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Many functional materials have been designed at the multiscale level. To properly simulate their
physical properties, large and sophisticated computer models that can replicate microstructural
features with nanometer-scale accuracy are required. This is the case for permanent magnets, which
exhibit a long-standing problem of a significant offset between the simulated and experimental
coercivities. To overcome this problem and resolve the Brown paradox, we propose an approach to
construct large-scale finite element models based on the tomographic data from scanning electron
microscopy. Our approach reconstructs a polycrystalline microstructure with actual shape, size, and
packing of the grains as well as the individual regions of thin intergranular phase separated by triple
junctions. Such a micromagnetic model can reproduce the experimental coercivity of ultrafine-grained
Nd-Fe-B magnets along with its mechanism according to the angular dependence of coercivity.
Furthermore, a remarkable role of thin triple junctions as nucleation centers for magnetization reversal
is revealed. The developed digital twins of Nd-Fe-B permanent magnets can assist their optimization
toward the ultimate coercivity, while the proposed tomography-based approach can be applied to a

wide range of polycrystalline materials.

Permanent magnets are essential functional components of motors and
generators in modern electric/hybrid vehicles, robotic systems, wind tur-
bines, and other applications aimed at achieving carbon neutrality'. In this
high-tech sector, Nd-Fe-B magnets are dominant owing to their superior
performance at room temperature. After the decades of research since the
Nd,Fe; 4B compound was discovered™, the maximum energy product of
Nd-Fe-B magnets has almost reached its theoretical limit. However, the
coercivity of industrial Nd-Fe-B magnets, which quantifies the resistance of
a magnet to demagnetization in opposing magnetic fields, is still only
20-25% of its potential, as given by the anisotropy field (uoH,~7.5 T)**. This
discrepancy, known as the Brown paradox’, is mainly caused by micro-
structural imperfections and defects that promote the nucleation of reversed
magnetic domains at magnetic fields much lower than H,. To achieve a high
coercivity, Nd-Fe-B magnets should comprise small Nd,Fe;4B grains
(D <1 pm) that are well aligned with c-axes and isolated from each other by
a thin nonmagnetic intergranular phase (IGP), or at least by a weakly
magnetic one’’. In addition, soft magnetic secondary phases should be
eliminated, whereas grains on the magnet surface should be protected from
any damage or strengthened such as by Dy diffusion’. The laborious opti-
mization of Nd-Fe-B magnets toward the desired microstructure and

magnetic performance is still in progress’. To accelerate this process,
micromagnetic simulations are often used to elucidate the relationship
between the microstructural features and macroscopic magnetic
properties®” ™. Current micromagnetic models of Nd-Fe-B magnets
address two cases of high practical importance: sintered magnets®***~** and
hot-deformed ones™ .

Nd-Fe-B sintered magnets are composed of large equiaxial grains of
sizes 3-5 pm. Laguerre tessellation is commonly used to create a 3D model
of such magnets. To make the model representative of a real sample, the
tessellation parameters need to be adjusted, e.g., by varying until the power
spectra of 2D slices of the model well reproduce the spectrum of a scanning
electron microscope (SEM) image of the sample™. The twins and crystal-
lographic orientations of the grains can be incorporated into the model from
SEM via electron backscatter diffraction’’. However, micromagnetic models
should have a spatial discretization of several nanometers to resolve the IGP
and satisfy a constraint imposed by the exchange correlation length™. Such a
fine mesh is not feasible for sintered magnets even with state-of-the-art
computational facilities. Either the models are significantly downscaled, e.g.,
by a ratio of 1:15 and even lower”, or the reduced order micromagnetic
approach is used under certain assumptions, i.e., uniformly magnetized
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grains are considered which switching conditions are defined based on the
embedded Stoner-Wohlfarth model®'**.

Micromagnetic models of hot-deformed Nd-Fe-B magnets are less
demanding in terms of meshing owing to their significantly smaller grain
size” . One of the largest finite element models (FEM) of hot-deformed
magnets was 0.4 X 0.4 x 0.4 um’ with an average lateral grain size of 77 nm*,
whereas a finite difference model achieved 2 x 2 x 0.5 um® with a lateral
grain size of 127 nm but under the ignorance of IGP (weakened direct
exchange interaction between grains was prescribed instead)™”. The
challenge for hot-deformed magnets is attributed to their typical micro-
structure — densely packed platelet grains with high aspect ratios — which is
hard to mimic. Instead, a simplified layered stack of grains with Voronoi
tessellation within each layer is often considered. Another drawback is that
the intergranular phase is usually introduced as a solid region with uniform
properties™™, despite recent experimental observations - IGPs at facets
normal to the c-axis have lower transition metal content than those at the
lateral facets, and thus lower magnetization™**. It is difficult to incorporate
both realistic grain packing and IGP nonuniformities into current micro-
magnetic models. The resulting accumulation of assumptions leads to a
commonly observed offset between the simulated and experimental coer-
civities for hot-deformed Nd-Fe-B magnets, as well as for sintered ones.

In this paper, we present large-scale finite element models of hot-
deformed Nd-Fe-B magnets developed based on tomographic data. The
proposed models can accurately reproduce the polycrystalline micro-
structure of real magnets overcoming the current limitations. In contrast to
previous synthetic models, the intergranular phase was reconstructed as a
set of thin individual regions localized between adjacent grains and isolated
from each other by triple junctions (TJs). It allowed us to demonstrate the
role of triple junctions in magnetization reversal and reach the stage at which
the coercivity of hot-deformed magnets can be well reproduced in simu-
lations. Such tomography-based digital twins of hot-deformed Nd-Fe-B
magnets will promote optimization of the magnets toward ultimate
coercivity.

Results
Development of tomography-based models
A hot-deformed Nd-Fe-B magnet with a nominal composition of
Nd; 5 4Fez63C045Gag sBs 5 (at.%) and the typical microstructure was chosen
to develop the tomography-based finite element model. The tomographic
data was acquired as a series of SEM images while the sample surface was
sequentially polished out using a focused ion beam (FIB)**’. The direction of
collecting such slices (x-axis in Fig. la) was perpendicular to the c-axis
crystallographic texture of the magnet, and the slicing step was 20 nm.

An area of 1.54 x 1.54 um’ was selected throughout the 78 FIB-SEM
images to process a cubic volume. All images were manually segmented in a
vectorized format so that each grain was represented by a set of polygonal
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Fig. 1 | Development of a tomography-based model. a Acquisition of a series of
FIB-SEM images for a hot-deformed Nd-Fe-B magnet (cropped area of 0.8 x 0.8 um’
is shown). b Processing of the images including 2D segmentation and the conversion

contours in several slices (Fig. 1b; grains are encoded by individual colors).
The contours were then interpolated with an interpoint distance of
15-20 nm, which was comparable to the slicing step, while the last and first
contours were additionally triangulated. The grains were thus converted
into uniform point clouds distributed on their surfaces. The lists of neigh-
boring grains were declared based on a 90 nm threshold for the minimum
interpoint distance. Note that the collected SEM images after the manual
segmentation provide a large dataset for training a deep learning model
which will be able to speed up the processing for new samples.

The following routine was developed to construct 3D grains from their
point clouds. First, axis-aligned minimum bounding boxes were created for
each point cloud. These bounding boxes were scaled up by 1.2 with respect
to their centers to fill artificial voids that may appear in the model along the
x-axis due to the discrete step of FIB-SEM tomography (Fig. 1a). Second, a
support vector machine (SVM) with a linear kernel was applied to pairwise
separate all neighboring grains. Each grain was then constructed in 3D by
cutting its bounding box with planes obtained after SVM, hereafter referred
to as cutting planes (CPs). This ensured a close packing of the grains.
Additionally, SVM suppressed point cloud distortions caused by drift
during the FIB-SEM observations. One shortcoming was that only convex
grains can be created in such a way, however this assumption seems to be
appropriate for most grains in hot-deformed Nd-Fe-B magnets. As shown
in Fig. ¢, the polycrystalline microstructure generated following the pro-
posed routine corresponds well with the segmented SEM images.

It should be noted that the few-nanometer-thick intergranular phase
could not be resolved in the SEM images. Therefore, an algorithm for IGP
reconstruction was developed (Fig. 2a). For each pair of adjacent grains i and
J» the corresponding CP with normal n;; was shifted in parallel in the depth
of both grains by ¢/2, where ¢ is the IGP thickness. These shifted CPs were
used to trim the grains. The surfaces obtained after trimming were then
extruded along the outward normals by ¢ resulting in two overlapping
volumes (Fig. 2a, middle image). Only the overlap was retained and assigned
as the IGP between grains i and j. Figure 1c shows the model with thin IGP
regions reconstructed in this way. Although the algorithm is simple, it offers
various possibilities that have not been implemented previously. In contrast
to the continuous IGP in synthetic models, the intergranular phase in our
model was composed of individual regions. Therefore, the micromagnetic
properties and thickness of the IGP can be varied locally in this model.
Those parameters can also be correlated with the crystallographic orienta-
tions of contacting grains. Moreover, the space remaining after the con-
struction of grains and IGP regions naturally introduced triple junctions
into the model (inset of Fig. 1c).

To proceed with micromagnetic simulations, the model should be
discretized in a high-quality mesh with a sufficiently small mesh size A to
ensure at least one layer of internal nodes in thin IGPs (A = /3/8t; see the
inset in Fig. 1c). Therefore, small geometric entities should be eliminated
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of grain slices into point clouds. ¢ Generation of close-packed 3D convex grains
isolated from each other by the intergranular phase. Triple junctions are made
invisible except for a zoomed region showing the mesh around one of them.
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Fig. 2 | Geometry revisions for the tomography-based models. a Reconstruction of
an intergranular phase (IGP) region between adjacent grains i and j (from top to
bottom): parallel shifts of the cutting plane (CP) with the normal n;; in the depth of
the grains by ¢/2, where t is the IGP thickness; trimming of the grains and extrusion
of the obtained surfaces toward each other by ¢; creating IGP as an overlap of the
extruded volumes. b 2D schematic showing the correction of a grain : n;; of a CP is
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tilted randomly by a small angle 6;, while its origin is shifted by r, . The correction is
accepted if the total number of small geometric entities in surfaces associated with
the revised CP (red) and all surrounding CPs (green) in both the grain and its
neighbor decreased. ¢ Elimination of a small entity that appeared due to the
proximity of IGPs: IGPs are pre-meshed; then, mesh-based prisms are iteratively
subtracted to avoid the formation of the small element.

before meshing, that are small curves (I<A, where [ is the curve length),
small surfaces (A<+/3A2, where A is the surface area), and narrow surfaces.
This is typically the most challenging part of developing a finite element
model. Furthermore, in the case of tomography-based models, such geo-
metry revision should be gentle to preserve the microstructure retrieved
from the FIB-SEM tomography as much as possible. In this study, we
developed a two-stage approach to realize that.

The first stage is focused on the grains. It is applied when grains have
been trimmed, but IGPs have not yet been introduced into the model. Let’s
consider a grain i with a small geometrical entity (Fig. 2b). To revise it, an
appropriate CP should be selected first. For example, if the issue is a narrow
surface, the selection is organized as follows: the surface is pre-meshed, and
the worst triangular element with the highest aspect ratio (ratio of cir-
cumcircle and incircle radii) is found; then, one of the CPs surrounding the
surface is randomly chosen with weight coefficients that are inversely pro-
portional to the distances from the worst element to the CPs. After that, the
normal n;; of the selected CP is tilted randomly by a small angle 6}, while its
origin is shifted randomly by r,, along n;; — always with respect to the initial
n; after tomography. We used zero-mean normal distributions with stan-
dard deviations of 1-2° and 1-1.5A for 6, and ry,, respectively. The cor-
rection is accepted, and the grains are updated if the total number of small
geometric entities on the surfaces associated with the revising CP and sur-
rounding CPs (red and green in Fig. 2b, respectively) in both the grain and
its neighbor decreases. This procedure was repeated for all grains until all
issues were resolved. When the grains were finalized, the IGPs were con-
structed, imprinted on the grain surfaces, and merged.

The second stage is dedicated to the revision of the IGPs. For a given
IGP, the surfaces of adjacent grains were pre-meshed, and all triangular
elements with a high aspect ratio (>2.5) were identified. Then, mesh-based
prisms were iteratively subtracted from the IGP in the vicinity of the bad
elements to avoid the formation of small entities that were causing them.
Figure 2¢ shows an example of such elimination of a small curve that appears
in the proximity of two IGPs. This procedure was performed for all IGP
regions until a high-quality mesh was achieved for all grain surfaces. Finally,
as the IGPs were revised, a triple junction region was created by subtracting
the grains and IGPs from the model volume.

Microstructure and mesh of the models
Following the workflow described above, we prepared several tomography-
based models of hot-deformed Nd-Fe-B magnets. In this study, the same
thickness of 3.5 nm was prescribed for all IGPs. The largest model was based
on the entire processed FIB-SEM tomography of 1.54 x 1.54 x 1.54 um’. It
consisted of 523 grains of their actual size and 2011 IGPs (Fig. 3a). This
model was representative of a real magnet, ie., 41% of the grains were
internal grains whose shapes were not affected by the model boundaries.
Arbitrarily aligned minimum bounding boxes (tight bounding boxes, TBB)
were found for all grains to quantify their platelet shapes (inset of Fig. 3b).
The grain width and height (maximum and minimum TBB edges), as well as
their aspect ratio had mean values of 363 nm, 97 nm, and 3.9, respectively,
with prominent standard deviations (Fig. 3b). TBBs were also used to assign
easy magnetization axes (EAs) to grains since they are usually compressed
along their c-axes after hot pressing. The details of this procedure are
described in Supplementary Note 1.

To fit our computational facilities, five smaller models of
0.8 x 0.8 x 0.8 um’ volume each were cropped from different places of the
entire tomography (Fig. 3a). For example, Model 1 was discretized into
146 x 10° tetrahedral elements. The grains, IGPs, and TJs occupied 93.3,3.9,
and 2.8 vol.%, respectively, in this model. The triple junctions formed a
rather complicated net-like structure (see Supplementary Fig. 2). Although
the cropped models are smaller, their microstructural statistics are still in
good agreement with those of the large model (Fig. 3b).

Micromagnetic simulations

We analyzed the dependence of coercivity (H.) on the saturation magne-
tization (M) of the intergranular phase using the developed tomography-
based models of hot-deformed Nd-Fe-B magnets (Fig. 4a). Although the
ferromagnetic nature of IGP is justified, the actual value of yoM; is not well
established; different experimental techniques provided estimations in the
range of 0.4-1.1 T for sintered magnets®>’~*’. Therefore, we varied the IGP
magnetization between 0-1.5 T to cover several possibilities in the simula-
tions, while the IGP exchange stiffness was assumed to scale as A oc M2,
To compare the simulated and experimental coercivities, the IGP poM; of
0.8 T was selected as a potential reference. This M value is close to the
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Fig. 3 | Microstructure of the tomography-based Nd-Fe-B models. a Side view of
the large 1.54 x 1.54 um® model and several cropped 0.8 x 0.8 um* models used for
micromagnetic simulations. b Histograms of the following microstructural features
for the large model and one of the cropped models: the width and height of grain
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Fig. 4 | Micromagnetic simulations on hot-deformed Nd-Fe-B magnets.

a Simulated coercivity vs. intergranular phase (IGP) magnetization for the models in
which triple junctions (T]s) are either nonmagnetic or ferromagnetic as IGP. The
experimental coercivity is indicated by a dashed line. Solid lines are eye guides.

b Demagnetization curves simulated for different magnetizations of TJs while the
IGP magnetization is fixed. ¢ Micromagnetic configurations before and after coer-
civity for the case when the magnetization of TJs was 0.4 T.

magnetization of Nd-Fe thin films containing approximately 70 at.% of
Fe''; such films can be considered as IGP counterparts to some extent.
Two principal cases were analyzed for triple junctions. In an ideal case
of nonmagnetic triple junctions, coercivity decreases monotonically from
3.1+0.1 Tto 1.8 0.2 T as the IGP yoM; increases up to 1.5 T (Fig. 4a). The
error bars represent the statistical uncertainties evaluated for different
models. The coercivity is 2.2+ 0.2 T for the IGP yoM; of 0.8 T. This is
distinctly higher than the experimental coercivity of 1.54 T measured for
this sample (Fig. 4a). In the second case, we considered ferromagnetic triple
junctions whose magnetization followed the IGP M. In other words, IGPs
and TJs were united in one phase with uniform magnetic properties (as
usual IGP in synthetic models). It significantly changed the coercivity
dependence that decreased rapidly from 3.0+0.3 T to 0.7 £0.2 T with a
more pronounced asymptotic behavior. The coercivity was 1.0 £ 0.1 T at the
IGP poM; of 0.8 T, which is significantly lower than the experimental value.
Thick triple junctions with high magnetization act as strong nucleation sites

that promote magnetization reversal under relatively low magnetic fields.
Although such a scenario is quite artificial for real magnets (unless they do
not have a high content of soft magnetic secondary phases), it demonstrates
the importance of realizing individual IGPs instead of the uniform one in the
tomography-based models of Nd-Fe-B magnets.

Furthermore, the experimental coercivity confined between these
simulated extreme cases led us to hypothesize that some triple junctions in
Nd-Fe-B magnets, especially the thin ones, are ferromagnetic with M lower
than that of the IGP. For example, if we consider the IGP yoM; of 0.8 T and
the twice reduced magnetization of TJs, 0.4 T, the simulated coercivity of
1.7 + 0.1 T approaches the experimental coercivity of 1.54 T (Fig. 4a). Figure
4b shows the demagnetization curves for this case and the extreme alter-
natives (TJs yoM; of 0.8 T and nonmagnetic one) for one of the models. TJs
with twice reduced M still resulted in a remarkable decrease in the
nucleation field from 2.22 T to 1.3 T. This was accompanied by appeared
pinning of reversed magnetic domains. The micromagnetic configuration
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Fig. 5| Composition of the intergranular phase. a High-resolution HAADF-STEM
image and superimposed STEM-EDS map for a typical intergranular phase region in
the hot-deformed Nd-Fe-B magnet for which FIB-SEM tomography was performed.
b Composition line profile across the interface.

with such a pinned reversed domain is demonstrated in Fig. 4c, where the
color code corresponds to the magnetization projection onto the applied
magnetic field (z-axis). To further substantiate the proposed hypothesis
regarding triple junctions and their role in magnetization reversal, scanning
transmission electron microscopy (STEM) and atom probe tomography
(APT) were conducted on the studied sample.

Chemical compositions of the intergranular phase and triple
junctions

Figure 5a shows the high-angle annular dark field (HAADF)-STEM image
and superimposed energy-dispersive X-ray spectroscopy (EDS) map for two
Nd,(Fe,Co),4B grains separated by a thin amorphous intergranular phase.
The (001) lattice planes were visible in the right grain. The composition line
profile in Fig. 5b was extracted from the STEM-EDS map across the IGP
interface. Such data were collected for eight different IGP regions, yielding
the average concentrations of Nd, Fe, Co, and Ga of 33(3), 57(4), 6(1), and
4(1) at.%, respectively (standard deviations in parentheses). The inter-
granular phase was enriched in Nd and Ga and depleted in transition metals,
although 63(4) at.% of Fe 4 Co is high enough to keep IGP ferromagnetic at
room temperature“. Note that light elements, such as boron, could not be
detected by STEM-EDS, leading to a minor overestimation of these
concentrations.

Figure 6 shows a 3D atomic distribution map of Fe and Ga in the
vicinity of a thin triple junction and two IGPs separating a few grains in the
hot-deformed Nd-Fe-B magnet. The average concentrations of Nd, Fe, Co,
and Ga in the intergranular phase were 25(2), 65(3), 6.0(0.2), and 1.2(0.2)
at.%, respectively (statistics over five IGP regions in Fig. 6(i) and

Supplementary Fig. 3). The concentrations of Nd, Fe, Co, and Ga averaged
over the triple junction volume were 51(3), 35(4), 9(1), and 5(1) at.%,
respectively. The presence of B was negligible. Therefore, STEM-EDS can
provide an unbiased evaluation of triple junctions that can be directly
compared with APT data.

APT suggested a higher fraction of transition metals in IGP than
STEM-EDS, whereas both methods were in good agreement regarding the
spatial distribution of elements in thin triple junctions. A high-resolution
STEM image of one of the TTs in the region where it was attached to an IGP
is shown in Supplementary Fig. 4, along with EDS line profiles taken
equidistantly over the region. The Nd content increased from 33 at.% with a
gradient of 0.3 at.% nm ™' while moving from the IGP into the depth of the
TJ, where the average concentrations of Nd, Fe, Co, and Ga become 50(3),
33(4), 10(1), and 7(1) at.%, respectively.

To enrich the statistics, a large area with various triple junctions was
acquired using HAADF-STEM (Fig. 7a), and the chemical compositions
were probed at the locations indicated by crosses in the corresponding
STEM-EDS map (Fig. 7b). In Fig. 7c, the obtained compositions are
represented by a bar chart ranked depending on the Nd content, whose
values are given, as well as the atomic concentrations of Fe 4+ Co. One can
see that some thick triple junctions (e.g., at locations 1 and 2) were rich in Nd
(>70 at.%). Such thick triple junctions are likely to be paramagnetic at room
temperature since the Fe 4+ Co content is below 30 at.%, which is considered
as a threshold". They can act as pinning sites for domain wall propagation.
At the same time, a dozen relatively thin triple junctions have a moderate Nd
content whereas Fe 4+ Co occupies 40-58 at.%. Triple junctions with such
compositions are expected to be ferromagnetic, with a reduced M; com-
pared to IGP. If their thickness is greater than the doubled exchange cor-
relation length, they act as prominent nucleation sites and deteriorate the
coercivity. Therefore, the STEM and APT observations are consistent with
the conclusions from the tomography-based micromagnetic simulations
regarding the magnetism of thin triple junctions.

Note that the STEM-EDS observations for some triple junctions may
have a biased interpretation if they overlap with the grains. Such overlaps
can be clearly observed when the grains have inclined facets (e.g., to the left
of locations 8 and 11) - the contrast for Nd varies gradually in a diffusive
manner. Therefore, the probing points shown in Fig. 7b were selected near
the interfaces with prominent contrast changes.

Discussion

This study developed a large-scale tomography-based finite element
model of hot-deformed Nd-Fe-B magnets that minimized
microstructure-related assumptions. Consequently, the micromagnetic
simulations can be performed with a significantly lower bias and uncer-
tainty. This improvement is essential for addressing the problem of esti-
mating the magnetic properties of the intergranular phase, e.g., by
approximating the macroscopic hysteretic properties of magnets, such as
coercivity. When the individual IGP regions and triple junctions were
distinguished in the models, it was found that in addition to IGP, the
magnetism of the triple junctions should also be considered to explain the
coercivity of hot-deformed magnets. The content of Fe and Co in the
relatively thin triple junctions is sufficiently high to keep them ferro-
magnetic at room temperature. Such triple junctions can be widely dis-
tributed in a magnet and serve as prominent nucleation sites for
magnetization reversal - they are new factors in the search for “weak links”
to coercivity'®. At the same time, thick triple junctions are likely to be
paramagnetic and contribute as pinning sites for the domain walls. Thus,
assuming the triple junctions to be magnetic with 0.4 T saturation mag-
netization while the IGP poM; was set to 0.8 T, we reproduced the
experimental coercivity in micromagnetic simulations. However, a rea-
sonable question arises as to whether it is just a quantitative match or the
tomography-based model can describe the coercivity mechanism of hot-
deformed magnets in general. To answer this question, we also performed
simulations of the angular dependence of coercivity, which is commonly
used to reveal the coercivity mechanism*>**"*,
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compositions in different triple junctions were probed at locations indicated by
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calculated from volumes (i) and (ii) across the intergranular phase and a thin triple
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crosses and ranked in ¢ bar plots. Element content is proportional to the corre-
sponding bar length, while the atomic concentrations of Nd and Fe + Co are given.

Figure 8 shows the simulated angular dependencies of coercivity,
H(0), for two cases: nonmagnetic triple junctions and weakly magnetic
ones with 0.4 T saturation magnetization. Magnetization of the inter-
granular phase was set to 0.8 T in both cases. Here, 6 denotes an angle
between the c-axis texture and an applied external magnetic field H (inset
in Fig. 8). Each angular dependence was normalized to the coercivity at
0= 0°. Solid lines indicate analytical dependencies attributed to pinning-
and nucleation-type magnets within the Kondorsky”* and
Stoner-Wohlfarth (SW)* models, respectively. Following Ref. 35, both
analytical dependencies were adjusted to account for the distribution of

EAswithin 20 cone (18°, see Fig. 3b). Experimental H.(6) for this workand
Ref. 35 are marked with crosses.

The nucleation-type angular dependence of coercivity with dH./df < 0
at 6=0° and the minimum at 0= 30° was obtained for the case of non-
magnetic triple junctions. This dependence diverged from the pinning-type
experimental H.(6) with dH./df >0 at 6= 0°. When triple junctions were
assumed to be weakly ferromagnetic, the angular dependencies of coercivity
collected over different models for the statistics (Fig. 3a) split into two
distinct trends — Fig. 8 shows the corresponding two H.(6) curves averaged
over the models. The three models demonstrated no remarkable pinning
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Fig. 8 | Coercivity mechanism in hot-deformed Nd-Fe-B magnets. Simulated
angular dependencies of coercivity for the models with nonmagnetic triple junctions
(TJs) and with TJs having a low magnetization of 0.4 T. The intergranular phase
(IGP) magnetization is fixed at 0.8 T in both cases. H.(6) for weakly ferromagnetic
TJs splits into two trends depending on whether or not domain wall pinning occurs
during the magnetization reversal. Solid lines are guides to the eye, except for the
theoretical H.(6) given by the Stoner-Wohlfarth (SW) and Kondorsky models.
Experimental H.(6) is indicated by crosses.

during magnetization reversal. Their angular dependencies also followed
the nucleation type, although they were closer to the experimental data. The
two models with pinning at the reversal (e.g., see Fig. 4c) had remarkable
pinning-type angular dependencies of coercivity, which were in good
agreement with the experimental data. Apparently, the micromagnetic
simulations of the larger model would have a much higher chance of
encountering pinning; therefore, the obtained pinning-type H.(6) is more
representative of a real magnet between these two trends. In previous
simulations, such a pinning-type angular dependence was only possible
after introducing a defective grain, e.g., a grain with a significantly reduced
magnetic anisotropy constant*”. This magnetically softened grain acted as a
low-field nucleation center, thereby enabling a domain wall pinning in the
model. Weakly ferromagnetic thin triple junctions are supposed to be better
candidates for this role. In this case, the pinning-type H.(6) can be naturally
reproduced without artificial defects and be in good agreement with the
experimental results.

In summary, we developed an approach for constructing large-scale
finite element models of polycrystalline materials based on FIB-SEM
tomography. In addition to reproducing the grain geometry and packing,
special efforts were devoted to reconstructing thin intergranular phase
regions separated by triple junctions. Such models with realistic micro-
structural features are crucial for accurately simulating the magnetic,
mechanical, thermal, and other physical properties of a wide range of
materials.

This approach was applied to ultrafine-grained hot-deformed Nd-Fe-B
permanent magnets to address the long-standing problem of the remarkable
discrepancy between simulated and experimental coercivities. Using
micromagnetic simulations on such tomography-based models, we quan-
titatively reproduced the coercivity of hot-deformed Nd-Fe-B magnets and
its pinning-type angular dependence. The key insight that allowed us to
achieve good agreement with experiment is that thin triple junctions were
considered as weakly ferromagnetic at room temperature. When the
thickness of such junctions exceeded twice the exchange correlation length,
they contributed to magnetization reversal as prominent nucleation sites,
which also enabled domain wall pinning. The chemical compositions of

various triple junctions were investigated by APT and STEM-EDS, which
showed relatively high Fe+ Co contents in the thin triple junctions
(40-58 at.%), supporting the above hypothesis.

Therefore, we established tomography-based digital twins of poly-
crystalline materials and demonstrated their benefits for hot-deformed Nd-
Fe-B magnets. Such digital twins of Nd-Fe-B magnets can be further used to
design their microstructure toward ultimate performance, while the concept
itself can be adapted to other functional materials to enhance their
optimization.

Methods

Sample preparation and magnetic properties measurement

A hot-deformed Nd-Fe-B magnet with the nominal composition of
Nd; 3 4Fez63C045Gag sBs 5 (at.%) was produced by induction melting of the
constituent elements followed by melt-spinning, hot-pressing, and die-
upsetting routines. Details of the synthesis are described elsewhere™. The
M(H) demagnetization curves were measured at room temperature using a
BH tracer after prior magnetization in a 7 T pulsed magnetic field. These
measurements were performed at different tilting angles between the
applied magnetic field and the c-axis crystallographic texture of the magnet.
The coercivity at each angle was evaluated as the field at which the magnetic
susceptibility (dM/dH) approached its maximum®*.

Microstructure characterization

A field emission scanning electron microscope Carl Zeiss CrossBeam
1540EsB was used to collect a series of 78 backscattered electron SEM images
while the sample surface was sequentially polished out by a Ga FIB in steps
of 20 nm””. Such slicing was performed in a direction perpendicular to the
c-axis crystallographic texture of the magnet.

The local chemical composition of the magnet was investigated by
STEM and APT. The former was performed using an aberration-corrected
FEI Titan G2 80-200 transmission electron microscope. A CAMECA
LEAP5000 XS laser-assisted local electrode atom probe microscope was
used for the APT. The samples for STEM and APT were prepared using the
lift-out technique with a FEI Helios G4-UX dual ion beam system.

Tomography-based finite element model

The FIB-SEM tomography was segmented using CorelDRAW software, so
that each grain was represented by a set of 2D polygonal contours. These
data were transformed into uniform point clouds using a Python script.
Then, lists of neighbors were obtained and the neighboring point clouds
were separated by a linear support vector machine (Scikit-learn library). All
the data were further used in the Coreform Cubit software, where the 3D
polycrystalline microstructure was reconstructed using the Python-written
routines described in the Results section. In this way, five models of
0.8 x 0.8 x 0.8 um’ volume were developed from different locations of the
processed tomography. The mean grain width and height were 363
(176) nm and 97 (42) nm, respectively. The thickness of the intergranular
phase was set to 3.5 nm. Each model was discretized in 136-153 x 10° tet-
rahedral elements. The mesh size for the intergranular phase and triple
junctions was 2.3 nm, whereas the mesh size for the grains gradually
increased from 2.3 nm at the grain surfaces up to 5.0 nm toward their
centers”.

Micromagnetic simulations

Demagnetization curves of the tomography-based models were simulated
using the ‘b4vex’ code, which performs free energy minimization by a
nonlinear conjugate gradient method’'. All grains were considered to have
magnetic properties of the Nd,Fe; 4B phase at room temperature as follows:
saturation magnetization poM;=1.61T, uniaxial magnetic anisotropy
constant K; = 4.36 M] m ™, and exchange stiffness A = 8 pJ m™" **. The easy
magnetization axes were declared for the grains according to their spatial
orientations, as described in Supplementary Note 1. The saturation mag-
netizations varied for both the intergranular phase and triple junctions,
while their exchange stiffnesses were assumed to scale as A o« M2 with
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respect to the Nd,Fe;4B phase; their magnetic anisotropy was neglected
(K; =0). Two NVIDIA A100 GPUs with 160 Gb shared total memory were
employed to conduct the micromagnetic simulations.

Data availability
The data supporting findings of this study are available from the corre-
sponding author (A.B.) upon a reasonable request.

Code availability

The code for constructing the finite element model of a polycrystalline
material based on its FIB-SEM tomography is available from the corre-
sponding author (A.B.) upon a reasonable request.
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