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1 | INTRODUCTION

In general, magnets can be divided into soft and hard (permanent) magnetic materials. Soft magnets can be easily
demagnetized by external magnetic fields, while hard magnets require particularly strong external fields for a zero net
magnetization. H, is better known as the material-dependent coercivity. This is also reflected in the characteristic of
the magnetic hysteresis. While the soft magnetic hysteresis is in general very slender, corresponding to low values of
coercive field strength, a hard magnetic hysteresis is usually very pronounced [1]. These fundamentally different material-
dependent characteristics obviously lead to different areas of application. However, both types contribute to efficiency
improvement of conversion equipment (transformers), power generators (wind turbines), sensors and electric motors for
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E-mobility (electromobility), as presented in ref. [2]. Within this context the current challenges such as the transition
from fossil to renewable energy supply or the change in mobility act as a driving force on technological innovations. To
address these challenges, strong and particularly powerful high-performance magnets are required, cf. [2]. These high-
performance magnets should ideally be made without heavy rare earth elements and consist mainly of earth abundant
materials that are continuously accessible on the global market and produced under environmentally friendly mining con-
ditions. In addition to the chemical composition, the microstructural texturing also has a major influence on the effective
performance of the magnet [3]. As described in ref. [4], defect structures, such as non-magnetic inclusions, cracks or
misoriented grains, in the grain structure have a negative influence on the overall performance of the material, that is,
the prime figures of merit, summarized as extrinsic magnetic properties, M, — remanent magnetization, H, - coercivity
and (BH),.x — energy density, are reduced. In ref. [5] the influence of defect structures caused by strains acting on the
surfaces of (Nd,Dy)-FeB core shell structures was investigated. The results are strongly diverging properties, significant
discrepancies to the intrinsic magnetic properties, M, - saturation magnetization and H, - magnetocrystalline anisotropy,
depending on the corresponding defect intensity. According to ref. [4] ideal sintered hard magnetic materials are a com-
position of ferromagnetic grains surrounded by a paramagnetic or non-magnetic phase. The ferromagnetic grains should
ideally correspond to single domain particles with a strong uniaxial magneto-crystalline anisotropy and unified orienta-
tion direction, while the surrounding paramagnetic grain boundary phase acts as a layer for magnetic decoupling. The
grain boundary is supposed to magnetically decouple the exchange interactions between the ferromagnetic grains. This
prevents a premature magnetization reversal within the individual grains and therefore inhibits a cascade like demag-
netization of the whole magnet, compare [6]. Currently, sintered magnets are considered to be the gold standard in the
production of permanent magnets, even though the process involves many energetically expensive steps, cf. [7]. Here,
novel processing routes based on severe plastic deformations (SPD) (e.g., the continuous rotary swaging process (CRS) [8])
or additive manufacturing (AM) (e.g., selected laser sintering (SLS) [9]) can be an option to tailor magnetic microstruc-
tures with enhanced effective, and in the case of additive manufacturing with local, magnetic properties. Developments
of these processes strive for magnetically optimized, homogeneous micro-structures, although the process conditions are
inhomogeneous on a microscopic level. Hence, a deeper understanding of the influence of fluctuations in the microscopic
structures on the magnetic mechanisms is required. This can be extended with the help of numerical simulations. Here,
we apply micromagnetic simulations based on the finite element method (FEM) are applied. Although the FEM is found
to be numerically more expensive, compared to the finite difference method (FDM), its flexibility in discretizing hetero-
geneous microstructures provides a superior advantage, compare [10]. Micromagnetic simulations are applied nowadays
in many applications to reveal magnetic interaction mechanisms, as the impact of exchange decouplings of grains [6],
the influence of microstructural distortions [5, 11] or to analyze shape and size effects [12] on the critical magnetization
reversal processes. A crucial challenge of micromagnetism is the conservation of the length of the magnetization vector
M = Mgm, where M is the material-specific saturation magnetization and m represents the magnetic unit director. Here
[IM|| = M; or ||m|| = 1 must hold for the entire simulation time. Since this unit constraint is not necessarily satisfied,
different methods can be applied to restrict the magnetization to a constant length as, for example, renormalization tech-
niques [13] or spherical coordinates [14], see also the incremental variational formulation [15]. A brief overview is given
in ref. [16]. However, within this contribution a condensed perturbed Lagrange multiplier [17] is applied to computation-
ally efficient enforce the unit constraint during simulations. The aim of the simulations considered here is to investigate
the influence of soft magnetic a-Fe inclusions on the effective hysteresis property of an idealized permanent magnetic
Nd,Fe; 4B microstructure fabricated by the CRS technique. Hence this contribution proceeds as outlined below: First,
the governing field equations and their corresponding boundary conditions are introduced. Second, the magnetic energy
functional is presented. Third, the FE implementation of the introduced field equations presented. Finally, the considered
boundary value problems are sketched and the simulation results are evaluated.

2 | FIELD EQUATIONS

Within this work, the focus is set on the analysis of purely magnetic phenomena, that is, mechanical or other types of
stimuli on the magnetization behavior are neglected within the following contribution. Hence, the considered set of
equations includes the magnetic Gauss law for the magnetostatic contributions while the Gilbert equation serves as the
evolution equation of the magnetization vectors. The magnetic Gauss law for the magnetic field evolution reads as

divB=0 with B = uy(H + M), 1)
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with B denoting the magnetic induction, that depends on the magnetic field H as well as the magnetization M. The
vacuum permeability is defined as u,. The magnetic field H is derived from the negative gradient of the potential ¢ as

H :=—-Vo. @)

A full description of the boundary value problem is possible due to the definition of the corresponding boundary conditions
of the scalar potential ¢ on 0B = 0B, U dBg, withdB, N 0By =P as

=9, ondB, and B-n=¢, ondB;. 3)

The magnetic induction depends on the magnetic field as well as on the magnetization m(x,t), that evolves over
space and time. Hence, an evolution equation that captures the magnetization dynamics is required. In the context of
micromagnetism, an appropriate method is the Gilbert equation of motion, which can be expressed as follows

m = —youom x H + am x m, 4)

where ni1 denotes the rate of the magnetization vectors, y, the gyromagnetic ratio, a defines the material-dependent Gilbert
damping parameter and H®'f the so-called effective field. The effective field is not only the externally applied magnetic
field, but unifies the contributions of the underlying crystal lattice and the magnetic exchange interaction. However, this
will be explained in more detail in the next section. It should be noticed that the magnetization is only available within
a magnetic solid B where it is defined as the relation M := M ;m. Outside the magnetic solid B the magnetization
vanishes. A general assumption of most micromagnetic models is a constant operation temperature far below the Curie
temperature, leading to the already mentioned length constraint of the magnetization vectors. In the context of the present
work this constraint is enforced by applying a perturbed Lagrange multipler 4 and a static condensation on element level
to eliminate the computational drawback of the additional degree of freedom. This reads as

g/1=/1<[||m||2—1] A ) )

_E

2. . . . o . .

where S s the source of the perturbation, leading to non-zero entries on the main diagonal of the system matrix enabling
XL

the static condensation. The parameter x; is of pure numerical nature and assumed to be ~10°.

3 | ENERGY FUNCTIONAL

A precise description of the magnetization behavior within magnetic solids requires the knowledge of the most important
competing energy contributions. Here, these internal and external energies are unified within the functional

H(H,m,Vm) = H™&(H, m) + H*°(Vm) + H*(m), (6)

where H™?# denotes the magnetostatic energy, that considers internal (stray/demagnetizing) and external magnetic fields,
the magnetic exchange energy H®*° estimates the interaction between the magnetic moments, and the magneto crystalline
anisotropy H®™ captures the energetic contribution from the crystal lattice. In this particular case it is a uniaxial anisotropy
contribution. Those energies can be derived as

Hmag(H, m) = _%#OH -H — IMOMSH m
(7
H*(Vm) = A**°Vm : Vm, and Hig;(m) = Kﬁgi (m- a),

where A, denotes the exchange coefficient, Kﬁ?}: the anisotropy parameter and a = [sin 8, cos 8,,sin 6, sin8,,cos6;]” a
structural vector indicating the preferred/easy-axis of the material. The magnetization vectors will be subject to a torque
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developed by the so-called effective field [18], that is derived via the variational derivative of H w.r.t. the magnetization m
as
OH

-1 0H
eff _ — i i = — = —
H =65, H = M, [# —divII], with = 3 and II 3v 8)

and unifies the contributions of the magnetostatic fields, the exchange interactions between the magnetization vectors
and the influence of the underlying crystal lattice of the considered material.

4 | FINITE ELEMENT FORMULATION

This section presents the weak forms needed to implement the formulation into a finite element frame work. These are
based on the differential equations introduced in Section 2. Since the formulations considered here lead to very compli-
cated derivations and complex systems of equations, the weak forms are implemented into AceGen/AceFEM [19], which
possesses a strong automatic differentiation engine. A general overview of the FEM is provided in ref. [20]. The considered
weak forms yield

G¢=—/5H-de+/ dp ¢, da
B B

3
sz/[5m-(m—ocm><m—m><5m7-[)—2AeXC2V5mi-(mem,-)]dv+/25m.m,1dv 9)
P B

i=1
2 A
G = [ sa[imPp-1-2)av
B KL

where d¢,dH,dm and §Vm denote the variational counterparts of the primary variables and their spatial derivatives
and m the time derivative of the magnetization. The additional degree of freedom, that is, the Lagrange multiplier is
eliminated within the finite element formulation utilizing to a static condensation on element level, as presented in ref.
[20] for typical engineering problems and in ref. [17] for a micromagnetic application.

5 | ANALYSIS OF MAGNETIZATION REVERSAL IN HETEROGENEQOUS
MICROSTRUCTURES

In this section, two different scenarios for microstructural compositions of Nd,Fe;4,B magnets are considered. Thereby,
the special focus of this case study is on the influence of a-Fe impurities on the effective hysteresis properties of perma-
nent magnetic materials. a-Fe is a soft phase material that forms during the casting process typically in the morphology of
large dendritic grains within the Nd,Fe,,B matrix grains and excess Nd-rich phases (the latter being paramagnetic). Upon
homogenization these phases recombine to form more Nd,Fe;4B matrix grains and eliminate Fe. Soft magnetic materials
have significantly lower resistance to external magnetic fields compared to permanent magnetic materials, resulting in
significantly lower coercivity. Since the «-Fe is in direct contact with the hard magnetic Nd,Fe;,4B phase (no separation of
both materials by a paramagnetic grain boundary phase), it initiates a premature reversal within the magnetically harder
part of the magnet. The result is a significantly lower coercivity of this magnet, compared to a magnet with no impurities.
In the following, a grain composition without a-Fe impurities is considered, see Figure 1. It consists of seven ferromagnetic
grains with the material properties of Nd,Fe 4B, that is, exchange constant Ay, = 8.0 - 10712 J/m, saturation magnetiza-
tion Mg = 1.432 - 10° A/m and magneto crystalline anisotropy K; = 4.9 - 10° J/m? [21]. The grains are assumed to have a
diameter of 500 nm (doubles the single domain particle size of Nd,Fe;4B ~200-300 nm [22]), and are assumed to be mag-
netically decoupled from each other by a 5-nm-thick paramagnetic Nd-rich grain boundary. The whole microstructure
corresponds to the diameter d;,; = 1350 nm.

Since so-called stray fields form around magnetic materials, which can strongly influence the properties of the magnet,
these must also be considered in the simulation. This implies that the influence of the outer space region has to be
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FIGURE 1 Anidealized Nd,Fe,B microstructure consisting of seven hexagonal grains of diameter d = 500 nm which are magnetically
decoupled from each other by a paramagnetic grain boundary (¢;,; = 5 nm). The easy-axis of anisotropy can be expressed by the corresponding
angles and spherical coordinates.

FIGURE 2 The evolution of the magnetization reversal is presented with in (A) - (E). Starting with (A) the magnetization vectors are
aligned parallel to the easy-axis of the individual grains. Decreasing the field strength leads to (B) nucleation within the corners of the grains
and (C) eventually initiating their cascade like magnetization reversal. Further decreasing the external magnetic field to the maximal applied
field strength of u,H = —6 T reverses all grains into the corresponding direction. This switching behavior is depicted in (F) as a hysteresis loop.
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FIGURE 3 «o-Fe impurities are added to the idealized seven grain Nd,Fe,,B microstructure. Between the a-Fe impurities and the
Nd,Fe,,B grains no separating boundary exists.

considered discretely as well. In order to capture this numerically as efficiently as possible, the method presented in
ref. [23] for the consideration of the outer space is applied in this work. To obtain a typical hysteresis loop and evaluate
the effective magnetic behavior, an alternating external magnetic field uoH = [0,6,0]” T is applied. In the simulated
hysteresis loop (Figure 2F) several kinks can be seen. These result from the different switching times due to different
orientations of the individual decoupled grains. The grain boundary prevents reversal from one switching grain to
another and thus premature reversal. It is also clear from Figure 2F that the coercivity of the magnet under consideration
is ~3 T. An improvement of this property can be achieved mainly by a better alignment of the easy-axis of the grains. A
fabrication such that the easy-axis of the individual grains are oriented (with slight variations) in one direction can lead
to a more rectangular hysteresis due to a later nucleation within the grains. The reversal process shown in Figure 2A-E
also shows the separate switching of the individual grains. In each case, nucleation begins in the corners of the grains.
Subsequently, the reversal propagates cascade-like through the grain, leading to the characteristic kinks in the hysteresis.
In the case of impurified microstructures, however, the behavior may be different. To investigate this in more detail, the
boundary value problem introduced in Figure 1 is extended to contain a-Fe impurities in the following example.

The modified boundary value problem with soft magnetic inclusions can be found in Figure 3. Here, local impurities
are taken into account by defining additional regions within the permanent magnetic grains and assigning soft mag-
netic properties such that the material response of a-Fe can be simulated. The following material properties of «-Fe are
taken from ref. [13]: exchange constant Ay, = 1.0 - 10712 J/m, saturation magnetization My = 5 - 10° A/m and magneto
crystalline anisotropy K; = 4 - 10* J/m?® and K, = 6 - 10 J/m>. The hysteresis loop is obtained by applying the same alter-
nating external magnetic field uoH = [0, 6,0]” T to the microstructure presented in Figure 3. The resulting hysteresis loop
is about 10 times more slender compared to the previously simulated loop (Figure 2F). The reason for this behavior can be
identified as the direct contact of the soft magnetic material with the permanent magnetic grain. Since the «-Fe impurities
have a significantly lower resistance (coercivity) to opposing external magnetic fields, nucleation starts at these spots. Due
to the fact that impurities collect at random locations within the grain matrix during the manufacturing process, grain
boundaries between the inclusions and the actual grain are missing. As a result, soft and permanent magnetic materials
are in direct contact with each other, that is, they are not exchange decoupled. After the reversal of the soft magnetic
region (Figure 4B), this leads to a fast transition of the reversal to the permanent magnetic material (Figure 4C) and thus
to a premature switching of the entire grain (Figure 4E). A comparison of the simulation results with the findings from
ref. [11] gives rise to further analysis, since here a-Fe phase inclusions about 100 nm in size appear to couple effectively.
However, the microstructures were different there.
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FIGURE 4 The evolution of the magnetization reversal is presented with in (A) - E). (A) shows the full magnetization of the
microstructure along the x,-axis. (B) highlights the nucleation of a homogeneous grain, that is, no «-Fe contamination, at a triple junction of
the grain boundary. After the reversal of the a-Fe contamination in (B), the reversal "jumps over” to the permanet magnetic grain in (C) and
propagates through it in (D) - (E). This switching behavior is depicted in (F) as a hysteresis loop.

6 | CONCLUSION

This work deals with the influence of soft magnetic inclusions in a permanent magnetic grain matrix on the effective
magnetization behavior. Using an idealized microstructure, the effective properties in form of the hysteresis loop of a
perfectly decoupled magnet and a magnet degraded by a-Fe inclusions were compared. It has been shown that the inclu-
sions lead to a premature reversal of the respective inhomogeneous grains. In the case of several contaminated grains, this
leads to a severe decrease in the coercivity and squareness in the second quadrant. From a technological point of view,
the results clearly indicate the necessity of a heat treatment in order to reach an acceptable level of coercivity when casted
(Nd,Dy)-FeB is the starting point of a process chain. In subsequent studies, different impact factors, such as non-magnetic
inclusions or distortions, on the magnetic properties will be investigated.
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