain the magnetic hardening effect, EDX mappings of
the quenched and the annealed Nd;sFes3Co,,Cu,Mo,B; sam-
ples with the highest coercivity are shown in Figure 6. In the
quenched state (Figure 6, left column) the Cu is mainly found
within the Nd-rich grain-boundary phase (Figure 6e, green con-
trast) while traces of Co (Figure 6¢) and Mo (Figure 6g) can be
found in the metastable Nd,(Fe,Co);;B, phase, and some Co
is also found within the grain-boundary phase. After the heat
treatment, the Cu remains in the Nd-rich grain-boundary phase
(Figure 6f). Co was found in the Nd,(Fe,Co)4B grains and the
secondary intermetallic phases (Figure 6d). The key differ-
ence was the Mo distribution (Figure 6h). Mo does not enter
the hard-magnetic Nd,(Fe,Co)4B phase, but locates in micro-
meter-sized precipitates.

Adv. Funct. Mater. 2023, 33, 2208821 2208821 (6 of 10)

®Co

Cu ®Mo

Figure 6. SEM-BSE images (a and b) and qualitative element mapping
(EDX analysis — from c to h), performed on the white inset shown in
a and b, of the substituting elements in quenched (left column) and
annealed (right column) Nd;gFes;CoyMo,Cu,B; samples. The quenched
state shows the occurrence of Co and Mo within the intermetallic grains,
while Cu is localized at the grain boundary. After annealing, Co is found
in the grains of hard magnetic Nd,(Fe,Co)14B phase. Cu is still localized
within the grain boundaries, whereas Mo is segregated and localized in
the precipitates.

Detailed microstructural investigation by high-resolution SEM
reveals microstructural features of the Nd;sFes;Co,yMo,Cu,B;
sample in the quenched low-coercive state (Figure 7a,c)
and after annealing in the high coercive state (Figure 7b,d).

Both samples show (Nd,Cu)-rich grain boundary regions
in bright contrast, however the quenched state shows the
formation of the metastable Nd,(Fe,Co);;B, phase which is
surrounded by intermetallic Nd(Fe,Co),B phase (Figure 7c).
High-resolution TEM (HR-TEM) and diffraction patterns acqui-
sitions were performed to detect the crystal structure of meta-
stable phase (Figure 8). The diffractogram on a larger grain of

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. High resolution SEM-BSE images of the quenched NdsgFes3Co,oMo,Cu,B; sample on the left (a and c) in comparison to the annealed state
(b and d). Besides the formation of the metastable Nd,(Fe,Co);Bx phase, the quenched sample shows the formation of intermetallic Nd(Fe,Co),B

phase and precipitates.

the metastable phase can be assigned to [1-12] zone axis of the
Nd,Fey; structure (No. 166; R-3m), which is consistent with the
XRD data.

After the annealing treatment, the hard magnetic
Nd,(Fe,Co)4B phase and intermetallic Nd(Fe,Co), phase are
observed (Figure 7d). In addition, precipitates within the hard
magnetic Nd,(Fe,Co),B phase are observed, which explains
the local enrichments in Mo after the annealing treatment,
presented in the EDX analysis in Figure 6. A more detailed
microstructural characterization of the precipitates was made
by using TEM (see Figure 9). Besides the micrometer-sized Mo-
rich precipitates, nano-scale precipitation within the hard-mag-
netic Nd,(Fe,Co)4B grains and the grain boundary were found
in the annealed NdcFes3Co,0Mo,Cu,B; sample (Figure 9a).
The sizes of the precipitates range from approximately 100 nm

(as depicted by TEM) to 3 um (which are shown by the SEM-
EDX mapping in Figure 6). Fast Fourier transform from the
TEM image in (b) match the simulated diffraction pattern of
FeMo,B, phase with a tetragonal crystal structure (reference
number 5431 in ICSD database) (No. 127; P4/mbm). Since
the precipitates are known to be non-ferromagnetic, a pinning-type
coercivity mechanism like that observed with Sm,Co;; magnets
is not to be expected. This is in agreement with the initial mag-
netization curves measured for the thermally demagnetized
samples (Figure 5).

The magnetic domain structure of the metastable
Nd,(Fe,Co);B, phase and the stable Nd,(Fe,Co).4B phase can be
visualized using magneto-optical Kerr microscopy. The domain
patterns were observed on arbitrarily oriented polished sur-
faces of isotropic samples. In the as-quenched sample there is

Figure 8. TEM investigation on a metastable Nd,(Fe,Co)y;B, grain with a) diffraction pattern and indexed intensities along the Z = [1-12] zone axis
together with the b) simulated diffraction pattern of the Nd,Fe;; structure according to the XRD measurement and c) the corresponding HR-TEM

image with an insert of the FFT intensities.
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Z=[111]

Figure 9. TEM images of the FeMo,B, precipitates in the annealed Nd;sFes3Co,0Mo,Cu,B; sample. Image a) shows a triple junction between neigh-
boring Nd,(Fe,Co)y4B grains with precipitates in the grain boundary and the grain interior. Image b) shows a precipitate and a non-epitaxial interface
to the Nd,(Fe,Co)4B matrix phase. Image c) shows the diffraction pattern of the precipitate in image b) along the zone axis Z = [111] and the indexed

crystallographic planes of the tetragonal FeMo,B, structure.

a lack of uniaxial magnetocrystalline anisotropy, which leads
to poorly defined domain patterns in the grains of the meta-
stable Nd,(Fe,Co);B, phase (Figure 10a). The contrast with
the Nd,(Fe,Co),B phase (Figure 10b) is very obvious, where
depending on the crystallographic orientations of the grains,
stripe or a branch-type magnetic domains can be seen inside
the Nd,(Fe,Co)y4B phase after annealing.

The increase in coercivity with the addition of Mo in Nd-Fe-
B based alloys was reported by Shen et al..*] They described
an increased nucleation field necessary for reverse magnetic
domains around the Mo-rich precipitates as the reason for
the increase in coercivity with increasing Mo content in sin-
tered Nd-Fe-Co-B alloys. Our investigation cannot prove this
assumption since many changes in the microstructure (grain
size and phases) were observed that could lead to the enhance-
ment in coercivity. Moreover, the grain-refining effect during
the transformation of the Nd,(Fe,Co);B, to the hard-magnetic
Nd,(Fe,Co)4B grains would appear to be an obvious reason for
increased coercivity. The precipitates could be acting as nuclea-
tion sites for the Nd,(Fe,Co),B phase during the transforma-
tion from the metastable phase. Because of their paramagnetic
properties, an influence on the magnetic properties is not to be
expected. In contrast to the effective annealing treatment during
the thermomagnetic measurements, where the o+(Fe,Co) phase
was detected on the cooling curves (Figure 4), the controlled
temperature profile during the annealing of the bulk alloys

Figure 10. Kerr microscopy of the a) quenched and b) the annealed
NdsgFes;CoyoMo,Cu,B; samples. In the quenched sample, the weak Kerr
contrast in the metastable Nd,(Fe,Co);B, phase indicates the non-uni-
axial magnetocrystalline anisotropy of this phase. In contrast, annealing
leads to the formation of the hard magnetic Nd,(Fe,Co)4B phase with
strong uniaxial magnetocrystalline anisotropy and pronounced Kerr
contrast.
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does not lead to the formation of the or(Fe,Co) phase, rather it
crystallizes the hard magnetic Nd,(Fe,Co)4,B, making it a cru-
cial step in the magnetic hardening.

4, Conclusion

Our experiments highlight the formation of a metastable
Nd,(Fe,Co);;B, phase in the Nd-Fe-B system during the
quenching of small samples into water. The samples containing
this metastable phase have a low coercivity of =200 kAm™.. After
subsequent annealing at 1075 °C for 30 min and 500 °C for
60 min, the transformation of the metastable Nd,(Fe,Co)y;By
phase into the hard magnetic Nd,(Fe,Co),B phase leads to
a new microstructure and an increase in the coercivity to
=670 KAm™ — more than three times higher.

Figure 11 shows the grain sizes of the samples after annealing
and the fraction of metastable Nd,(Fe,Co);;B, phase in the as-
cast samples for all the investigated alloys and the corresponding
coercivity obtained after subsequent annealing and the trans-
formation of the metastable Nd,(Fe,Co);;B, phase into the
Nd,(Fe,Co)4B phase. The addition of Mo and Cu leads to a grain
refinement after annealing. However, the coercivity increase is
not only driven by this reduced grain size. The elements Co,
Mo, and Cu are necessary to stabilize the Nd,(Fe,Co);By phase,
which is the starting point for the subsequent solid-state trans-
formation. Therefore, the combination of all three elements (Co,
Mo, and Cu) is required to increase the fraction of Nd,(Fe,Co);B,
phase in as-cast samples and so increase in the coercivity after
subsequent annealing. In addition, in the annealed Nd;sFes;Co-
20Mo,Cu,B; sample we detected the formation of FeMo,B,
precipitates, which we believe to be responsible for the grain-
refining effect and the high coercivity of this sample.

Our findings point to a new route to obtaining high-coer-
civity Nd-Fe-B magnets that does not require comminution
(the sintered route) or externally applied mechanical forces (the
hot-pressed route). The metastable phase formation and sub-
sequent solid-state phase transformation open up great oppor-
tunities for obtaining a high coercive state in Nd-Fe-B-based
alloys. We have demonstrated the effect using a Nd-Fe-Co-Mo-
Cu-B alloy, however exploiting this mechanism can unveil new
routes in magnet production and improve the properties of
additively manufactured magnets, as well as commercially pro-
duced Nd-Fe-B magnets.

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure T11. a) Fraction of metastable Nd,(Fe,Co)y;B, phase in as-cast
samples for all investigated alloys (left axis) and the corresponding coer-
civity obtained in these alloys after subsequent annealing (right axis).
Annealing leads to the transformation of the metastable Nd,(Fe,Co)17Bx
phase into the Nd,(Fe,Co) 4B, phase and magnetic hardening of the sam-
ples. b) Grain size in comparison to the coercivity after the annealing
treatment. For the two series of samples, Cu and Mo show grain-refining
effects. Only the addition of all three elements (Co, Cu, and Mo) leads to
smallest grain size and highest coercivity.

5. Experimental Section

The eight alloys NdyFepa.y.y..Co,Mo,Cu,B; (with x = 0;20;y = 0; 2 and
z = 0; 2) were prepared by induction melting stoichiometric amounts of
high-purity elements under an argon atmosphere. For the annealing, the
ingots were crushed into smaller pieces with random geometry (2-4 mm
in diameter) and sealed in quartz ampules with an argon atmosphere.

First, the quartz ampules were introduced to a furnace at 1300 °C.
The samples were remelted for 10 min and subsequently quenched by
dropping the ampules into room-temperature water for the fastest
cooling rate. These quenched pieces were cut into two halves. One half
was used for the metallographic characterization and for thermomagnetic
measurements of the as-quenched samples. The second half of the
quenched samples was sealed again in quartz ampules under argon
and heat treated. The annealing process included a high-temperature
annealing at 1075 °C for 30 min, followed by cooling with 300 K h™" to
500 °C, dwell for one hour and furnace cooling to room temperature.

For the determination of the microstructural features and phase
analysis, the samples were embedded in a conductive polymer resin,
followed by metallographic preparation. The microstructure and phase
analyses were conducted with a scanning electron microscope (Tescan
VEGA 3 SEM and JEOL JSM-7600F) with a tungsten cathode. Backscattered
electrons (BSE) were used to highlight the different phases. In addition,
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energy-dispersive X-ray spectroscopy (EDX) was employed to quantify
the local composition and to visualize the elemental distribution. The
quantitative phase fractions were determined using Image) and a Trainable
Weka Segmentation script®® on the SEM-BSE images. The grain size was
manually quantified with the line-intersection method using the SEM-BSE
images. The uncertainties are given in the corresponding graphs.

For the crystallographic analysis, the samples were characterized by
X-ray powder diffraction (XRD). The measurements were carried out
on a Stoe Stadi P diffractometer with Mo K, radiation, in transmission
mode and an angular 20 range from 5° to 50°. Phase matching and
quantification via Rietveld analysis were performed using the FullProf
software package.!!

Nanoscale characterizations of the metastable phase were done
using a 200 kV JEOL JEM 2100-F Transmission Electron Microscope
(TEM). The TEM lamella was prepared by cutting a slice of approximately
10 mm thickness of a bulk sample. The slice was then polished down to
50 um thickness. Subsequent thinning down to an electron transparent
lamella was achieved by ion milling a two-step process using a Gatan
691 Precision lon Polishing System (PIPS). First, the angles and ion
beam energy were set to 8 and 5.5 eV, respectively, and milling was done
until a small hole was observed in the sample center. Then, the second
step of milling with angles of 2 ° and ion beam energy of 2 eV was done
to remove the damages from the previous step of milling. The structural
features were investigated using bright-field and high-resolution TEM
imaging, and diffraction patterns.

For the annealed samples, TEM was performed on an aberration-
corrected Titan 80-300 microscope (FEI Company). The specimens for
the TEM study were prepared on an FEI Strata 400S dual-beam facility.
The indexing of the FFT patterns was done using the JEMS software
(P. Stadelmann).

The magnetic hysteresis loops of the samples were measured inside
a Quantum Design Physical Properties Measurement System PPMS-14
with the VSM option at room temperature in a maximum field of 3 T.
Thermomagnetic measurements were carried out using a LakeShore 7410
Vibrating Sample Magnetometer (VSM) equipped with an oven option.
The magnetization was measured during heating and cooling between
350 to 1200 K with a heating rate of 5 K min~' and a constant applied
field of 0.05 T. Before and after the thermomagnetic measurements, a
magnetic hysteresis was recorded in a field of 2 T at room temperature
to check the quality of the sample before and after the thermomagnetic
measurements. Degradation of the sample due to oxidation would lead
to a decrease, whereas the formation of Fe phase leads to an increase in
the saturation magnetization.
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