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Abstract

In this work, we developed a series of anisotropic hot-deformed Nd-Fe-B magnets with
ultrafine grain sizes varying from 125 nm to 234 nm in the lateral direction. Although grain
refinement is known to increase the coercivity of magnets, all samples exhibited identical
record high coercivity of 2 T. Microstructural analysis showed similar intergranular phase
(IGP) composition and crystallographic texture, but increased number of coarse and
isotropic equiaxed grains in the flake boundary regions of the magnets with larger grain
size. Although this could explain significant differences in the initial magnetization curves
and magnetic domain patterns, the experimental data alone were not enough to identify the
main factors limiting the coercivity. To elucidate these, a micromagnetic simulation was
performed using a realistic 1:1 scale model. We showed that the grain refinement below
200 nm has a limited potential for coercivity enhancement of hot-deformed Nd-Fe-B
magnets unless the exchange interaction is weakened by reducing the magnetization of the
IGP. Negative contributions to the coercivity from texture deterioration, coarse grains, and
magnetostatic interaction were quantified for different values of IGP magnetization. A clear

direction on how to further improve the coercivity of hot-deformed magnets was provided.
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1. Introduction

High performance permanent magnets are essential components in various applications such as
renewable energy generation, electric vehicles, consumer electronics, etc. To further improve
energy efficiency and reduce the weight and size of devices, it is necessary to increase the energy
product and optimize the extrinsic magnetic properties of the permanent magnets particularly at
their operating temperatures. Although Nd-Fe-B based magnets offer the best combination of
magnetization and coercivity at room temperature, their properties degrade at elevated temperatures
of 150 °C and above [1]. One of the most effective ways to obtain sufficiently large coercivity at the
elevated temperatures is to significantly increase the room temperature coercivity by partial
substitution of Nd with heavy rare earth elements (HRE) such as Dy or Th [2]. However, due to the
scarcity and high cost of HRE, alternative ways to increase the coercivity have been explored. Grain
refinement is another well-known method that has been used to increase the coercivity of sintered
Nd-Fe-B magnets to ~2.0 T by reducing the grain size from 3 um (commercial magnets) to < 1 pm
(laboratory samples) [3,4]. The disadvantage of the grain refinement technology in sintered magnets
is the extreme reactivity of the ultrafine Nd-Fe14B powder with oxygen, which cannot be handled on
an industrial scale.

Hot-deformation of melt-spun isotropic ribbons is an alternative technology for the production of
high performance anisotropic Nd-Fe-B magnets [5,6]. Compared to sintered magnets, hot-deformed
magnets have a much smaller grain size, which can be achieved without handling ultra-fine
powders. The grain size in hot-deformed magnets can be adjusted by changing the alloy
composition as well as the parameters of hot-deformation process. For example, reducing the lateral
grain size from 800 nm to 210 nm resulted in a coercivity increase from 1.45 Tto 1.9 T [7].

Although the increase in coercivity due to the grain refinement is a well-known experimental fact
[15], it is still unclear what is the practical limit of the grain size below which there is little or no
gain. The logarithmic increase in coercivity with the grain size reduction has been confirmed both
experimentally [1] and by micromagnetic simulations on exchange-coupled and decoupled grains
[16,17]. A simplified single-particle micromagnetic model showed that the local demagnetization
field is mostly responsible for the logarithmic dependence. However, bulk magnets for practical use
always have a polycrystalline microstructure, so the estimation of the stray field in a polycrystalline
structure containing an intergranular phase must be incorporated into micromagnetic models for
permanent magnet studies.

It should be noted that the grain shape and orientation as well as the magnetization of the
intergranular phase (IGP) also have a strong influence on the coercivity and its grain size
dependence [18]. The grain boundary diffusion process (GBDP) with low melting point eutectic
alloys has been shown to be particularly effective in modifying the IGP. Since the eutectic diffusion
process temperature is relatively low, the grain growth in the main phase is largely suppressed [8—
11]. The combination of ultrafine microstructure with GBDP results in a significant increase in
coercivity up to 2.5 T without the use of HRE [9]. Despite remarkable progress, the maximum
coercivity value remains far below the anisotropy field of ~7 T for the Nd-Fe14B phase [12-14],
leaving room for further enhancement by improving the microstructure and engineering the IGP.



However, the coercivity limit with respect to the anisotropy field for a magnet with optimized
microstructure is uncertain, as the previous microstructure models were too simple compared to the
real microstructure of Nd-Fe-B based magnets. Considering the recent advances in the hot-extrusion
that enable grain size reduction below 200 nm in the anisotropic hot-deformed Nd-Fe-B magnets
[19], the effect of the grain size below the single domain size [20] must also be included in the
micromagnetic simulation of the coercivity of polycrystalline magnets.

In this work, we prepared a series of hot-deformed HREE-free Nd-Fe-B magnets with different
ultrafine grain sizes down to the lowest reported lateral size of 125 nm to study how microstructural
features and composition of the IGP influence the hysteresis properties. Despite a twofold
difference in grain size but the same alloy composition, all samples exhibited identical record high
coercivity of 2 T, which is comparable to the HRE-free GBDP magnets (see benchmark in Fig. 1).
To explain the observed hysteresis properties, we performed a detailed microstructural
characterization and studied the magnetization reversal using static and dynamic magnetic domain
analysis and magnetometry. We mainly focused on the identification of distinct microstructural
features, pinning and nucleation sites, the influence of misaligned grains and intergranular phase
composition on the demagnetization process. To gain a deeper insight into the mechanism of
magnetization reversal, we performed micromagnetic simulations with realistic geometry based on
scanning electron microscopy (SEM) images.
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Figure 1 Coercivity vs. remanence benchmark for Nd-Fe-B hot-deformed magnets obtained without
(round points) and with (rectangular points) grain boundary diffusion process [21—
23,8,24,25,19,26-28,7]. The samples considered in this paper are marked with star-shaped points.



2. Samples and methods

The hot-deformed magnets with a nominal composition of Ndi3s(FeCo)va.Gaos7Bses (at. %) were
prepared by hot-press followed by hot-extrusion at the temperature range of 750-850 °C. The
magnetic properties of the samples were measured by using a pulse B-H tracer and a
superconducting quantum interface device vibrating sample magnetometer (SQUID-VSM). The
results were corrected for the demagnetization factor based on the sample geometry. The
microstructure was characterized by SEM using Carl ZEISS CrossBeam 1540EsB and by scanning
transmission electron microscopy (STEM) using FEI Titan 80-300.

The magnetic domain structure was observed on polished 2 x 2 x 0.5 mm samples using a magneto-
optical Kerr effect (MOKE) microscope Evico Magnetics. The out-of-plane magnetization
component was visualized using polar MOKE (c-axis perpendicular to the observation plane), and
the in-plane magnetization component was visualized using pure longitudinal MOKE (c-axis
parallel to the observation plane). In order to reduce the coercivity of the magnets to the field range
reachable by the setup (1.32 T), the observation was performed at elevated temperatures up to
120 °C.

For the micromagnetic simulation, we used a 3D geometry obtained using SEM tomography data of
a hot-deformed magnet, as described in detail elsewhere [29]. To reproduce the experimental grain
size, we scaled the model accordingly (see section 3.4 “Micromagnetic simulation’). Geometric
operations and meshing were performed using Coreform Cubit software. The micromagnetic
simulation was performed using the finite element micromagnetic code “b4vex” [30], which is
based on the conjugate gradient method with modified line search limited memory quasi-Newton
method for energy minimization.

In the micromagnetic model, Nd,Fe14B grains were assumed to have intrinsic properties of puoM, =
1.61 T, K; = 4.36 MJ/m3, A = 8 pJ/m [31]. The thickness of the IGP separating adjacent grains was
fixed at 3.5 nm. The magnetization of the IGP was varied between 0 T and 1.5 T to account for
different compositions. The c-axis was oriented perpendicular to the platelet-shaped Nd.Fe:.B
grains, which in turn were oriented according to the experimental observation by SEM and TEM
results (see schematics in Fig. 2 (e-h)). The magnetic field was applied at a small angle (0.7°) of the
c-axis texture to avoid artificial pinning. For the meshing, we used a tetragonal scheme with
element sizes ranging from the smallest at the IGP (2.3 nm) to the largest within the Nd.Fe:1.B
grains (5.0 nm). This strategy allowed us to increase the model size (cube with a side of 800 nm)
while keeping the number of elements at an acceptable level (about 170 million).

3. Results
3.1 Microstructure and magnetic properties

Due to the ultra-fine microstructure, bright field (BF)-STEM images were used to characterize the
grain size of all hot-deformed magnets. For each magnet, several images were taken at different
parts of the sample and automatically processed using in-house deep learning image segmentation



software. For each platelet-shaped grain detected, a tight bounding box was used to measure the
lateral size, thickness, and inclination angle relative to the c-axis texture (bounding boxes with
expected c-axis orientations are shown in Fig. 2 (a-d)). Statistical information on grain size
distribution combined for multiple BF-STEM images is shown in Fig. 2 (e-h). The average aspect
ratio of 2.8 with standard deviation (SD) of 0.8 was almost identical for all samples. The standard
deviation of inclination angle SD(6) was similar for all the samples with a tendency to increase with
increasing temperature of the hot-deformation process (see the standard deviation for each sample
in Fig. 2 (e-h)). Distributions of the inclination angles for each sample are shown in Fig. 1 of the
Supplementary Material. Grain size analysis confirmed that the higher processing temperature leads
to the more active recrystallization process, so that the larger extrusion temperature results in the
larger grain size [19]. To the best of our knowledge, the ~125 nm grain size obtained in the
anisotropic hot-deformed magnet is the finest reported so far.
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Figure 2 (a-d) BF-STEM images obtained for hot-deformed magnets produced with different
extrusion temperatures. In the upper right corner of each image an example of automatic processing
is shown: tight bounding boxes for each detected grain (magenta lines) and estimated orientations of
the c-axis (blue lines). (e-h) Results of the statistical analysis performed for each series of images
(the number of images used for the analysis is indicated at the bottom of each TEM image a-d). The
standard deviations of inclination angle SD(8) are shown in the bottom section of each histogram.

The collected statistics show that the four studied samples can be divided into two pairs with
distinctly different grain sizes and sharpness of the grain size distributions: (e, f) and (g, h) in Fig. 2.
The initial magnetization and demagnetization curves measured for all four samples (see Fig. 3 (a))
confirm the similarity of the two samples with smaller (145 nm and 125 nm lateral size) and two
samples with larger (216 nm and 234 nm lateral size) grain size. The first stage of the initial
magnetization curves shows relatively large susceptibility for samples with an average grain size of
216 nm and 234 nm and smaller susceptibility for the samples with smaller grain sizes of 145 nm



and 125 nm in lateral direction. Initial large susceptibility corresponds to easy domain wall
displacement within the multi-domain grains, and the change in susceptibility in the initial
magnetization curve corresponds to the domain wall displacement through the intergranular phase.
Note that the so-called depinning field, corresponding to the magnetic field at which the concavity
of the initial magnetization curve changes from negative to positive value, is identical for all
samples (1.85T).

Although all samples show comparable saturation magnetization due to the same alloy composition,
the remanent magnetization decreases with increasing in the extrusion temperature. It is interesting
to note that there is a clear correlation between the measured SD(#) values and the remanence. For
example, the smallest value of 5.4° corresponds to the sample with the second smallest grain size of
145 nm, which shows the highest remanence. For further in-depth analysis, we selected the samples
with the largest and the smallest average grain sizes (LG and SG respectively), which show the
most difference in microstructure as well as initial magnetization and demagnetization curves.
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Figure 3 (a) Initial magnetization and demagnetization curves measured on samples with different
extrusion temperature. (b) Temperature dependencies of coercivities measured on samples with the
smallest grain size of 125 nm (blue dots) and maximum grain size of 234 nm (red dots).
Temperature coefficients for coercivity are shown in the inset with corresponding colors.

The coercivity values uyH, measured for the two samples at elevated temperature in Fig. 3 (b) start
to diverge, showing an overall better stability for the SG sample, but the difference remains
marginal. The temperature coefficients of coercivity calculated for the 300 — 500 K range also have
similar values: g = -0.417 %/K for the LG sample and B = -0.429 %/K for the SG sample.

To compare the effect of the microstructure of different magnets on the coercivity, the Kronmdiller
equation can be used: H, = aHy — NogrMs, Where Hy = 2K, /(1oMs) is the anisotropy field [32].
Here H. is the coercivity, K, is the uniaxial magnetocrystalline anisotropy constant, M —
spontaneous magnetization, a is the combined parameter responsible for the coercivity reduction
due to the grain misalignment and reduced anisotropy at the grain surface, and N, is the effective
demagnetization factor including contributions from the shape of the magnet, the arrangement and
shape of the grains, and the shape of the nucleation sites. H.(T)/M(T) versus H,(T)/M(T) plots



(see Fig. 2 in the Supplementary Material) were used to estimate a (slope) and N, s (extrapolation
of the linear region). As a result, similar values of the « and N,y parameters were obtained for
magnets with different grain sizes (see Table 1). The values of the @ parameter for both samples are
typical for a nanocrystalline Nd-Fe-B magnet [33,34].

Table 1 Average values of the microstructural parameters estimated for finite element models used for
micromagnetic simulation. Models with the largest and smallest grain sizes correspond to the LG and
SG samples respectively.

, Nd+Pr concentration in IGP
Kronmiiller plot
(at.%)
Sample
a Negs c-plane side-plane
Largest grains 0.67 1.17 39+9 34+10
Smallest grains 0.63 1.32 41+ 3 305

Low magnification backscattered electron (BSE) SEM images for the LG and SG samples are
shown in Fig. 4. The SG sample has a thin and well-localized Nd-rich interface between melt-spun
flakes with few large Nd-O inclusions visible in Fig. 4 (a). On the contrary, the LG sample has
relatively thick and irregular Nd-rich flake boundaries, visible in Fig. 4 (b), filled with large
equiaxed grains Nd-Fe14B grains, clearly observed in Fig. 4 (d). The microstructure is consistent
with the magnetometry data in Fig. 3 (a) and can explain the reduced remanence and increased
initial susceptibility of the samples with higher extrusion temperature.
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Figure 4 BSE-SEM images obtained for samples of hot-deformed magnets with lowest (a, ¢) and
highest (b, d) extrusion temperature at different magnifications.

High magnification HAADF-STEM images, superimposed STEM-EDS maps across the IGP, and
composition line profiles obtained from STEM-EDS results for SG and LG samples are shown in
Fig. 5. To have a better statistic of the IGP composition in each hot-deformed magnet, the
composition of 7 to 10 IGP was analyzed by STEM-EDS for each sample. The average
concentration of Nd+Pr in the IGP of the SG sample was 37 at.%, which is very similar to 36 at.%
measured for the LHE sample. The difference between the concentrations of rare-earth elements in
IGPs parallel to the c-plane and side plane for both samples was 5-10 at.%. The RE concentrations
in IGPs of LG and SM samples are summarized in Table 1. More examples of the collected
compositional profile are shown in Fig. 3 of the Supplementary Material.

Although IGP is known to be ferromagnetic in Nd-Fe-B magnets, the reported magnetization values
vary widely depending on the sample and the methodology. For example, the experimentally
measured magnetization of IGP (uyM;sp) in sintered magnets varies from 0.55 to 1.0 T [35,36],
while values defined by the first-principle calculation are between 1.0 and 1.15 T for Nd content of
42 — 54 at.% [14]. Therefore, it can be concluded that the intergranular phase with ~64 at. % Fe is
ferromagnetic. Despite significant uncertainties in the absolute value of its magnetization [14, 34,
35], similar chemical compositions of the IGP in SG and LG samples indicate comparable uoM;;p



values. The compositional profiles for both samples also show 3.5 + 1.5 at.%. Ga localized in the
IGP, which is known to improve the wettability of the intergranular phase and may slightly reduce

the uoM,p [37]. The typical IGP thickness far from the triple junctions was found to be about 2-3
nm.
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Figure 5 High magnification HAADF-STEM images with STEM-EDS map for hot-deformed
samples with smallest (a,b) and largest (c,d) grain size obtained for IGP parallel (a,c) and
perpendicular (b,d) to c-axis. The averaged composition line profile across the IGP region is shown
in the lower part of each corresponding HAADF-STEM image.



3.3 Magnetic domains analysis with MOKE microscopy

Fig. 6 (a, b, d ,e) shows the magnetic domain structure of thermally demagnetized SG and LG
samples visualized by MOKE microscopy without applying an external magnetic field. The polar
mode observation for the SG sample shows a fine labyrinth domain pattern, mostly uninterrupted by
thin melt-spun flake boundaries. Thicker interface regions in the LG sample lead to the
disappearance or disruption of the domain pattern, as shown in Fig. 6 (d). A similar tendency
continues for the domain pattern observed parallel to the c-axis. The domain pattern for the SG
sample shown in Fig. 6 (b) consists of continuous stripes passing through the interface of melt-spun
flakes. In contrast, thicker interfaces, as seen in Fig. 6 (e) for the LG sample, cause disruption and
brunching of the stripe-like domain pattern. Local disruption of the domain wall in the interface
region is also evident from the Lorentz transmission electron microscopy images in Fresnel mode
shown in Fig. 6 (c, f). Note that the magnetic domain walls in the Fresnel images with bright and
dark contrasts are marked with white arrows, while the original flake boundaries are marked with
yellow arrows. The thin interface of the SG sample contains relatively few scattered defects,
whereas the thick interface of the LG sample consists of many large multidomain grains with highly
misaligned c-axis.
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Figure 6 MOKE microscopy images obtained on SG (a, b) and LG (d, €) samples of hot-deformed
magnets in the thermally demagnetized state. Maze-like domains (a, d) are obtained in polar mode,
stripe-like domains parallel to the c-axis (b, €) are visualized in longitudinal mode. Lorenz
transmission microscopy images near the melt-spun flake interface (indicated by yellow arrows) for
SG (c) and LG (f) samples. White arrows indicate the position of domain walls near the interface.
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The maximum amplitude of the magnetic field available in the MOKE microscope was 1.32 T,
which is far below the coercive field of the samples studied. To obtain the remanence state, we used
an external 5 T pulsed magnetic field source to fully magnetize the samples. After the magnets were
placed in the measurement system, they were heated up to reduce the coercivity. Fig. 7 shows
selected magnetic domain patterns obtained for SG and LG samples along the c-axis while
gradually increasing the amplitude of the applied reverse magnetic field. For both samples,
magnetization reversal begins in the interface of melt-spun flakes containing large equiaxed grains.
For the LG sample, individual reversal sites appear at relatively low fields around 0.4 T, while for
the SG sample nucleation sites become visible only at 1.1 T. For both samples, the domain wall
starts to propagate only at a magnetic field close to the coercivity and shows a preferential direction
perpendicular to the boundaries of the original melt-spun flakes. Although the maximum magnetic
field and temperature available in our setup were not sufficient to completely reverse the
magnetization in the SG sample, we could observe how the magnetization reversal initiates and
propagates. Investigation of the magnetization reversal in the polar MOKE mode confirmed the
presence of many equiaxed grains in the thick interface region of the LG sample (see Fig. 4 in the
Supplementary Material), which were not present in the SG sample.

SG|(b) 1267 13T 8G|(d) 1321

Figure 7 Sequential MOKE microscopy images obtained by applying opposite magnetic field (value
is indicated in yellow font) along the c-axis on SG (a-d) and LG (e-h) samples of hot-deformed
magnets at elevated temperature T = 390 K (SG sample) and T = 370 K (LG sample).

3.4 Micromagnetic simulation

To analyze the magnetization reversal in hot-deformed samples with different grain size and
intergranular phase magnetization, we used micromagnetic simulation with realistic tomography-
based geometry [38]. The geometry was scaled to reproduce the experimental distribution obtained
from the segmented TEM images of the LG and SG samples (Fig. 2 (e, h)). To ensure consistency
with the experimental data, the average grain size, aspect ratio, and tilt angle for the model were
measured in a similar manner: four slices were taken from the model geometry and processed with
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the same algorithm used for the automatically segmented experimental images. The total number of
grains was varied from 98 for the model with the larger grains to 518 for a model with the smallest
grain size. The final geometries for the lateral grain sizes of 250 nm and 155 nm with reconstructed
IGPs are shown in Fig. 8 (a, b). The average grain sizes, aspect ratios, and tilt angles for all finite
element models are summarized in Table 2.

Table 2 Average values of the microstructural parameters estimated for finite element models used for
micromagnetic simulation. Models with the largest and smallest grain sizes correspond to the LG and
SG samples respectively.

Lateral grain ~ Grain thickness Aspect SD of EA
Model size (nm) (nm) ratio inclination angle

)
Largest grain size 250 £ 122 84 + 45
i i 200 £ 100 67+ 36

Intermediate grain

; 29+0.9 7.6
Size 155 + 60 50 + 22
Smallest grain size 125+ 48 40+ 18

exchange decoupled ® x=125nm

31 (c) ~—®—x=155nm
® x=200nm
—®—x =250 nm

Coercivity, u,H, (T)
e

X

— 1 - 1 - T - T * T ~* T * T -
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
Magnetization of IGP, u,M,gp (T)

Figure 8 The tomography-based geometries constructed for the micromagnetic simulation with
mean lateral grain sizes of 250 nm (a) and 155 nm (b) corresponding to the LG and SG samples,
respectively. IGPs are shown in yellow, nonmagnetic triple junctions are set invisible. Coercivity
dependence on IGP magnetization simulated for samples with different mean lateral grain size (x)
and thickness (¥) (c).
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To mimic the presence of equiaxed grains near the flake boundaries, the easy magnetization axis
was rotated by 70° relative to the c-axis for the large grains near the cube face, while keeping the
magnetization, magnetic anisotropy constant, and exchange constant the same. The dependencies of
the coercivity on the IGP magnetization simulated for models with different grain sizes are shown
in Fig. 8 (c). To estimate the uncertainty interval, we performed simulations for five different
models with the largest grain size (shown with light blue area in Fig. 8 (c)). The micromagnetic
simulation results show that the smaller grain size leads to a significant coercivity enhancement
only when the magnetization of the IGP is relatively low.

4. Discussion

The microstructural analysis of SG and LG hot-deformed magnets showed an almost 2 times larger
grain size for the LG sample and a distinctly different flake boundary region with numerous coarse
equiaxed grains for the LG and relatively small and sparse equiaxed grains for the SG sample.
According to the results of STEM-EDS analysis, the IGP is ferromagnetic with magnetization
roughly estimated to be between 0.4 and 0.9 T. The microstructural analysis and MOKE
microscopy showed that equiaxed grains which are isotropic in broad flake boundaries in the LG
sample as well as larger platelet misalignment are responsible for the reduced remanence in Fig. 3
(a), but the process of magnetization reversal is similar for SG and LG samples and starts at the
flake boundary region regardless of the different volume fraction of large equiaxed grains. The
cascade propagation of the domain wall into the flakes is almost identical for both samples,
suggesting an identical depinning field at the IGP, which is also found in the initial magnetization
curves.

The micromagnetic simulation for coarse and fine microstructure models showed a comparable
coercivity when ugM;zp > 0.9 T (Fig. 8(c)). In other words, a larger coercivity in the smaller grain
size magnets can only be obtained by separating the Nd;Fe1sB grains with a weakly ferromagnetic
IGP. A deeper understanding of the coercivity in hot-deformed magnets requires consideration of
the individual contributions of the microstructural parameters, i.e., grain size, grain misalignment,
equiaxed grains, and magnetization of the IGP. We performed a series of simulations for the models
with smaller and larger grain sizes, in which we sequentially included the contributions of the
demagnetization field, easy axis misalignment, and equiaxed grains (easy magnetization axis is
rotated 70° relative to the texture axis, mimicking the presence of equiaxed grains in the flake
boundaries). Since we do not have a reliable information on the magnetization of the IGP, each
round of the simulation was run for different uyM,.p values, starting from 0.0 T, which corresponds
to the case of exchange decoupled grains. The coercivity reduction after adding each contribution
for small and large grain size models with different values of y,M;;p is summarized in the Fig. 9 (b,
¢). The maximum coercivity uoH, = 6.17 T obtained for both models is lower than the anisotropy
field for Nd;Fe1sB pyH, = 6.85 T due to the orientation of the external field under the small angle
with respect to the anisotropy axis (0.7°).
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Figure 9 Main contributions to the coercivity reduction estimated with micromagnetic simulation
for magnets with smaller (a) and larger (b) grain sizes. Legend with color codes is shown in the
bottom left side. Schematic showing considered microstructural defects: grain misalignment relative
to c-axis texture (local easy axes are shown with blue lines) and equiaxed grain (in the flake
boundary region) (c).

The analysis of the negative contributions to the coercivity shows the dominance of the exchange
interaction for uoM,;;p = 0.6 T, which also leads to the reduced effect of large equiaxed grains (see
Fig. 9 (c)). In this regime, the effect of smaller grain size in increasing the coercivity becomes
negligible due to the stronger overall negative effect of the exchange interaction, which can explain
the identical coercivities observed experimentally. Grain refinement is the most beneficial for
UoM;zp < 0.6 T due to the reduced contribution of the demagnetization field, which is consistent
with the previously reported logarithmic decay of the demagnetization factor for smaller grain size
[18]. Thus, for the grain refinement to be effective in increasing the coercivity, the magnetization of
M,p should be reduced accordingly as realized by our micromagnetic simulations (Fig. 8(c)).

Since the experimental results and micromagnetic simulations show a limited potential of grain
refinement for further coercivity enhancement in the exchange-coupled hot-deformed magnets, the
question arises as to what further improvements can be made to enhance hard magnetic properties
of hot-deformed magnets. Based on the simulation results, we can estimate the potential of several
alternative paths:

- Elimination of large equiaxed grains. Micromagnetic simulation performed on the models
with different grain sizes without misoriented grains showed 0.2 — 0.5 T coercivity
improvement over the same range of puoM;zp as shown in Fig. 9 (b,d). However, the
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experimental characterization of the SG and LG samples with very different densities of
large equiaxed grains showed no coercivity difference. This means that even a small
number of equiaxed grains may be sufficient to initiate nucleation if M;;p is relatively high
[39].

- Reduction of the easy axis misalignment. The angle of misalignment is known to be one of
the most important factors in reducing the coercivity of permanent magnets [40]. However,
for the ultrafine grain samples in this work, the SD(#) was measured to be 5.7°, which is
already a relatively low value. Further improvement of the coercivity is possible, but
largely limited by the process engineering. The estimated coercivity gain can reach 0.5 —
0.9 T when puoM;;p <0.3T.

- Reduction of IGP magnetization. This method remains the most promising. Micromagnetic
simulation on a fully decoupled model (nearly zero uoM,;p) shows that the coercivity of
the considered samples can potentially reach 3.1 T. Hence, further optimization of IGP
composition by both alloy design and post-treatments such as eutectic grain boundary
diffusion process could be the solution.

5. Conclusion

In this paper, we have investigated how microstructural parameters define coercivity and
magnetization reversal in anisotropic Nd-Fe-B based hot-deformed magnets with the same alloy
composition and identical 2.0 T coercivity despite twofold difference in grain size. Detailed
microstructural analysis and MOKE microscopy have shown that the magnetization reversal starts
at the flake boundary region for both fine and coarse microstructure samples. This suggests that for
ultrafine grain size samples, the magnetization reversal is mainly controlled by the pinning of
magnetic domain walls inside the flakes, i.e. at the intergranular phase.

The identical coercivity for different grain sizes was interpreted with the micromagnetic simulation
based on SEM tomography data, which allowed us to evaluate the contributions of microstructural
parameters to the coercivity separately. These results confirmed that the grain refinement has a
limited potential for further coercivity enhancement due to the increased contribution of the
exchange interaction when the magnetization of the intergranular phase is larger than 0.6 T, which
is the case for all commercially available hot-deformed magnets. In the intermediate range of 0.3 T
< uoM;cp < 0.6 T, very similar coercivity is expected regardless of the grain size. Based on the
analysis results, recommendations for further improvement of the coercivity were proposed. We
believe that this work will contribute to the further development of high performance Nd-Fe-B
permanent magnets.
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