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Misorientation statistics across hot-deformed
Nd,Fe 4B permanent magnet boundaries and the
potential correlation with magnetic properties

Qian Li®® and Yuan Teng (& *©

In this study, planar electron backscatter diffraction data of hot-deformed (HD) Nd,Fe;4B magnets were
analyzed to investigate the misorientation relationships on the grain boundary plane. The potential
correlation between the misorientation angles of NdyFe4B/Nd>Fe4B grain boundaries (Nd/Nd
boundaries) and Nd,Fe14B/Nd-rich phase boundaries (Nd/Nr boundaries) was explored, along with their
impact on the properties of the magnets. The characteristics of the grain boundary plane distribution of
specific preferred misorientation angles were also investigated. The results revealed that the Nd/Nd
boundaries exhibited preferred misorientation angles of 45° and 56°, whereas the Nd/Nr boundaries
showed angles of 45° and 62°. The 45° grain boundary plane preferred the (001) orientation, and the 56°
grain boundary plane favored the (122) orientation, and the 62° grain boundary plane preferred the (010)
orientation. By integrating materials science and computational science, this study improves the
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1. Introduction

Nd-Fe-B is a critical rare-earth magnet material, and its
anisotropy is a key focus in engineering applications. The
anisotropy of rare earth permanent magnets can be categorized
into three types: (1) directional anisotropy, including anisotropy
in the easy and hard magnetization directions,' and anisotropy
along specific crystal axes;* (2) interface anisotropy, encom-
passing anisotropy at the interfaces,® annealing effects,* and
exchange coupling;® and (3) strain anisotropy, which includes
magnetoelastic coupling® and anisotropy induced by stresses
and strains in the material.” In Nd-Fe-B materials, the grain
boundary plane plays a significant role in the material's prop-
erties. This plane consists of two components: (1) the boundary
between Nd-Fe-B grains and (2) the boundary between Nd-Fe-
B and Nd-rich phases. Specifically, Nd-Fe-B materials feature
a grain boundary network that includes both Nd-Fe-B/Nd-Fe-B
grain boundaries and Nd-Fe-B/Nd-rich phase boundaries.?
However, a research gap exists regarding the anisotropy at the
grain and phase boundaries. Thus, investigating these bound-
aries is important for three reasons: (1) from a structural
perspective, the smaller the Nd-Fe-B grains are, the larger the
interfacial area becomes, making the interface a critical
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understanding of the interface structure and properties of HD Nd—Fe—B magnets.

structural factor; (2) from the standpoint of interfacial struc-
ture, understanding how anisotropy, characterized by misori-
entation in this study, at the grain and phase boundaries affects
material properties, is essential, as this relationship is not yet
fully understood; and (3) from a processing perspective, Nd-Fe-
B permanent magnets prepared by spark plasma sintering (SPS)
exhibit differences in interfacial structure, anisotropy, and
magnetic properties due to variations in interfacial weight,
warranting further investigations.

The SPS technique utilizes high-frequency transient, local-
ized high-temperature fields to heat Nd-Fe-B permanent
magnets via pulse energy, Joule heating, and spark-induced
pressure.”'® The grain size of Nd-Fe-B permanent magnets is
consistently small, predominantly exhibiting an equiaxed
morphology, suggesting that shape anisotropy is not well
developed. The special electric current sintering process also
affects the wetting and penetration of the Nd-rich phase into the
main Nd,Fe;,B phase.'* However, the Nd-rich phase may not
always reach equilibrium following rapid sintering.'> Addition-
ally, severe plastic deformation can result in an uneven distri-
bution of the Nd-rich phase.”® Therefore, investigating the
influence of the Nd,Fe;,B and Nd-rich phase combination on
texture formation is an important research topic. Over the past
few decades, research characterizing texture as intrinsic
anisotropy has become increasingly comprehensive and
detailed.""” However, few studies have investigated the impact
of the Nd-Fe-B interface on texture and anisotropy. This study,
therefore, addresses these gaps by focusing on these issues. It
represents an interdisciplinary approach that combines stere-
ology with the interface structure of permanent magnet
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materials. The research aims to explore new insights and indi-
cators through stereological analysis of EBSD data and investi-
gate the interface structure-property relationship of Nd-Fe-B
materials from an interfacial perspective.

2. Experimental

This study utilized commercial melt-spun ribbon Nd,Fe,,B
powders with the composition Nd;; ¢Fe;3.6C06.6Gao.6Bs.6 (at%)
[MQU-F, Magnequench Co.]. The magnetic powders were pro-
cessed into hot-pressed (HP) magnets using spark plasma sin-
tering (VHPsp-10/25-2500) equipment at 650 °C and 200 MPa.
The HP magnet was then deformed at 750 °C in a graphite
mold, resulting in a 60% reduction in height. X-ray diffraction
(Smartlab SE) was employed to determine the crystal structure,
and magnetic properties were measured using a vibrating
sample magnetometer with a maximum magnetic field of 3 T
(Quantum Design PPMS). EBSD characterization was performed
using a scanning electron microscope (Thermo Scientific Apreo
2C), equipped with an EDAX Hikari high-speed detector. To
ensure measurement accuracy, a step size of 60 nm was used,
and the total area of the observation region was 900 square
micrometers (Fig. 1).

The original EBSD data were analyzed using TSL OIM Anal-
ysis 7.3 software. Pole figures (PF), inverse pole figures (IPF),
and orientation distribution functions (ODF) were used to
quantify the texture intensity of Nd,Fe,,B grains. Since Nd-rich
compounds exhibit complex compositions, including symme-
tries such as fec, dhep, and even potential amorphous struc-
tures under certain conditions, this study simplified them to
a hypothetical phase with the same tetragonal symmetry as the
main Nd,Fe,,B phase. Although this assumption is not entirely
appropriate and may lead to errors, it provides an intuitive
method for studying the characteristics of Nd/Nr phase
boundaries at the current stage. If both phases on either side of
the grain boundary were Nd,Fe;,B, the boundary was classified
as an Nd/Nd boundary. If the phases on both sides of the grain
boundary were Nd,Fe,,B and Nd-rich, the boundary was clas-
sified as an Nd/Nr boundary. The study employed the five
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Fig. 1 Preparation process diagram of hot-deformed magnet.
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parameter analysis (FPA) method for grain boundary plane
distribution analysis,™ and the FPA code is developed by Car-
negie Mellon University." The FPA method had two calculation
modes: A(n), which represents the texture of the habit plane
assuming no misorientation, and A(Ag, n), which represents the
texture of the grain boundary plane with a specific misorienta-
tion. For tetragonal symmetry, 45*10" traces were required for
the A(Ag, n) mode, and 1*10* traces for the A(n) mode. Each
analysis of A(Ag, n) and A(n) in this study contained sufficient
data, ensuring the reliability of the results. Finally, the theo-
retical geometric positions of the preferred misorientation
angles were calculated using the GB Toolbox crystallography
program.”®

3. Results

3.1 Magnetic properties and XRD analysis

Fig. 2a shows the hysteresis loops of the Nd,Fe;,B permanent
magnets. For the HP Nd,Fe,B permanent magnet, the rema-
nence (M;) was 8.1 kG, the coercive (H) was 21.1 kOe, and the
maximum energy product [(BH)ax] was 14.0 MGOe. For the HD
Nd,Fe,,B permanent magnet, M, was 12.2 kG, H; was 16.4 kOe,
and (BH),ax Was 34.9 MGOe. After deformation, M, increased by
50.6%, and (BH)ma.x increased by 149.3%. The significant
differences in the hysteresis loops indicate that the hot-
deformed magnet developed anisotropy. Fig. 2b shows the
XRD pattern of the HD Nd,Fe;,B permanent magnet. For
comparison, the XRD pattern of the HP permanent magnet is
also shown. The intensity ratio of the Ijo6) to I105) peaks was
used to measure the texture intensity.*" The Ipo6)/I(105) Tatio was
1.1, further confirming that the HD Nd,Fe;4,B permanent
magnet forms a strong texture.

3.2 EBSD analysis

To analyze the orientation of the Nd,Fe,,B grains, Fig. 3a shows
an Inverse pole figure quick map of the microstructure in the
measured region of the HD Nd,Fe,,B permanent magnet. The
orientation of each Nd,Fe,,B grain can be determined using the
tetragonal crystallographic orientation legend. As shown in the

VSM sample ' ' XRD and
EBSD sample
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Fig. 3

Inverse pole figure quick map of microstructure in the measurement region of hot-deformed Nd,Fe 4B permanent magnet (a), the phase

map of the Nd>Fe 4B permanent magnet imposed on the image quality map, with red color represent the main phase Nd,Fe;4B and green color

represent Nd-rich (b).

figure, the Nd,Fe;,B grains exhibit a distinct (001) orientation,
consistent with the XRD results (Fig. 2b). Fig. 3b shows the
phase map of the Nd,Fe,,B permanent magnet, superimposed
on the image quality map. In this representation, the red
corresponds to the main Nd,Fe,;,B phase, while the green
indicates the Nd-rich phase. The boundaries can be classified
into Nd,Fe;,B/Nd,Fe;,B boundaries (Nd/Nd boundaries; see
white circle (1) and Nd,Fe,,B/Nd-rich phase boundaries (Nd/Nr
boundaries; see white circle (2), based on the phase distribution
map. The distribution characteristics were further analyzed
based on the classification of these grain boundaries.

To further analyze the orientation distribution of the
Nd,Fe;4B grains, Fig. 4 shows the PF, IPF, and ODF of the HD
Nd,Fe;,B permanent magnet. Both the PF and IPF of Nd,Fe;,B
grains exhibit a strong {001} orientation texture. The {001}
orientation in Nd,Fe;,B grains shows a maximum intensity of
17.3 MRD (Multiples of Random Distribution) (Fig. 4a), while
the maximum intensity of the normal direction (ND)

© 2025 The Author(s). Published by the Royal Society of Chemistry

orientation in the IPF is also 17.3 MRD (Fig. 4b). Further anal-
ysis involved the calculation the ODF of Nd,Fe,,B grains, which
shows a maximum intensity of 22.8 MRD, predominantly
distributed at @ = 0 (Fig. 4c). These results indicate that the
Nd,Fe,,B grains favor the {001} orientation, demonstrating
a strong texture formation.

3.3 Misorientation angle analysis

As the grain boundary plane distribution study begins, it is
important to clarify the distribution of misorientation angles at
the Nd/Nd and Nd/Nr boundaries (Fig. 5a). The experimental
distribution significantly deviates from a random distribution.
Two preferred misorientation angles of 45° and 56° were
observed for the Nd/Nd boundaries, and two preferred misori-
entation angles of 45° and 62° were observed for the Nd/Nr
boundaries. To investigate the distribution of rotation axes for
the misorientation angles of Nd,Fe,,B grains, Fig. 5b shows the
axis/angle distribution function maps for the preferred

RSC Adv, 2025, 15, 15609-15617 | 15611
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Fig. 4 Pole figure (a), inverse pole figure (b) and orientation distribution function (c) of the hot-deformed Nd;Fe 4B permanent magnet.

Orientation texture intensity is given in MRD.
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Fig.5 Misorientation angle distribution of hot-deformed Nd,Fe;4B permanent magnet(a) and axis/angle misorientation distribution functions for
hot-deformed Nd,Fe;4B magnet(b). Orientation texture intensity is given in MRD.

misorientation angles. The analysis of the misorientation
distribution function of Nd,Fe,,B grains revealed that the [001]
axis was the preferred rotation axis for all three groups of
misorientation angles. Therefore, three preferred misorienta-
tion angle relationships—45°/[001], 56°/[001], and 62°/[001]—
were identified. The {001} orientation shows a maximum
intensity of 4.4 MRD. It is worth noting that the orientation
texture of the Nd,Fe,,B crystals, regardless of specific orienta-
tion, is represented by Fig. 5.

Table 1 presents the stereological results for the Nd/Nd and
Nd/Nr boundaries. It is significant in that it quantifies the
composition and distribution characteristics of these bound-
aries. Additionally, the wetting process of the Nd-rich phase on
the Nd,Fe,,B phase is described. The number fraction, number

15612 | RSC Adv, 2025, 15, 15609-15617

density, length fraction, and length density at the Nd/Nd and
Nd/Nr boundaries are comparable. At the Nd/Nd boundaries,
a larger average length indicates closer contact between the
Nd,Fe;,B grains, which weakens the exchange coupling
between the Nd,Fe;,B phase grains, leading to a decrease in
coercivity. In contrast, a larger average length at the Nd/Nr
boundaries enhances the wetting of the Nd-rich phase on the
Nd,Fe,;,B grains. This effective wetting optimizes the orienta-
tion of Nd,Fe;,B grains and enhances the remanence of the
permanent magnet.

3.4 Grain boundary plane distribution analysis

To describe the grain boundary orientation distribution func-
tion (GBP-ODF) of Nd,Fe,,B grains, Fig. 6 shows a map of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Stereological statistics of Nd;Fe;4B/NdyFe; 4B and NdzFe 4B/
Nd-rich??

Name Nd,Fe,,B/Nd,Fe,B Nd,Fe;4B/Nd-rich
Number fraction (%) 56.26 43.74
Number density (um?) 13.98 10.65
Length fraction (%) 56.40 43.60
Length density (um?) 1.66 1.26
Average length (um) 0.12 0.12

GBP-ODF for the three groups of preferred misorientation
angles. For the 45°/[001] misorientation angle, the maximum
intensity is 4.5, as shown by the MRD values in Fig. 6a. A
comparison of the grain boundary plane orientation distribu-
tion map (Fig. 6al) with the geometric feature positions
(Fig. 6a2) reveals a significant tilt structure, interspersed with
a weak 180°-twist structure. For the 56°/[001] misorientation
angle, the maximum intensity is 4.4, as shown by the MRD
values in Fig. 6b. A comparison of the grain boundary plane
orientation distribution map (Fig. 6b1) with the geometric
feature positions (Fig. 6b2) reveals a significant twist structure,

(a)
45°/[001]

(b)
56°/[001]

(© :
62°/[001] "

o

View Article Online
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interspersed with a weak 180°-tilt structure. For the 62°/[001]
misorientation angle, the maximum intensity is 4.9, as shown
by the MRD values in Fig. 6c. A comparison of the grain
boundary plane orientation distribution map (Fig. 6¢1) with the
geometric feature positions (Fig. 6¢2) reveals a significant 180°-
tilt structure for the 62°/[001] misorientation angle. The limi-
tations of the EBSD analysis software made it challenging to
identify different types of grain boundary plane orientation
distributions.

To describe the distribution characteristics of the grain
boundary plane for different types, A(n) analysis was performed
on the whole boundaries, Nd/Nd boundaries, and Nd/Nr
boundaries along the [001] direction (Fig. 7). The habit plane
favored the (011) orientation across whole boundaries, with the
maximum value being 3% higher than of random boundaries
(Fig. 7a). For Nd/Nd boundaries (Fig. 7b), the habit plane
favored the (122) orientation, with the maximum value 5%
higher than of random boundaries. For Nd/Nr boundaries
(Fig. 7c), the habit plane favored the (012) orientation, with the
maximum value 3% higher than of random boundaries. The
A(n) value, a key parameter, is typically used to describe the
characteristics of a material's properties and behavior, both
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Fig. 6 Grain boundary plane orientation distribution function (GBP-ODF) maps of hot-deformed Nd,Fe 4B permanent magnets and theoretical
geometrical feature positions, (a) 45°, (b) 56° and (c) 62°. Orientation texture intensity is given in MRD.
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Fig. 7 Orientation distribution of A(n) on the habit plane of hot-deformed Nd,Fe 4B permanent magnets, (a) whole boundaries; (b) Nd/Nd grain
boundaries; (c) Nd/Nr phase boundaries. Orientation texture intensity is given in MRD.

within the material and at its boundaries. By comparing the A(n)
values of different boundaries, significant differences can be
observed. For example, the A(n) value of Nd/Nd boundaries is
generally higher than that of the whole boundary, while the A(n)
value of Nd/Nr boundaries represents an intermediate state.
This difference may arise from variations in atomic arrange-
ment, chemical composition, or crystal structure at different
boundaries. Understanding the distribution of various grain
boundaries is crucial for elucidating the relationship between
a material's internal microstructure and its properties,
providing valuable insights for further research.

The A(Ag, n) analysis of the preferred misorientation angles
at the whole boundaries, Nd/Nd boundaries, and Nd/Nr
boundaries is presented in Fig. 8. The A(Ag,n) value reflects
the physical properties of the Nd-Fe-B material along the [001]
direction. Specifically, the A(Ag, n) values for the 45°/[001], 56°/
[001], and 62°/[001] misorientation angles are compared across
the whole boundaries, Nd/Nd boundaries, and Nd/Nr bound-
aries. For the 45°/[001] misorientation angle at the whole

15614 | RSC Adv,, 2025, 15, 15609-15617

boundaries, the maximum intensity is 1.70 MRD. For the 56°/
[001] misorientation angle, the maximum intensity is 1.70 MRD
at the {122} position. For the 45°/[001] misorientation angle at
the Nd/Nd boundaries, the maximum intensity remains 1.70
MRD. For the 56°/[001] misorientation angle at the Nd/Nd
boundaries, the maximum intensity is 1.68 MRD at both the
(122) and (100) positions. For the 45°/[001] misorientation angle
at the Nd/Nr boundaries, the maximum intensity is 2.20 MRD at
the (001) position. Finally, for the 62°/[001] misorientation
angle, the maximum intensity is 1.60 MRD at both the (011) and
(100) positions.

4. Discussion

This study investigates nanocrystalline Nd-Fe-B magnets,
focusing on the key parameter of misorientation angle. Using
the FPA method, the orientation distribution characteristics of
different boundary types and their correlation with the
preferred misorientation angles are systematically explored.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Orientation distribution of A(Ag, n) for hot-deformed Nd,Fe 4B permanent magnets, (a) whole boundaries; (b) Nd/Nd grain boundaries; (c)

Nd/Nr phase boundaries. Orientation texture intensity is given in MRD.

The following sections provide an in-depth analysis of two core
issues.

Firstly, regarding the influence of the A(n) distribution on
magnetic properties, Fig. 7 clearly demonstrates that the three
groups of boundary orientation distributions do not signifi-
cantly favor the (001) orientation, as their maximum intensity

© 2025 The Author(s). Published by the Royal Society of Chemistry

values remain relatively low (only 1.05). Notably, in the core
region of the boundary orientation distribution, the (001)
orientation exhibits a low-intensity characteristic, with
a maximum intensity of approximately 0.95—lower than the
theoretical value for a random distribution (1.0). These low-
intensity distribution values are consistent with the measured

RSC Adv, 2025, 15, 15609-15617 | 15615
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results for remanence (12.2 kG), the Ijo6)/I(105) peak intensity
ratio (1.1), and pole figure intensity (17.3 MRD). Therefore, to
optimize magnetic properties—particularly to enhance rema-
nence and the maximum energy product—it is crucial to
promote the formation of a more concentrated distribution of
the (001) orientation and achieve higher intensity values.

Secondly, regarding the regulatory effect of the A(Ag, n)
distribution on magnetic properties, this study uses the
preferred misorientation angles (45°, 56°, and 62°) as repre-
sentative cases and thoroughly analyzes the ODF of the corre-
sponding boundaries. Specifically, for the 45° misorientation
angle at the whole boundaries, the maximum intensity is
concentrated in a circular (001) orientation. However, the
circular distribution of the maximum intensity at the 45° Nd/Nd
grain boundaries deviates from the (001) orientation, while the
circular distribution of the maximum intensity at the 45° Nd/Nr
phase boundaries tends toward the (001) orientation. This
observation suggests that Nd/Nd grain boundaries, which
deviate from the (001) orientation, may hinder the achievement
of high remanence, indicating that the c-axis orientation of Nd-
Fe-B grains has not yet reached the ideal arrangement. Since
Nd-rich phase boundaries are treated in this study as a phase
with a similar structure to the Nd-Fe-B phase, the concentrated
distribution of Nd/Nr phase boundaries partially reflects a good
coupling effect between the Nd-Fe-B phase and the Nd-rich
phase, which helps to maintain high coercivity. It is note-
worthy that the Nd/Nr phase boundaries contain low refractive
index crystal planes, such as (001) and (010), which contribute
to enhanced coercivity due to their strong surface energy
anisotropy.**?* Further analysis of the distribution character-
istics of the 56° misorientation angle reveals that the orienta-
tion distributions of the whole boundaries and the Nd/Nd grain
boundaries are similar. This supports the conclusion that the
Nd/Nd grain boundaries inherit the distribution characteristics
of the whole boundaries, with similar maximum intensity
values further confirming this. Therefore, based on the A(Ag, n)
distribution characteristics, to improve remanence, it is crucial
to promote a preference for the (001) orientation at the Nd/Nd
grain boundaries to enhance the ordered arrangement of Nd-
Fe-B grains. To optimize coercivity, the Nd/Nr phase bound-
aries should also be concentrated around the (001) orientation
to maintain a strong coupling effect.

Based on the above analyses, the distribution of grain
boundary has a significant effect on the magnetic properties,
especially the distribution of (001) orientation. Promoting
a centralized distribution of (001) orientation is essential to
increase the remanence and maximum energy product. The
distribution characteristics of Nd/Nd grain boundaries and Nd/
Nr phase boundaries have an important influence on the coer-
civity, and good coupling effects help to maintain high coer-
civity. In the future, continued attention should be paid to the
interactions between the (001) orientation and various types of
boundaries. In addition, significant differences in the values of
A(n) and A(Ag, n) across different boundaries further emphasize
the complexity of the relationship between the internal micro-
structure and the material properties. These varying patterns
not only deepen our understanding of the material's physical
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properties but may also offer new insights and strategies for
material design and processing. By employing the FPA method,
we analyzed the orientation distribution of each grain boundary
in detail and identified potential correlations between the
whole boundaries, Nd/Nd grain boundaries, and Nd/Nr phase
boundaries. These findings provide valuable guidance for the
preparation of high-texture, hot-deformed Nd-Fe-B magnets.

5. Summary

This study comprehensively characterized the grain boundary
plane distribution in HD Nd,Fe;;B permanent magnets,
exploring the potential relationship between grain boundary
planes and material properties from a stereological perspective.
The following conclusions can be drawn:

(1) HD Nd,Fe;,B magnets exhibit Nd/Nd boundaries with
preferred misorientation angles of 45° and 56°, while Nd/Nr
boundaries show preferred misorientation angles of 45° and
62°.

(2) The habit plane for the whole boundaries favors the (011)
orientation, for Nd/Nd boundaries it favors the (122) orienta-
tion, and for Nd/Nr boundaries it favors the (012) orientation.

(3) The 45° grain boundary plane favors the (001) orienta-
tion, the 56° grain boundary plane favors the (122) orientation,
and the 62° grain boundary plane favors the (010) orientation.

(4) Optimizing the structural homogeneity of Nd/Nd and Nd/
Nr boundaries can enhance the magnetic properties of HD
Nd,Fe,B magnets.
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