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In this review we consider the microstructure of grain boundaries (GBs) in the Nd-Fe-B-based alloys for permanent magnets. 
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 Nd2Fe14B / Nd2Fe14B GBs. These GB layers ensure the magnetic isolation of Nd2Fe14B grains from each other. It is 
generally supposed that such GB layers contain metallic Nd or Nd-rich intermetallic compounds. However, the commercial 
Nd-Fe-B-based permanent magnets frequently contain the tangible amount of neodymium oxide Nd2O3 in the triple junctions 
between Nd2Fe14B grains. In this review we show that oxide layers are also present in the GBs in Nd-Fe-B-based permanent 
magnets. The Nd-based phase in GBs can form continous layers between Nd2Fe14B grains (this case is called complete wetting). 
It corresponds to the zero contact angle between GB and Nd-rich phase. If the contact angle is non-zero, the Nd-based phase 
forms the chain of particles in the GB. In turn, if the GB between these particles is “dry”, this case is called the incomplete 
wetting. If the GB between the Nd-rich particles contains the thin layer of a Nd-rich phase (either metallic or oxide), this case 
is called the pseudo-incomplete (or pseudo-partial) GB wetting.
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1. Introduction

Since their discovery in 1980‑ies, the Nd-Fe-B-based alloys 
remain the best ones among other permanent magnets 
[1– 7]. They possess the highest magnetic energy product 
(BHc)max (B being the saturation magnetization, and Hc 
being the coercivity). Their B value now almost reached 
its theoretical limit thanks to the favorable combination of 
magnetic characteristics (saturation magnetization, and 
uniaxial anisotropy constant) of Nd2Fe14B intermetallic 
compound and careful alloying of the Nd-Fe-B-based 
permanent magnets. However, the coercivity is still far away 
from its possible maximum. Hc increases if the domain walls 
have a limited mobility, and cannot penetrate through the 
grain boundary (GB) from one Nd2Fe14B grain to another 
when the external magnetic field changes its direction and 
value [4, 5].

Usually, the Nd-rich phase in GBs is responsible for this 
“magnetic isolation” or decoupling of Nd2Fe14B grains from 
each other [4 –13]. For the best performance, the fraction 
of Nd2Fe14B / Nd2Fe14B 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 Nd2Fe14B / Nd2Fe14B GBs and GB triple junctions 
(TJs) appears during the liquid-phase sintering of Nd2Fe14B 
powder with REMs at about 1100°C followed by a definite 
heat treatment [7, 8,13]. It is generally believed nowadays that 
this Nd-rich phase is always formed by metallic Nd or several 

Nd-rich binary, ternary or multicomponent compounds 
consisted of REMs, TMs and boron [5,13].

However, the commercial Nd-Fe-B-based permanent 
magnets contain not only REMs, TMs and boron. During the 
production, some oxygen is always present in the protective 
atmosphere, and the easily oxidizing REMs form the oxides. 
The oxides are almost inevitable in commercial magnets. Large 
(from several to tens of μm) oxide particles in GB TJs are easily 
observed in the samples not only in our studies (see Fig. 1) but 
also in most published works [13 – 20]. Unfortunately, only 
few authors discussed the possible role of GB oxide layers 
in Nd-Fe-B-based permanent magnets [21– 30]. Partially, it 
is because the experimental possibility for the reliable local 
measurements 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, first studies 
were done where oxygen was detected in thin layers of Nd-rich 
GB phase by means of EELS technique [22, 23]. The fast-
Fourier transformation (FFT) of the micrographs obtained 
by the high-resolution transmission electron microscopy 
(HR TEM) also reveals the presence of GB layers with Nd2O3  
structure [23 – 30].

2. GB oxides in Nd-Fe-B-based alloys

The oxides are almost inevitable in the Nd-Fe-B-based 
sintered permanent magnets [13 – 20]. In laboratory 
conditions, the special care is frequently taken to exclude 
the influence of oxygen  [31]. These precautions are too 
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expensive in case of industrial production, and oxygen is 
usually present in the sintered Nd-Fe-B-based permanent 
magnets [32]. X-ray diffraction (XRD) data show that they 
contain at least few percent of Nd2O3 or NdOx phases with 
cI80 and fcc lattice, respectively [6, 7,15, 33, 34]. Nd2O3 phase 
can also have hP5 hexagonal structure (for the reference of 
the Nd and neodymium oxides crystal structure see Table 1). 
The metallic Nd phase can exist with fcc and double hcp 
(hP4) lattice. The oxide particles in Nd2Fe14B grains TJs are 
clearly visible in SEM [5, 6,13,14,16 –19, 35 – 37] and TEM 
[6, 7,14,17, 27, 28, 38, 39]. In addition to the results obtained 
from XRD and electron diffraction, the EDS measurements 
also reveal the presence of oxygen in these non-metallic 
particles [7,15,16, 20, 35 – 37, 40]. Thus, the bulk oxides are 
conventional in the sintered Nd-Fe-B-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 Nd2Fe14B grains from 
each other [4 –13]. In turn, this magnetic isolation leads to 
high coercivity of the sintered Nd-Fe-B-based permanent 
magnets [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 Nd-Fe-B-based 
permanent magnets is measured by EDS in TEM and SEM 
[6, 41– 43]. In these measurements, the content of main 
metallic elements is mostly determined [6, 43], and only very 
seldom that of oxygen [6, 41, 43]. For example, the minima of 
iron and cobalt concentrations as well as maxima of oxygen, 

fluorine, neodymium and praseodymium concentrations 
were observed by EDS in the ~4  nm thin GB  area  [43]. 
Unfortunately, the data for oxygen concentration obtained 
by EDX are not very reliable in comparison with the content 
of metallic elements due to the low atomic mass, low peak-
to-background ratio and EDX peaks overlapping. 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 Nd2Fe14B / Nd2Fe14B GBs 
containing 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 Nd2Fe14B 
phase. Unfortunately, the analysis of phase composition of 
Pr-Nd- O-rich GB layers were lacking in the cited articles, as 
well as the evidence on Nd2Fe14B phase magnetic decoupling.

Atom probe tomography was also applied to detect 
oxygen in Nd-Fe-B hard magnets [6, 44]. The measured 
volume contained ~5  nm thin GB layer between Nd2Fe14B 
grains. The grains expectedly contained iron, neodymium, 
praseodymium, boron and they were oxygen free. Contrary, 
the GB layers were free of boron and iron, but revealed the 
peak of oxygen and Nd + Pr mixture. Depending on the 
processing conditions, the GB phase was found to be either 
Nd6Fe13Ga intermetallic compound, amorphous or crystalline 
neodymium oxide with cI80 structure. The amorphous 
Nd-rich GB layers were also observed in Refs. [5,13, 42]. 
In Ref. [39] it was shown that the GB layer phase composition 
depends on the content of trace alloying components.

In [34] the possible influence of GB phase on the magnetic 
properties of Nd-Fe-B 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 oxides Nd2O3 (a-type, 
hP5 and c-type, cI80), and NdO (cF8). It was shown that some 
of these phases (namely, fcc Nd, Nd2O3 cI80 and NdO cF8) have 
less detrimental effect on Nd2Fe14B grains coercivity.

TEM and HREM studies in Nd-Fe-B-based sintered 
magnets revealed that GBs can contain thin layers of Nd-rich 
phase with Fm3−m or P 63/mmc as well as P 63/mmc, Im3−m or 
Ia3− crystalline structure [13,17,18, 21, 24 – 30]. In first case 
such structure can be assigned to the conventional metallic 
Nd phase (see Table  1). In latter case the P 63/mmc, Im3−m 
or Ia3− crystalline structures are typical for the Nd2O3 oxide 
(see Table 1). In the addition of structural TEM and HREM 
data, the presence of elemental oxygen in the thin GB layers 
have been revealed by the EDS [21, 29, 30] or atom probe 
tomography  [13]. Moreover, in  [29] the authors claim that 
“a certain amount of oxygen is an indispensable ingredient 
to achieve a high coercivity in Nd-Fe-B sintered magnets”. 

Fig.  1.  SEM micrographs of commercial Nd-Fe-B-based sintered 
alloy. Nd2Fe14B grains appear dark. Nd-rich GB and TJ layers appear 
bright. Nd2O3 particles appear dark-grey and faceted. Positions 1 to 
4 mark the locations of thin GB wetting layers.

ICSD # Space group symbol Pearson symbol Formula Cell parameters Ref.
100211 P 63/mmc hP5 Nd2O3 a = 3.947 c = 6.277 [45]
100216 Im3−m cI5 Nd2O3 a = 4.41 [45]
191535 Ia3− cI80 Nd2O3 a =11.08 [46]

Fm3−m cF8 NdO a = 4.994 [46]
76591 Fm3−m cF4 Nd a = 4.917 [47]

9008508 P 63/mmc hP2 Nd a = 3.657 c = 5.9020 [48]
76592 P 63/mmc hP4 Nd a = 3.6582 c =11.7966 [49]

Table  1.  Structural data for neodymium and oxide neodymium phases.
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Thus, summing up the published data one can see that the 
presence of neodymium oxide is a characteristic feature of 
Nd-Fe-B- based magnets.

3. GB wetting phenomena in Nd-Fe-B-based alloys

An important issue for the magnetic properties of 
Nd-Fe- B-based magnets is also the interplay between 
Nd-rich phase in TJs and Nd2O3 layers in GBs. The presence 
of thin films of Nd-rich phase (s) in the Nd2Fe14B / Nd2Fe14B 
GBs is the special case of the more general phenomenon 
of intergranular thin films (IGFs) [50 – 67]. The IGFs can 
appear in equilibrium, non-equilibrium or steady-state 
structures [68 – 78]. In the majority of cases IGFs are tightly 
related to GB wetting, prewetting and premelting phase 
transformations (for review see [61, 62] and references 
therein). The transformation between complete wetting (CW, 
Figs. 2c, d, g and 3 a) and partial wetting (PW, Figs. 2 a, b, g 
and 3 b) of GBs was first predicted by Cahn [79], and Ebner 
and Saam [80] from the analysis of equilibrium in the region 
near the critical point of two-component phase diagram.

Recently an extremely interesting phenomenon 
of pseudopartial (or pseudoincomplete, or frustrated 
complete) GB wetting was predicted [81] and observed (see 
Figs. 2 e, f)  [82]. This phase transition lies between the PW 
and CW and marked as PPW in the generic phase diagram 
proposed in [83] (Figs. 2 g and 3 c) [84 – 89]. 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 
(Figs. 2 f and 3 c) [89]. Such IGFs can be observed in the broad 
ranges of concentrations, temperature and / or pressure 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 [87]. This kind of phase transitions 
can take place not only during the liquid-phase sintering or 
annealing, but also during the mechanical treatment of the 
material [86, 90 – 93].

The transition from PW to CW of Nd2Fe14B / Nd2Fe14B 
GBs in ternary Nd-Fe-B alloys takes place according to our 

data [94, 95]. At 700°C the fraction of completely wetted GBs 
is zero and it increases up to almost 100 % at 1200°C (Fig. 3). 
The analysis of published data for the microstructure of 
liquid-phase sintered Nd-Fe-B-based multicomponent alloys 
shows that the amount of GBs with zero contact angle in 
these alloys is far below 100 % [95]. 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 Nd-rich GB phase.

Later it has been observed that PPW GBs also exist in 
Nd-Fe-B alloys [88] (Fig. 4) and 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 
Nd2Fe14B grains [96]. This concerns both metallic Nd or Nd-rich 
intermetallic compounds as well as Nd-oxide GB layers.

	          a			                c				    e

	          b			               d				    f			              g

Fig.  2.  The schemes for the wetting phase transitions of free surface and GB. partial surface wetting, L — liquid phase, S — solid phase,  
G  — gas phase (a); partial GB wetting (b); complete surface wetting (c); complete GB wetting (d); pseudopartial surface wetting (e); 
pseudopartial GB wetting (f); generic wetting phase diagram [80, 81], 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 (g).

Fig.  3.  Temperature dependence for the fraction of Fe14Nd2B GBs 
completely wetted by the Nd-rich phase (large full squares, thick 
line) [94]. Tws = 690 ±10°C and Twf =1150 ±10°C are, respectively, 
the temperatures of the beginning and end of the GB wetting 
phase transition of Fe14Nd2B GBs by the Nd-rich liquid phase. 
The large filled squares represent the results obtained in [94]. The 
small symbols are the results obtained by analyzing data from the 
literature for liquid-state sintering samples [94].
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4. Conclusions

GB layers of Nd-rich phase play crucial role in the 
Nd-Fe- B-based permanent magnets. A certain fraction of 
these Nd-rich GB layers contains oxygen. The crystalline 
lattice of these GB layers corresponds to that of the Nd2O3 
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 Nd2Fe14B grain to another during 
magnetization and de magnetization. Thus, the GB oxide 
layers, similar to the “conventional” Nd-rich metallic ones, 
can ensure the magnetic isolation between Nd2Fe14B grains 
needed for high coercivity. Therefore, the GB oxide layers 
can be used for further development of Nd-Fe-B- based 
permanent magnets in combination with GB layers 
containing the metallic Nd or intermetallic compounds. The 
morphology of intergranular phases is controlled by the GB 
wetting phase transitions.
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