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Tlie Nd-rich material which occiirsin tlie intergranular rcgions of sintered Nd-Fe-B magnets
is important in tlie liquid pliase sintering proccss and also serves to magnetically isolate the
Nda,Fe 4B grains. In ternary magnets, tliis material consists of several phases, one of wliicli
may be tlie metastable, ferromagnetic pliase referred to as 4;. This pliase also occurs in
binary Nd-Fe and otlier aloys. This paper discusses the magnetic and structural propertics
of Al and discusses its role in tlie coercivity of NdFeB magnets. Anncaling A; in binary
alloys transforms it into a new intermetallic compound Nd;Fe;7, whose propertics are also
discussed. Additions of Al, Cu, Ga, V, Nb, aiid other elements to ternary magnets result
in tlie formation of new intcrgranular phases whose influence on tlie cocrcivity can be quite

remarkable.

I. Introduction

Sagawa et al.! at the Sumitomo Special Metals Co.
initially reported tlie fabrication of permanent magncts
based on the Nd,Fe 4B phase via a powder metallurgy
process. Croat et al.? at General Motors also reported
high performance Nd-Fe-B perinanent magnets pro-
duced by melt-spinning. Compounds such as RgFe 4B
possess a tctragonal structure and, at room tempera-
ture, the easy magnetization dircction is tlie tetragonal
axis. Thus, the outstanding properties of tliese mag-
nets are duc to tlie high saturation magnctization and
magnetocrystalline anisotropy of the NdsFe;4B pliase.

Tlie worli-wide Nd-Fe-B magnet industry whicli has
grown up since 1984 is based almost entirely on tlie
powder mete lurgy process patented by Sumitomo. Af-
ter grinding tliealloy aiid alligning tlie powder in a mag-
netic field, t! e green compacts are typicaly sintered for
one liour around 1080°C and then rapidly quenched. To
develop high cocrcivity values, tlie as-sintered magnets
are licated fcr one liour at 600°C. Tlie increase in H,
after this 600°C lieat treatment can be seen in Figure
1for a magnet of composition Nd-73.5at%Fe-6.5at%B.
One of tlie important qucstions concerning tliese mag-
nctsistlie natureof tlie changeswiiicli take place during
tliisheat treatment, tliereby giving rise to the observed
cocrcivity increase.

In tliis respect, attention lias been focused on botli
the surfaces of tlie Nd;Fe 4B grains and on the Nd-rich
intergranular regions. Depeiiding upon tlie composition
of tlie magnet, the Nd-rich intergranular region may
constitute up vo 10% of themagnet volume. It possesses
a composition close to that of tlie binary eutectic®. Dur-
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Figure 1. M vs. I for sintered Nd-73.5at.%Te-
6.5at.%B magnets. Solid curve corresponds to mag-
net sintered 1h/1040°C; dashed curve was sintered
11/1040°C and annealed 1h/600°C. [From Ref. 10].

ing sintering, tliis material isin tlie liquid pliase and
aids in reconstituting tlie surfaces of Nd;Fe;4B grains.
Since tliis region is highly susceptible to corrosion, it
is desirable to limit its volume. Tlie phases which oc-
cur in this part of tlie magnet may affect magnetization
reversal, as will be discussed bclow.

Tlie coercive fidd 11, of rare eartli permanent mag-
neis lias frequently been treated in terms of a phe-
nomenological cquation®® :

ffc ZO'I{A -—NeffM‘, (1)

In tliis equation H 4 is tlie anisotropy field and A/, tlie
saturation magnetization. N.s; is an eflective demag-
netizing coeflicient wliicli takes into account tlie self-
demagnetizing field of each grain as well as the demag-
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netizing fields of the neighboring grains. The coefficient
o describes the reduction in the anisotropy field due to
microstructural effects®. Tliis equation was used, for
example, by Sagawa and Hirosawa® to study tlie effect
of tlie600°C lieat treatment on tlie coercivefield. These
autliors observed an increase in a and a reduction in
N5z upon annealing and attributed these clianges to
a smoothing of the NdsFe 4B grain surfaces. Tlie elim-
ination of sharp corners along grain boundaries would
tlius give rise to a microstructure similar to tliat of the
ideal microstructure shown in Figure 2. Transmission
electron microscopy (TEM) appears to show a smooth-
ing of tlie grain surfaces and apparently is consistent
with these conclusions.

Figure 2.: Ideal microstructure for a Nd-Fe-B magnct
wliereeach grain of Nd;Fe 4B (¢) issurrounded by Nd-
rich material. [From Ref. 43].

It is worth remenibering, liowever, that TEM in-
vestigations are very dependent upon sample prepara-
tion and tlie Nd-ricli intergranular regions may give rise
to artefacts due to sample oxidation®. In fact, Hiraga
et al.” reported tlie observation of a nonequilibrium
bce pliase aong the grain boundaries in sintcred Nd-
T7at.%Fe-8at.%B magnets. This phase, assumed to be
magnetically soft, would reduce the nucleation field at
the grain boundaties. Later, liowever, it was claimed3°
tliat the bcec phase was an artefact produced during tlie
ion thinning of the sample.

Another approach to understanding the grain
boundary region lias involved tlie study of eutectic
alloys'® whose composition is very close to that of tlie
Nd-rich intergranular material encountered in Nd-Fe-B
magnets. Thus Schneider et al.!® reported a coercive
fidld H, = 3.9 kOe in an as-cast alloy of composition
Nd-15at%Fe-5at%B and attributed this to a metastable
fcrromagnetic pliase (A1) with T, = 245°C. Tliis com-
position is very close to tliat of tlie material found
in the intergranular regions. Although the A; pliase
is magnetically hard, it is softer than tlie Nd,Fe;4B
phase. After annealing for 2 h at 600°C, they found
H, = 14.1 kOe. Subsequent investigation!! showed
that the metastable 4; phase had been transformed
into Nd,Fe;4B by the annealing. Schneider et al.1%12
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thus attributed the beneficial effect of tlie 600°C an-
neal in commercial magnets to tlie clintnation of tlie
metastable ferromagnetic A; pliase from tlie intergran-
ular regions. Tlie process by which a relatively soft
ferromagnetic pliase can aid magnetization reversal in
a harder phasc isillustrated in Figure 3.

Figure 3.. a) Magnetization reversal in a soft ferro-
magnetic phase in tlie intergranular region due to tlie
magnetic field H; b) nucleation of a domain in tlie di-
rection of Il in agrain of ® (NdjFe;4B); €) propagation
of this domain tlirougliout tlie grain; d) magnetization
reversal in a neighboring @ grain. [From Ref. 43].

In tlie studies o tlie cutectic aloys, it is important
to demonstrate that tlie plienomena observed in tlie
aloy are representative of tliosr occuring in real mag-
nets. Tliis essentially involves the extrapolation of tlie
experimental results to tlie liinit in wliicli tlie Nd-rich
dloy is asmall fraction of tlie magnet under study. It
is difficult to observe tlie A; phase in real magnets.
The most significant result was obtained by Nozieres!3
for a magnet of coniposition Nd-73.5at.%Fc-5.5at%B.
For the as-sintered Nd-rich {21at.%) magnet, mcasure-
ments perpendicular to the alignmeiit direction of tlie
magnet diowed a T, = 245°C (A, pliase) as well as
T, = 310°C (NdyFe4B). After annealing tlie magnet
at 600°C for one hour, tlie coercivity of tlie magnet
had increased from 2.7 kOe to 8.5 kOe and tlie magnet
showed a small Curie event at 237°C. Tliis result indi-
catestliat tlie nature of tlie intergranular material liad
changed during the annealing process. Microstructural
evidence of asimilar kind was obtained by Landgraf!*.
He presented micrograplis showing intergranular phases
in a Nd-rich magnet. After annealing at 600°C for one
liour, the micrographs showed tliat these intergranular
phases had disappeared.

Other researchers have dliown tliat it is possible to
modify magnet properties by modifying tlie intergranu-
lar regions. Tenaud et al.!®!% showed that it is possible
to obtain substantial improvements in coercivity and
corrosion resistance by adding specific combinations of
V, Co, and Al to ternary magnets. TheV inliibitsgrain
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growtli aad leads to the formation of V-rich borides
V3-zFe, B, which result in tlie elimination of soft mag-
netic impurity pliases. The corrosion resistance of tlie
magnets is greatly improved by the V addition, which
stabilizes tlie Nd-i-ich intergranular region. Tlieoreti-
cal treatments of excliange-coupling of hard rnagnetic
graiiis by a softer magnetic pliase have recently been
given'?. S milar results are obtained by Mo addition!”.
Another important case wliere the modification of in-
tergranular phases results in improved coercivity is in
PrFeBCu magnets, wliich can be produced by casting
and hot working. Kajitani et al.!® showed that a 2 hour
anncal at <80°C resultsin a drastic iinprovemerit in co-
ercivity when tlie antiferromagnetic PrsFe13Cu phase
is formed n tlie grain boundary. An extensive series
of tetragoral compounds ReFesM (M = Cu, Al Ag,
Sn, Pb, SE, Bi,....) may be formed witli largely com-
pensated niagnetic structures. These are tliouglit to
have beneficial effécts on coercivity when tliey occur in
permanent magnets.

Tlie remainder of tliis paper will be concerned with
tlic properties of tlie metastable A; pliase as wel as
tliosc phases wliicli may be formed from it upon an-
nealing (NdsFey7, NdgTe;3Al).

II. Properties of tlie Metastable A; Phase

Magnetic measurements on as-cast Nd-rich binary
Nd-TI'e dloy:; reveal tlie presence of a hard magnetic
pliasewith 7, = 245°C and H, ~ 5kOe. Micrographs!®
diow tlie presence of primary Nd and a very fine (~
1pm) A; 4+ Nd eutectic. The high coercivity of ap-
proximately 4.5 kOe in neodymium-rich Nd-Fe aloys,
reported for tlie first timein 1935 2%, can be explained
as being due to tlie magnetically liard A; pliase, with
a small grain size, embedded in a non-ferroniagnetic
ncodymium raatrix. Samples wliich have been annealed
around 600°C for short periods of time show different
cutlectic microstructures, whicli, liowever, present the
same 7. valve. Results to be presented below show
tliat these di:Terent morphologies all possess the same
Mossbauer sypectrum, suggesting, therefore, that they
all corresponi to the same phase. As-cast Nd-rich
ternary Nd-Fe-B alloys also show the presence of a eu-
tectic microstructure!®!® similar to that found in as-
cast binary aloys and magnetic measurements show
tliat tlie magnetic phase lias T, = 245°C. This led to
tlie suggestion tliat the ternary eutectic microstructure
isaso Ay. Later re-examination of the ternary phase
diagram®** showed tliat the solidification of ternary al-
loys may terminatein or near the binary eutectic, thus
explaining hoir the 4; phase could appear in both bi-
nary and ternary alloys.

Becuuse of the very fine eutectic rnicrostructure, it
has been extrrmely difficult to study the structure or
determine tlie composition of the A; phase. One recent

neutron diffraction study®! of A; has reported tlie exis-
tente of structural correlation at a distance of 25 A, sug-
gesting an amorphous or nanocrystalline pliase. How-
ever, rccent Mossbauer results?? are consisteiit with a
description of A; in terms of a crystalline pliase. At-
tempts to measure the composition of tliis pliase have
also been hindered by tlie fact tliat the regions corre-
sponding to A, in tlie 4, + Nd eutectic are about the
same size as tlie resolution of tlie EDS measurement.
Be tliat as it may, EDS measuremcntsof A, platelets®
diowed ~ 34 at% Nd and no Al contamination. TIliis
valuefor Nd issimilar to tliat found by Gricb et al.23 for
tlie u pliase in tlie Nd-Fe-Al system aiid similar to tlie
value (33at%) fouiid by Sclineider et al.?4 in tlie feath-
ery eutectic of DTA samples. Givord et al.? presented
an analysis from magnetic measurements suggesting
that tlie composition of A4; corresponds to 31at% Nd.
Thus tliere is rough agrcement about the composition
even though tlie structure is still uncertain.

As was mentioned previoudy, the maximum coer-
cive fidd observed for the A; pliase is about 5 kOe.
Tlie room temperature saturation magnetization of tliis
phase lias been estimated?® to be 150 emu/g. Tlie tem-
perature dependence of tlie anisotropy field 7, was
measured for Nd-xat%Fe (25 < x < 40) aloys by
tliesingular point detection (SPD) technique?® and tlie
room temperature value of /74 = 19 kOe was found for
a Nd-20 at%Fe aloy. Theroom temperature Mossbauer
spectra?? of an as-cast and an annealed A; sample is
sliown in Figure 4. These spectra were fit witli four
magnetically split subspectra and tlie fitting parame-
ters are given in Ref. 22. The great similarity between
these spectrasuggests that tlie Fe atoms have tlie same
local environments in botli the as-cast and annealed d-
loys. This suggests tliat tlie different morphologies of
A, actually correspond to tlie same phase. It is worth
commenting also on one o the subspectra with an ex-
ceptionally large hyperfine field (B,; = 339 kG.) which
gives rise to the well-resolved line at ~# 6 mm/s. Tliis
subspectrum - characterized by a B, largely exceed-
ing tlie average, a positive isomer shift, and a large
quadrupole dliift, but having a small linewidth - ob-
viously corresponds to a well-defined crystallographic
site. The same features are also encountered in RyFey7
compounds, in which tliey characterize tlie "dumbbell™
Fe sites. Tliis coincidence leads us to believe that the
present phase niight have some structural elementsin
common witli NdaFey7.

We have included in Figure 4 the Mossbauer spec-
trum of a Nd-58at%Fe-5at%Al alloy, annealed at 600°C
for 20 days to produce the ternary p pliase. These
spectra were recalculated to display only the character-
istics of the main ferromagnetic phase. The similarity
with the other two spectra cannot be overlooked. In
particular, the dumbbell-like subspectrum (here with
Bpy = 320kG) is clearly present. It is tempting to as-
sume tliat tlie Ay phases described here are identical
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Figure4.: Room temperature Mossbauer spcctra, recal-
culated witli fitted hyperfine parameters of main fer-
romagnetic pliase only (A) as-cast Nd-27at.%Fe; (B)
anncaled Nd-20at.%Fe (600°C/2h); (C) p pliase Nd-
58at.%Fe-5at.%Al. [From Ref. 22].

or very similar to the g pliase for vanishing Al content.
If tliisis truc, the smaller B, values for tlie Nd-Te-Al
alloy(< Bps; >=258 kG) are explained by the preseiice
of nonmagnetic Al. This conclusion is consistent witli
data on composition and microstructure. Delamare et
al.27 recently reported a TEM study of the p phase of
tlie Nd-Fe-Al system. They fouiid tlie structure of
to consist of along period stackiiig of planes typical of
polytypisin. The basal planes showed a diffraction pat-
tern witli a sisfold symmetry, cliaracteristic of a two-
dimensional Lexagonal structure witli a=1. G nm. A
12R stacking sequence witli ¢ = 15 nm was observed.
Further investigations would be desirable to show tlie
structural elements reveaed here.

It is important t0 mention, finally, tliat A; is un-
stable upon annealing. However, tlie pliase which is
stable after annealing is different for binary Nd-Fe aiid
ternary Nd-Fe-B dlloys. After annecaling binary Nd-
Fe alloys containing A; at GOOPC for sliort times (24h)
one obtains tlie new intermetallic compound NdsFe,7,
which will be discussed in the next section. In ternary
Nd-rich alloys containing A;, sliort anneals at 600°C
transform A; into NdaFe 4B 1112, Sclineider et al.1912
tlius attributed the beneficialeffect of tlie 600°C anneal
in commercial magnets to tlie elimination of metastable
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A; from tlie intragranular regioiis.

I11. Intermectallic Compounds RzFe;; (R = Pr,
Nd, Sm)

As was mentioned above, sliort annealings of Nd-
rich aloys containing A; will result in tlie formation
of a new intermetallic compound NdsFe;7 12,28 This
compouiid lias T, = 230°C, alinost no cocrcivity, aid
liexagonal P63/mem symmetry?®. It was previously ref-
ered t0 as A2 by Schneider aiid coworkers. Tlie Nd and
Te atoms are well separated in tliis material, forming
loiig columns in a highly anisotropic structure. The
new binary pliase diagram for Nd-Fe ° shows that
NdsFeir forms peritectically between 770 and 790°C.
Sce Figure 5. It can be obtained from Te-rich, nearly
stoicliionietric aloys, after annealing for times up to
2 months'%®®, The extremely slow formation of tliis
compouiid explains why it lias cluded researcliers until
recently.
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Figure 5.: Reviscd binary Nd-Fe pliase diagram. From
[Ref. 19].

On tlie other hand, tlie equivalent Pr compound
lias not been observed®®~32. Iowever, a recent study
of Nd-Pr-Fe alloys®® has shown tliat tlie solubility
limit of Pr in tlie Nd;Fey7 pliase corresponds to about
(Nd75Pras)sFey7. Determination of tlie exact limit is
hampered by tlie fact tliat samples with liiglier Pr/Nd
ratios have slower formation rates for tlie 5/17 com-
pound. One can also try to make tlie 5/17 compound
witli Sm. A pliase witli tlie same structure is observed
in sputtered Sm-Fe-Ti samples witli coercivities of up
to 50 kOe at room temperature3435,
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Tlic Jact tliat NdsTe;7 is magnetically soft, while
tlic corresponding Sm compound shows high coerciv-
ity, suggests tliat tlie magnetic aiiisotropy in tlie Nd
coinpound is planar, while tliat of tlie Sm aloy is uni-
axial. X-ray diffraction measurements on NdsTe,7 pow-
der which had been aligned in a magnetic field indeed
indicate®® planar anisotropy in NdzFeqz. Tlius, tlic ap-
pearance of tlie Nd compound in tlie iiitergranular re-
gion of a permanent magnet would be prejudicia to
cocrcivity, in general. Recently, however, Wallace and
coworkers37 have reportcd tlie synthesis aiid propertics
of amag; ctically liard 5/17 pliase in Sm-Fe-Co-Ti sin-
tered magnets.

I'V. Other Intergranular Phases

As was mentioned in tlieintroduction, many groups
have examined tlie irifluence of various dopants on
tlic coercivity of Nd-Fe-B magncts. Tlie effect of
tlie dopar ts can be divided into two categories, cach
with siniilar microstructural features. Both typcs of
dopants increase tlie coercivity or improve corrosion
resistance”™. Tlie main feature of type-1 dopants (Al,
Ga, Cu,...) is tlic formation of a tcrnary pliase with
R aiid Fe while tliat of tlic type-2 dopaiits is their
low solubility in tlic2/14/1 pliase. Tlie type-2 dopants
form ternary Fe-boridcs wliicli inay precipitaic within
tlic 2/14/1 grains Or may appear as new intergranular
phases.

Tlie addition of Al aiid Ga t0 permanent magnets
Lias bcen considered by many groups. Although the
addition of Ga is more beneficial than tliat of Al be-
cause tlic colubility of Gain tlie 2/14/1 pliasc is lim-
ited to smzll values, Al addition will be discusscd here
bccausc of its widespread use in commercial magiicts.
Grich aiid coworkers?>3%4° Lave made extensive studics
of the ternary pliasc diagram Nd-Fe-Al, as well as tlie
propertics of tlie ternary intermetallic compounds re-
ferred to asp aiid S. Tlic § phase (NdgFe;3A1) possesses
tetragonal symmetry and a compensated spin structure,
Since tlie solubility of Al in tlie 2/14/1 pliase is rela-
tively low?!, it can reach relatively high concentratioris
in tlicintergranular regionsof Nd-Fe-B pcrmanent mag-
nets. Knoci et al.4! estimate tlie Al concentration in
tlic intergranular region to be 7.5-9 at.% for a magnet
whose overall Al concentration is 3 at.%. Politano and
coworkers?? 4% have recently studied tlie addition of Al
oii tlic magnetic propertics of tlie A; pliase in Nd-(20-
x)at.%Fe-xat. %Al (X = 1—10) aloys. When z exceeds
5a1.% Al, aanealing of tlie A4; pliase at 600°C results
in tlic formeztion of tlie é pliasc, wliicli is paramagnctic
at room temperature. Tlius, it was suggested tliat tlie
beneficial effect of aluminum in commercial Nd-Fe-B
magnets may be due in part to its role in eliminating
ferromagnet C intergranular pliascs.

V. Conclusion

Tliis paper lias discusscd tlic magnetic aid struc-
tural propertics of tlie mctastable, ferromagnetic pliasc
referred to as 4, which occursin Nd-Fe, Nd-Fc-B, aiid
other Nd-Fe-M alloys. Ve have iiisisted tliat tlic elim-
ination of tliis pliase {rom tlic intergranular region is a
possible explanation of tlie beneficial eflect of tlic 600°C
anneal in commcercial magnets. Similarly, tlie improved
coercivity observed in niagncts which have been doped
with various elements seems to have its explanation in
tlic modification of tlic intergranular phases. Tlicrc re-
main, however, many unanswered questions about tlic
dctailed nature of tlie processes undcr discussion.
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