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HIGHLIGHTS

It has been observed that Nd,Fe;4B/
Nd,Fe 4B GBs in the NdFeB-based alloys
for permanent magnets can contain
Nd,03 oxide layers.

It has been also shown that Nd,05 oxide
GB layers, similar to GBs with metallic
Nd or intermetallic phases, can effec-
tively ensure the magnetic isolation of
Nd,Fe;4B grains from each other.
Therefore, the GB oxide layers can be
used for further development of
NdFeB-based permanent magnets.
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GRAPHICAL ABSTRACT

ABSTRACT

The microstructure of grain boundaries (GBs) in the commercial NdFeB-based alloy for permanent magnets has
been studied. It is generally accepted that the unique hard magnetic properties of such alloys are controlled by
the thin layers of a Nd-rich phase in Nd,Fe;4B/Nd;Fe4B GBs. These GB layers ensure the magnetic isolation of
Nd,Fe 4B grains from each other. It is usually supposed that such GB layers contain metallic Nd or Nd-rich inter-
metallic compounds. However, the commercial NdFeB-based permanent magnets frequently contain a tangible
amount of neodymium oxide Nd,Os at the triple junctions between Nd,Fe;4B grains. The goal of this work was
to check whether the Nd,Fe;4B/Nd,Fe;4B GBs could also contain the thin layers of Nd,03 oxide phase. Indeed,
the screening with EELS-based elemental analysis permitted to observe that some of these Nd-rich layers in
Nd,Fe4B/Nd,Fe 4B GBs contain not only neodymium, but also oxygen. More detailed analysis of such GBs
with high-resolution transmission electron microscopy (HR TEM) showed these GB layers are crystalline and
have the lattice of neodymium oxide Nd,0s. In turn, the Lorentz micro-magnetic contrast in TEM permitted to
observe that the Nd-oxide GB layers prevent the migration of domain walls from one Nd,Fe4B grain to another
during remagnetization. This finding proves that the GB oxide layers, similar to those of metallic Nd or Nd-rich
intermetallic compounds, can ensure the magnetic isolation between Nd,Fe;4B grains needed for high coercivity.

Therefore, the GB oxide layers can be used for further development of NdFeB-based permanent magnets.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Since their discovery in 1980-ies, Nd-Fe-B-based alloys remain
the best ones among other permanent magnets [1-7]. They possess
the highest magnetic energy product (BH.)max (B being the satura-
tion magnetization, and H. being the coercivity). Their B value has
almost reached its theoretical limit thanks to the favorable combina-
tion of magnetic characteristics (saturation magnetization, and uni-
axial anisotropy constant) of Nd,Fe;4B intermetallic compound and
careful alloying of the NdFeB-based permanent magnets. During this
alloying, Nd is partially substituted by Pr and other rare-earth
metals (REMs), and Fe is partially substituted by other transition
metals (TMs) in the lattice of Nd,Fe 4B phase [4-7]. However, the
coercivity is still far away from its possible maximum. H, increases
if the domain walls have a limited mobility, and cannot move from
one Nd,Fe 4B grain to another when the external magnetic field
changes its direction and value [4,5].

Usually, the Nd-rich phase in grain boundaries (GBs) is responsi-
ble for this “magnetic isolation” or decoupling of Nd,Fe;4B grains
from each other [4-13]. For the best performance, the fraction of
Nd,Fe 4B/Nd,Fe 4B GBs covered by the Nd-rich phase has to be as
high as possible. On the other hand, the total amount of Nd-rich
phase has to be kept possibly low since the Nd-rich phase is non-
ferromagnetic and, therefore, decreases the overall B value of a
whole magnet. Usually, the Nd-rich phase in Nd,Fe4B/Nd,Fe 4B
GBs and GB triple junctions (TJs) appears during the liquid-phase
sintering of Nd,Fe 4B powder with REMs at about 1100 °C followed
by a definite heat treatment [7,8,13]. It is generally believed nowa-
days that this Nd-rich phase is always formed by metallic Nd or sev-
eral Nd-rich binary, ternary or multicomponent compounds
consisted of REMs, TMs and boron [5,13].

However, the commercial NdFeB-based permanent magnets con-
tain not only REMs, TMs and boron. During the production, some
oxygen is always present in the protective atmosphere, and the eas-
ily oxidizing REMs form the oxides. The oxides are almost inevitable
in commercial magnets. Large (from several to tens of pm) oxide

Fig. 1. BSE SEM micrograph of the studied NdFeB-based commercial alloy. The Nd,Fe4B
grains in the matrix appear dark grey. The brighter areas in TJs and along GBs are the
phases with high Nd content. EDX elemental analysis (Table 1) was conducted for two
sample areas, i.e. sample matrix (area 1) and GB TJ (area 2).
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particles in GB TJs are easily observed in the samples not only in
our study (see Fig. 1) but also in most published works [13-20]. Un-
fortunately, only few authors have discussed the possible role of GB
oxide layers in NdFeB-based permanent magnets [21]. Partially, it is
because the experimental possibility for the reliable local measure-
ments of oxygen content using electron energy loss spectroscopy
(EELS) with simultaneous determination of oxide phase crystal
structure by means of high-resolution TEM (HRTEM) is not always
available. Recently, few studies were done where oxygen was de-
tected in thin layers of Nd-rich GB phase by means of EELS tech-
nique [22,23].

The goal of this work is to reconsider the GB layers of Nd-rich phase
in NdFeB-based permanent magnets by means of HRTEM and analytical
TEM techniques, like EELS and energy filtered TEM (EFTEM), in combi-
nation with qualitative TEM magnetic imaging at zero field to address
the following questions:

i. Can some Nd-rich layers in Nd,Fe;4B/Nd,Fe;4B GBs indeed contain
oxygen together with REMs?

ii. Can the Nd-oxide GB layers prevent the migration of domain walls
from one Nd,Fe 4B grain to another and thus ensure the magnetic
isolation (decoupling) between the grains (similar to GBs covered
by metallic Nd or Nd-rich intermetallic compound)?

2. Experimental

The commercial NdFeB-based permanent magnet alloy delivered
by Vacuumschmelze GmbH & Co. KG was studied. It contained (in
wt%) 22.5 Nd, 10 Dy, <0.1 Pr, <0.1 Tb, 0.9 B, 1.0 Co, 0.1 Cu, 0.1 Al,
0.15 Ga, 0.4 0, 0.04C, balance Fe. This alloy was sintered at 1020 °C
and then annealed at 800 and 500 °C consequently. It had a rema-
nence of B, = 134 A mz/kg and coercivity of H. = 1.95 T (measured
at 20 °C) (Fig. 2).

Scanning electron microscopy (SEM) with EDX analysis was per-
formed on a Zeiss Auriga 60 microscope equipped with EDAX Apollo
EDX detector. For the sample imaging, the back-scattered electron
(BSE) detector was used. The samples for SEM were prepared by grind-
ing followed by polishing with water free diamond emulsions to pre-
vent excessive oxidation of the sample surface.

NdFeB samples are hard magnets; to reduce the influence on the
electron beam in the TEM, we used a focused ion beam (FIB) system
to prepare a small sample for the TEM analysis. TEM lamellae were
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Fig. 2. Magnetization curve for studied alloys at 20 °C (in the direction of easy
magnetization).
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prepared using a FEI Strata dual-beam facility consequently at 30 and
2 kV. The low-voltage step of the sample preparation was used to im-
prove the TEM lamella quality and reduce the Ga deposition in the
surface. Certain precautions were taken to reduce the TEM sample ox-
idation. It was prepared just before the TEM study and transferred
into the microscope as quickly as possible (usually in about
40-60 s). TEM studies were carried out on a FEI Titan 80-300 aberra-
tion corrected transmission electron microscope. EF TEM images
were recorded using the Tridium 863 imaging filter (Gatan Inc). EEL
spectra were acquired in STEM mode in the energy loss range
490-1100 eV to determine local ratio of oxygen, iron and neodymium
in the sample. Lorentz microscopy with a Fresnel mode was used to
study the domain wall structure of the samples. Qualitative magnetic
imaging was performed in zero magnetic field environment by turn-
ing the objective lens off. Low-magnification bright field (BF) scan-
ning TEM (STEM) mode with a partially blocked diffraction disk by
adark field (DF) detector was used to visualize the magnetic domains.
The exact position of the magnetic domain walls was detected in TEM
Lorentz (Fresnel) mode.

3. Results

In Fig. 1 the BSE SEM micrograph of the studied NdFeB-based com-
mercial alloy is shown. The size of Nd,Fe 4B grains is about 20-50 pm,
and they appear dark in the BSE micrograph. Nd-rich phases are visible
along the GBs and in GB TJs. Their grain size is about 3 to 10 um. They
have high Nd content and, therefore, brighter contrast in BSE. This con-
clusion is also supported by the results of EDX analysis, which are listed
in Table 1. The elemental composition in this table and in the following
text is given in atomic percent. The bright areas in the TJs between
Nd,Fe 4B grains contain high amount of oxygen. It is because the com-
mercial NdFeB-based permanent magnets frequently contain a tangible
amount of neodymium oxide Nd,0s in TJs [13-20]. Can the Nd,Fe 4B/
Nd,Fe4B GBs also contain oxygen? Using the analytical facilities in
SEM, it is not possible to detect thin GB layers due to the limited spatial
resolution. In this case, the TEM-based techniques are necessary to be
used. We performed such detailed screening of our sample with simul-
taneous EELS elemental composition measurements for oxygen,
neodymium and iron.

In Fig. 3a to e five high-angle annular dark field (HAADF) STEM mi-
crographs are given showing five triple joints in our samples. These TJs
contain bulk and GB phases with various composition. For the num-
bered areas, the content of iron, neodymium and oxygen was measured
by EELS; the respective data are given in Table 2. For these areas, HR
TEM study was not performed, therefore, the phase composition of
the grains, TJs and GBs was estimated only by the corresponding
concentration ratio.

Fig. 3a shows the junction of three grains of the Nd,Fe 4B phase
(areas 3, 4 and 5). The phase in the T] (area 1) contains practically
no oxygen, as well as other regions in this micrograph. Area 1 con-
tains neodymium and iron in approximately equal proportions. This
composition does not fit to any of their binary or ternary phases and
most likely the material in T] is a mixture of Fe and Nd phases. The
GB between areas 3 and 4 marked by an elongated rectangle 2 also

Table 1
Results of the EDX spectra quantification for NdFeB-based commercial alloy: sample ma-
trix (area 1 in Fig. 1) and GB TJ (area 2 in Fig. 1).

Element Area 1 Area 2
0K 4.8 56.6
Nd L 10. 33.03
Fe K 814 42
DyL 3.5 6.2
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contains a mixture of neodymium and iron, without oxygen, in a
ratio of about 7:2.

In Fig. 3b the contact region between two grains of the Nd,Fe4B
phase is presented (areas 4 and 5). The analysis of the EELS data
shows no traces of oxygen. The boundary between them (area 3) also
does not contain oxygen, but there is approximately twice as much neo-
dymium in it as in the volume of the Nd,Fe4B grains. This means, most
likely, that this GB contains pure neodymium. The TEM contrast varies a
lot inside the TJ, which can indicate the variation in the local elemental
composition. The results of the EELS analysis support this conclusion.
Area 1, most likely, consists of iron and neodymium oxides, since it
contains about 20% of oxygen, while area 2 consists of a mixture of neo-
dymium and iron, having a higher contrast due to the higher specific
weight.

In Fig. 3c four regions of different composition can be distin-
guished. First, these are the grains of the Nd,Fe;4B phase (areas 4
and 5). They do not contain oxygen at all, as in the previous figures.
The boundary between them (area 3) consists of pure neodymium,
with no signs of oxygen or iron. Area 2 is a grain of neodymium
oxide, and at the border between this grain 2 and region 4 there is a
wide strip 1 containing mixture of neodymium and neodymium
oxide, which follows from the contrast in this region (compare the re-
sults for the areas 1 and 2 in Fig. 3e).

Fig. 3d shows a T] formed by two grains of the Nd,Fe4B phase (areas
4 and 5) and a grain of neodymium oxide Nd,O5 (area 2). The junction
of these three grains (area 1) is filled with almost pure neodymium with
a small admixture of iron. The boundary between the Nd,Fe4B phase
(grain 4) and neodymium oxide (grain 2), shown by dashed rectangle
(area 3) contains a little oxygen, as well as iron and neodymium in a
ratio of about 5:3.

The junction of two grains of the Nd,Fe4B phase (areas 3 and 2) and
grain of the Nd,05 phase (area 4) is shown in Fig. 3e. The analysis shows
almost the same neodymium content at the boundary between grains 3
and 2 as in the volume of Nd,Fe 4B grains, but a slightly reduced iron
concentration and about 7% of oxygen. Apparently, this boundary con-
tains neodymium oxide, similar to the boundaries shown below in
Fig. 4.

It is important to mention when analyzing the elemental compo-
sition of GB phases, one have to take into account that in some cases
the results can be affected by the material in neighboring grains, if
the GB does not go parallel to the electron beam. Thus, the screening
with EELS-based elemental analysis permitted to determine that
some of Nd-rich layers in Nd,Fe;4B/Nd;Fe4B GBs contain not only
neodymium and sometimes iron, but also oxygen. More detailed
analysis of such GBs has been performed by means of EF TEM for
the elemental distribution, HR TEM for crystalline lattice characteri-
zation, as well as of Lorentz microscopy for visualization of the local
magnetic structure.

We considered in more details one individual GB junction point (see
Fig. 4). In Fig. 4a the bright field TEM micrograph is given showing three
grains of Nd,Fe4B phase with three GBs and GB TJ in the middle. Ele-
mental mapping of the same area was received by means of EFTEM
(Fig. 4a) using the O K, Fe L and Nd M edges. Additionally, the elemental
composition was measured for three different locations in STEM EELS
mode. The results of the EELS quantification are given in Table 3. Inside
the Nd,Fe 4B phase in the area A, the Nd/Fe ratio is close to 1:7, i.e. to the
composition of stoichiometric Nd,Fe 4B compound. The area B inside
the TJ appears in the micrograph almost blue. It contains a Nd-rich
phase and consists of Nd with a certain amount of oxygen (see
Table 3). The GBs (area C in Fig. 4b) are rather thin (about 10-15 nm)
and have composition with even higher oxygen content close to that
in the neodymium oxide, Nd,0s.

Though we tried to minimize the time when the sample was
exposed to the air (40 to 60 s), some oxidation did take place. We
can estimate the sample oxidation during its transfer from FIB to the
TEM site by the oxygen content from Nd,Fe 4B phase area. This
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500 nm

Fig. 3. HAADF STEM micrographs showing different triple joints containing various bulk and GB phases (see detailed escripition in the text). For numbered areas the compositions were
measured by EELS, the respective data in at. % are given in Table 2.
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Table 2
Results of the EELS spectra quantification for NdFeB-based commercial alloy, areas shown
in Fig. 3.

Element Area 1 Area 2 Area 3 Area 4 Area 5
Fig. # Fig. 3a

OK 42 0.0 1.1 24 0.0
NdL 447 22.7 814 80.9 819
Fe K 51.1 773 17.5 16.7 18.1
Element area 1 area 2 area 3 area 4 area 5
Fig. # Fig. 3b

oK 19.4 0.0 0.0 0.0 0.0
NdL 63.6 65.0 37.6 17.3 153
Fe K 17.0 39.0 62.4 82.7 84.7
Element area 1 area 2 area 3 area 4

Fig. # Fig. 3c Fig. 2¢

OK 9.27 19.28 0.0 0.0 0.0
NdL 90.73 80.72 100 17.6 16.7
Fe K 0.0 0.0 0.0 824 833
Element area 1 area 2 area 3 area 4 area 5
Fig. # Fig. 3d Fig. 2d

OK 0.0 34.56 4.2 14.2 0.0
NdL 97.1 65.44 34.7 15.7 16.4
Fe K 29 0.0 51.1 843 83.6
Element area 1 area 2 area 3 area 4 area 5
Fig. # Fig. 3e

OK 6.9 0.0 0.0 226

Nd L 16.8 16.7 16.0 774

Fe K 76.3 83.3 83.0 0.0

phase does not contain oxygen, so the concentration of ~4% can be
regarded as a reference value. It means that the oxides in GB and TJ
phases are formed during the magnet manufacture, and not due the
TEM sample oxidation.

Fig. 4c is the HR TEM micrograph from the area near GB layer (see
the dashed square in Fig. 4a). Fig. 4d is the integrated radial intensity
distribution versus scattering vector for the FFT patterns of the GB
layer and from the area of TJ; the inserts are the corresponding FFTs.
It follows from the plot in Fig. 4d that GB layer contains crystalline
phase with cI80 cubic structure corresponding to Nd,O3 oxide,
while the TJ consists of the mixture of Nd,03 (cI80) and metallic Nd
(hP4). Details on the phases crystal structure can be found in the
next section in Table 4. Additionally, the 2D pattern belonging to
hP4 metallic neodymium phase was indexed, see the bottom insert
in Fig. 4d.

Fig. 5a shows the overview BF STEM magnetic image of the sample
at zero field. It is easier to get an idea how the magnetic structure of
the sample is arranged from this low magnification image. The oppo-
site in-plane components of the magnetic field produce the dark and
bright contrast in the magnetic domain, which are labeled and num-
bered from 1 to 7. The contrast switches at the domain walls, and do-
mains appear like alternating brighter and darker parallel bands. The
enlarged insert in Fig. 5b corresponds to the area of TEM and EF TEM
images (see the dashed square in Fig. 5a). Fig. 5c is the Lorentz TEM
image of the same area as Fig. 4b taken to show the exact location of
the magnetic domain walls that are appeared as bright and dark
lines. It is quite clear from the figure that the domain structure in
Nd,Fe 4B grains is independent on that in the adjacent grains, and
the magnetic domains are not visible inside the GB layers and TJ.
This means that the magnetic domain walls are not connected across
the GB layer. In other words, the GBs as well as T] magnetically sepa-
rate the domains in all three grains, and the GB Nd,05 phase can
serve for the magnetic decoupling of Nd,Fe 4B grains from each
other, similar to that by the metallic Nd- rich GB layers [5,13].

Fig. 6 shows the TEM images of another area close to the T] of
three Nd,Fe4B grains. In Fig. 6a the bright field TEM micrograph
is given showing three grains of Nd,Fe 4B phase numbered as grains
1,2 and 3 and GB TJ in the middle. Lines crossing the GBs and square
1 in TJ show the areas for HRTEM images. Fig. 6b shows the HRTEM
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image near the GB layer between Nd,Fe 4B grains 1 and 2. Fig. 6¢
shows the HRTEM image near the GB layer between Nd,Fe 4B grains
2 and 3. Fig. 6d shows the HRTEM image from the T] area marked by
the square 1 in (a). The fast Fourier transforms (FFT) in Figs. 6 e, f, g
demonstrate that the GB layer between Nd,Fe;4B grains 1 and 2 as
well as GB layer between Nd,Fe 4B grains 2 and 3 conatin the
oxide Nd,0s. The FFT picture in Fig. 6g shows that for GB TJ contains
the mixture of Nd (dotted red circles) and Nd,Os (dotted blue
circles).

4. Discussion

The oxides are almost inevitable in the NdFeB-based sintered per-
manent magnets [13-20]. In laboratory conditions, the special care is
frequently taken to exclude the influence of oxygen [24]. These pre-
cautions are too expensive in case of industrial production, and oxy-
gen is usually present in the sintered NdFeB-based permanent
magnets [25]. X-ray diffraction (XRD) data show that they contain
at least few percent of Nd,O5 or NdOy phases with cI80 and fcc lattice,
respectively [6,7,15,26,27]. Nd,O3 phase can also have hP5 hexagonal
structure (for the reference of the Nd and neodymium oxides crystal
structure see Table 4). Metallic Nd phase can exist either as a fcc or a
double hcp (hP4) lattice. The oxide particles in Nd,Fe,4B grains TJs
are clearly visible in SEM [5,6,13,14,16-19,28-30] and TEM
[6,7,14,17,26,27,31,32]. In addition to the results obtained from XRD
and electron diffraction, the EDS measurements also reveal the pres-
ence of oxygen in these non-metallic particles [7,15,16,20,28-30,33].
Thus, the bulk oxides are conventional in the sintered NdFeB-based
permanent magnets and the overall oxygen content is far from
negligible.

It is generally accepted that thin GB layers of non-ferromagnetic Nd-
rich phase are responsible for the “magnetic isolation” or decoupling of
Nd,Fe;4B grains from each other [4-13]. In turn, this magnetic isolation
leads to high coercivity of the sintered NdFeB-based permanent mag-
nets [5,6]. The question is whether these magnetically isolating Nd-
rich GB layers always consist of metallic (or intermetallic) phase or
they can also contain oxides?

Usually, the composition of GB layers in NdFeB-based permanent
magnets is measured by EDS in TEM and SEM [6,39-41]. In these mea-
surements, the content of main metallic elements is mostly deter-
mined [6,40], and only very seldom that of oxygen [6,39,41]. For
example, the minima of iron and cobalt concentrations as well as
maxima of oxygen, fluorine, neodymium and praseodymium concen-
trations were observed by EDS in the ~4 nm thin GB area [41]. Unfortu-
nately, the data for oxygen concentration obtained by EDX are not very
reliable in comparison with that for the metallic elements due to the
low oxygen atomic mass, low peak-to-background ratio and overlap-
ping EDX peaks. The EELS measurements of oxygen concentration are
more accurate. However, only few works of this kind are available
[22,23]. Zickler and co-authors observed Nd,Fe4B/Nd,Fe;4B GBs con-
taining the 3-10 nm thin GB layers. EELS showed that these GB layers
were depleted with Fe + Co and enriched with Pr + Nd and oxygen
in comparison with bulk Nd,Fe;4B phase. Unfortunately, the analysis
of phase composition of Pr-Nd-O-rich GB layers was lacking in the
cited articles, as well as the evidence on Nd,Fe 4B phase magnetic
decoupling.

Atom probe tomography was also applied to detect oxygen in
NdFeB hard magnets [6,42]. The measured volume contained ~5 nm
thin GB layer between Nd,Fe 4B grains. The grains expectedly
contained iron, neodymium, praseodymium, boron and they were ox-
ygen free. Contrary, the GB layer were free of boron and iron, but re-
vealed the peak of oxygen and Nd + Pr mixture. Depending on the
processing conditions, the GB phase was found to be either NdgFe{3Ga
intermetallic compound, amorphous or crystalline neodymium oxide
with cI80 structure. The amorphous Nd-rich GB layers were also ob-
served in Refs. [5, 13, 40]. In Ref. [32] it was shown that the GB layer
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scattering vector, 1/nm

Fig. 4. TEM image of the area near the T] of three Nd,Fe;4B grains (a) bright field TEM micrograph. (b) colored elemental map of the same area as in (a) constructed from the EFTEM images
inFe L, Nd M, and O K edge signals; the color code can be find in the insert; the elemental composition is given in Table 2. (c) HRTEM image near the GB layer between two Nd,Fe;4B grains
from the area marked by dashed square in (a). (d) integrated radial intensity distribution versus scattering vector for the fast Fourier transforms (FFT) from the GB layer and T] area (see the
inserts); bar diagram shows the positions of the interplanar distances for Nd,0s (cI80) and metallic Nd (hP4) phases; the bottom FFT from TJ contains the indexed 2D pattern of hP4 phase

with the zone axis parallel to [111] direction.

Table 3

Result of EELS elemental composition measurements in the areas A, B and Cin Fig. 4b, at. %.
Element Area A Area B Area C
oK 4.2 10.4 63.1
NdL 7.1 89.6 11.3
Fe K 88.7 0 26.6

phase composition depends on the content of trace alloying
components.

In [27] the possible influence of GB phase on the magnetic properties
of NdFeB alloys was analyzed based on the atomistic model and finite-
element method simulation. The authors considered different GB

phases, both metallic Nd (fcc and double hcp hP4) and neodymium ox-
ides Nd,O3 (a-type, hP5 and c-type, cI80), and NdO (cF8). It was shown
that some of these phases (namely, fcc Nd, Nd,O5 cI80 and NdO cF8)
have less detrimental effect on Nd,Fe4B grains coercivity.

Thus, summing up the published data we can assume that the pres-
ence of neodymium oxide is a characteristic feature of NdFeB-based
magnets. For direct check of our hypothesis, we performed in this
work the whole complex of experimental studies, namely the SEM,
EDS, HRTEM, EFTEM, EELS, and Lorentz microscopy. SEM witnesses
that oxide particles are indeed present in TJs of Nd,Fe;4B grains. EDS
and EFTEM permitted to observe that some of Nd-rich GB layers contain
not only neodymium, but oxygen as well. The STEM screening with EELS
measurements of Nd, Fe and O content permitted to find such GBs with
oxides among the “conventional” GBs with Nd-rich layers (Fig. 3). We
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Table 4
Structural data for neodymium and oxide neodymium phases.
ICSD # Space Pearson  Formula Cell parameters Ref.
group symbol
symbol
100,211 P63/mmc hP5 Nd,05 a = 3947 c = 6.277 [34]
100,216 Im3m cl5 Nd,03 a =441 [34]
191,535 a3 cI8o Nd,03 a = 11.08 [35]
Fm3m cF8 NdO a = 4994 [35]
76,591 Fm3m cF4 Nd a = 4917 [36]
9,008,508 P65/mmc hP2 Nd a = 3.657 ¢ = 5.9020 [37]
76,592 P63/mmc hP4 Nd a = 3.6582 [38]
¢ = 11.7966

do not conclude that GB phases of an oxide nature are unique or domi-
nant in the structure of NdFeB-based permanent magnets. It is rather
time consuming to make statistically significant conclusions on the
share of such GBs in the structure of NdFeB-based permanent magnets
by means of TEM. Such work devotes the special, separate study. Such
work devotes the special, separate study. In our work, we demonstrate
that oxide-based GB phases really exist in the NdFeB-based permanent
magnet and they can good magnetically isolate the grains of Nd,Fe 4B
phase.

The HRTEM images showed that such oxide GB layers are crystal-
line and have the lattice of neodymium oxide Nd,Os rather than that
of the metallic Nd or Nd-rich intermetallic compounds. Lorentz micros-
copy permitted to observe that the Nd,03 GB layers prevent the migra-
tion of domain walls from one Nd,Fe 4B grain to another during
remagnetization. Thus, the GB oxide layers are not only present
among the Nd-rich GB ones, but they can indeed ensure the magnetic
isolation between Nd,Fe;4B grains needed for high coercivity.

Thus, one can suppose that migration of domain walls and, there-
fore, the coercivity is controlled by the interphase boundaries between
the bulk Nd,Fe;4B grains, on the one hand, and, on the other hand,
(1) metallic Nd or Nd-rich intermetallic compounds in TJs; (2) metallic
Nd or Nd-rich intermetallic compounds in GB layers; (3) Nd;Os3 in TJs
and (4) Nd,0s in GB layers. During our experiments we investigated
not only the locations shown in this paper but the rather big number
of different areas in the samples. The collected statistics permits us to
determine the specific area of interphase boundaries of classes (1) to
(4), and to estimate in such a way semi-quantitatively their contribu-
tion to coercivity as (1):(2):(3):(4) ~ 2:1:5:2.

An important issue for the magnetic properties of NdFeB-based
magnets is also the interplay between Nd-rich phase in TJs and
Nd,0s5 layers in GBs. The presence of thin films of Nd-rich phase(s) in
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the Nd,Fe 4B/Nd,Fe 4B GBs is the special case of the more general
phenomenon of intergranular thin films (IGFs) [43-60]. The IGFs can
appear in equilibrium, non-equilibrium or steady-state structures
[61-69]. In the majority of cases IGFs are tightly related to GB wetting,
prewetting and premelting phase transformations (for review see
[54,55] and references therein). The transformation between complete
wetting (CW, Figs. 7c,d,g) and partial wetting (PW, Figs. 7a,b,g) of GBs
was first predicted by Cahn [70], and Ebner and Saam [71] from the
analysis of equilibrium in the region near the critical point of
two-component phase diagram.

Recently an extremely interesting phenomenon of pseudo partial
(or pseudo incomplete, or frustrated complete) GB wetting was pre-
dicted [72] and observed (see Figs. 7 e,f) [73]. This phase transition
lies between the PW and CW and marked as PPW in the generic phase
diagram proposed in [74] (Fig. 7g) [75-80]. In case of PPW, the thin
GB layer (i.e. IGF) can contact the droplets (or particles) of a second
phase at large non-zero contact angle (Fig. 7f) [80]. Such IGFs can be ob-
served in the broad ranges of concentrations, temperature and/or pres-
sure and drastically modify the properties of polycrystals. In contrast to
the thick (usually several tens of nanometers) CW GBs, the PPW IGFs
are only several nanometers thin and often difficult to be observed
[78]. This kind of phase transition can take place not only during the
liquid-phase sintering or annealing, but also during the mechanical
treatment [77,81-84].

The transition from PW to CW of Nd,Fe4B/Nd,Fe 4B GBs in ter-
nary NdFeB alloys takes place according to our data [85,86]. At
700 °C the fraction of completely wetted GBs is zero and it in-
creases up to almost 100% at 1200 °C. The analysis of published
data for the microstructure of liquid-phase sintered NdFeB-based
multicomponent alloys shows that the amount of GBs with zero
contact angle in these alloys is far below 100% [86]. In other
words, during the typical liquid-phase sintering at ~1100 °C only
low GB fraction is completely wetted. It means that the formation
of thick Nd-rich phase IGFs during liquid-phase sintering by PW-
CW phase transition is not the main reason for the appearance of
a Nd-rich GB phase.

Later we observed that PPW GBs also exist in NdFeB alloys [79] and
even make a significant fraction of the wetted GBs. We suppose that the
PPW is responsible for the formation of magnetically separating Nd-rich
IGFs for Nd,Fe4B grains [87]. In this work we demonstrated that (i) the
wetted IGFs in NdFeB-based alloys can contain not only metallic phases
(as generally supposed for this material) but also the layers of neodym-
ium oxide Nd,0s, and (ii) these layers can also effectively isolate the
Nd,Fe 4B grains to increase the coercivity of NdFeB-based permanent
magnets.

Fig. 5. TEM magnetic imaging of the sample at zero field. (a) Overview BF STEM image of the sample where magnetic domains marked by numbering. (b) Magnified dashed square
region of the same area as Fig. 4a displaying the corresponding magnetic domains. (c) TEM Lorentz image of the area shown in (b) taken at the defocus of —316 pm representing the
magnetic domain walls as bright and dark lines, marked by arrows, which are disrupted at the boundaries with T] area. The image in (b) and (c) are rotated to coincide with the

micrographs in Fig. 4.
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Fig. 6. TEM image of the area near the T] of three Nd,Fe 4B grains 1, 2 and 3. (a) bright field TEM micrograph. Lines at GBs and square in T] show the areas for HRTEM images. (b) HRTEM
image near the GB layer between Nd,Fe;4B grains 1 and 2. (c) HRTEM image near the GB layer between Nd,Fe;4B grains 2 and 3. (d) HRTEM image from the T] area marked by the square 1
in (a). (e, f, g) fast Fourier transforms (FFT) from the GB layers and T] area (b, ¢, d) correspondingly. The GB layers in (e, f) contain Nd,0s. The TJ area (g) contains the mixture of Nd (dotted
red circles) and Nd,Os3 (dotted blue circles). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

5. Conclusions

A certain fraction of GB layers of Nd-rich phase in the commercial
NdFeB-based permanent magnets studied here contains oxygen. The
crystalline lattice of these GB layers corresponds to that of the Nd,05
and not to those of metallic Nd or Nd-rich intermetallic compounds.
The Nd-oxide GB layers prevent the migration of domain walls from

one Nd,Fe 4B grain to another during remagnetization. Thus, the GB
oxide layers, similar to the “conventional” Nd-rich metallic ones, can
ensure the magnetic isolation between Nd,Fe 4B grains needed for
high coercivity. Therefore, the GB oxide layers can be used for fur-
ther development of NdFeB-based permanent magnets in combina-
tion with GB layers containing the metallic Nd or intermetallic
compounds.
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Fig. 7. The schemes for the wetting phase transitions of free surface and GB. (a) partial surface wetting, L - liquid phase, S - solid phase, G - gas phase; (b) partial GB wetting; (c) complete
surface wetting; (d) complete GB wetting; (e) pseudopartial surface wetting; (f) pseudopartial GB wetting; (g) generic wetting phase diagram [71,73], PW - partial wetting, CW -
complete wetting, PPW - pseudopartial wetting, CEP - critical end point, thick lines mark the discontinuous (first order) wetting transition, thin line mark the continuous (second

order) wetting transition.
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