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Abstract. In the paper, we summarize the USA research activities in the past two
years on high performance rare earth (R) based (nano)composite, hanostructured
and hybrid permanent magnets. The work discussed is organized in three major
sections (i) isotropic magnets based on the R,Fe 4B hard phase, (ii) anisotropic
magnets based on the R,Fe;,B hard phase and (iii) magnets with a R-Co hard
phase (1:5 and/or 2:17), including ultrahigh temperature Sm-Co magnets, Sm-Co
permanent magnets with almost zero reversible temperature coefficient of
residual induction for critical applications and ultrahigh temperature Sm-Co
magnets with small reversible temperature coefficient of residual induction.
Keywords: rare earth permanent magnets; nanocomposite magnets; hybrid
magnets; high-temperature magnets; R,Fe;4,B; SmCos; Sm,Fe;;; exchange
coupling; magnetostatic coupling; die-upsetting

1 Introduction

For the past few years, research for the
development of advanced permanent magnets has
been focused on the optimization of the magnetic
performance of rare earth based (hano)composite
and nanostructured magnets based on Nd-Fe-B and
Sm-Co with or without a cellular structure, and the
design of new hybrid magnets. According to the
theoretical models, the nanocomposite magnets
composed of a high magnetocrystalline anisotropy
(or "hard") phase and a high-magnetization (or
"soft") phase, have the potential to become about
two times stronger than the currently existing
magnets [1,2]. The typical hard phases used are the
R,Fe14sB, SmCos and Sm,Fe;; compounds, while the
soft phase is usually -Fe(Co). The condition is that
at least the hard magnetic phase is fully oriented
(anisotropic) and the structure is refined to the
nanoscale to allow an intergrain exchange coupling.
However, our latest studies showed that an
enhanced remanence effect and increased maximum
energy product (BH)nax can also be obtained in bulk
composite magnets with grain size exceeding the
nanoscale range suggesting that a positive magnetic
coupling can also originate from magnetostatic
interactions [3].

The macroscopic magnetic anisotropy derived
from the crystallographic texture can be achieved by
hot plastic deformation, usually via die-upsetting.
The experimental results showed that this technique
is very successful for R-rich R,Fe4B (R=rare earth)
[4], somewhat effective for SmCos and PrCos [5]
but ineffective for Sm,Co7 [6].

The R;Fe;4sB-based systems are important as
high maximum energy product permanent magnets

used at lower temperatures, while the Sm,Co;7 and
SmCos magnets are mainly used for high
temperature applications due to their high Curie
temperatures.

In this paper, we review the latest results on the
current efforts in USA, to develop high performance
rare earth permanent magnets, and to optimize their
magnetic performance.

2 Isotropic magnets based on the R,Fe4,B
hard phase

Following our past experience, the efforts in
producing isotropic nanocomposite R,Fe;,B/a-Fe
ribbons at the University of Delaware were
continued with a successful increase of the
maximum energy products (BH)ua.x to above 20
MGOe in ribbons with the following alloy
compositions:  ProFegsBs, PrsNdsFezsCosBs and
PrgCosFegyoBs. Enhanced values of (BH)ma Were
obtained by optimizing the temperature of the melt
at ejection onto the quenching wheel, which then
allowed the formation of a uniform nanophase
structure. By keeping the wheel speed constant at its
optimum value of 18 m/s, the alloy was spun at
different ejection temperatures in the range of 1300-
1500 °C. The maximum squareness of the
demagnetization curve, associated with the highest
value of the reduced remanence M,/M; = 0.8 and
(BH)max = 21 MGOe, was obtained at an ejection
temperature of 1360 °C [7].

Isotropic, nearly fully-dense Pr,Fe;,B/a-Fe
nanocomposite magnets have also been prepared by
underwater explosive shock consolidation at
University of Texas at Arlington [8]. The plastic



deformation of the powders with solid-state
interfacial bonding of the ribbon flakes occurred
during shock compaction ensuring a density close to
the bulk value. The compacting procedure allowed
the retention of the nano-scale structure, and an
even further refinement of the grain size necessary
for the exchange coupling between the hard and soft
phases. The following values of the magnetic
hysteresis parameters were reported: coercivity H.
of 6.56 kOe, remanence M, of 95 emu/g, and
maximum energy product (BH)max of 14 MGOe. The
magnetic properties were proven to be better than
those of resin-bonded magnets, since the magnetic
dilution was avoided. The low values of energy
products reported so far are attributed to the
isotropic nature of the magnets. However, much
higher values can be obtained in textured
anisotropic magnets.

3 Anisotropic magnets based on the
R,Fe14B hard phase

3.1 Single alloy technique

Development of anisotropic two-phase
R,Fe;,B / -Fe composite magnets has been a
challenge in the past few years mainly because of
their theoretically predicted giant energy product
(100 MGOe in ref. [2]). Hot plastic deformation is
known to be an effective technique for inducing
texture in nanocrystalline R-rich
(overstoichiometric) R Fe B magnets, but this still
remains a  challenge for the R-lean
(understoichiometric) R Fe B alloys. Typically,
texture develops successfully in the presence of a R-
rich phase, which is liquid at the temperature of
deformation and provides a diffusion path that is
necessary for the growth of favorably oriented
grains [4]. Even though our earlier experiments led
to the development of anisotropic under-
stoichiometric R-Fe-B magnets, by die-upsetting
blends of under- with over-stoichiometric alloys, the
texture was induced only in the over-stoichiometric
component [10]. On the other hand, the RF rapid
inductive compaction technique proved to be highly
effective in obtaining fully dense Nd-Fe-B magnets
with 4 - 12 at.% Nd [9].

In order to enhance the deformability and
texture development in the R,FeuB [/ -Fe
composite alloys processed by hot pressing followed
by hot deformation via die-upsetting, the influence
of the addition of Cu and Ga has been studied at the
University of Delaware. The amorphous or partially
amorphous precursors were obtained by (i)
mechanical milling of nominally stoichiometric (12

at% R) alloys and (ii) melt spinning of under-
stoichiometric (5-11.25 at% R) alloys. The milling
was done for 4 hours in argon. Melt spinning was
performed at a surface wheel speed of 26 m/s. The
alloys were consolidated at 780 810 C and
subsequently die-upset by 70 80% of their original
height at 810 825 C. It should be noted that,
though the homogenized ternary Pri,Feg,Bg alloy
contains practically no -Fe (0.3 wt%), in the die-
upset magnet, the amount of the -Fe phase
increases to 10.8 wt%. The die-upset magnet
prepared from Pri,FegyCu;Ga;Bg contained as much
as 17.2 wt% -Fe.

The effect of Cu content on the properties
of three different series of die-upset magnets is
shown in Fig. 1. The intrinsic coercivity decreases
monotonically with increasing the Cu content, while
the remanence and maximum energy product
increase with the addition of up to 1 at% Cu. For the
alloys with Pr, the increase is larger than for those
with Nd. The largest increases of 4 M, and (BH)max
are observed for the Pr-based alloys doped with Ga.
The remanence and energy product of the die-upset
alloys with  a nominal composition of
PrioFeg; Cu,GaiBg increase from 10kG and
16.1 MGOe for x=0 to 13 kG and 23.4 MGOQe for
x=1, respectively.

Similar effects were observed in the case of
under-stoichiometric melt-spun alloys (Fig. 2).
While the Pr Fe B and Pr Fe Co B magnets are
isotropic, the Cu-added magnets display a distinctly
anisotropic demagnetization behavior. Due to the
induced anisotropy, the remanence measured
parallel to the pressure direction increases from
8.8 kG for Pry15Fe;775CosBg  to  10.9 kG for
Pri1.25F€76.75C0sCu1Bs. However, this 24% gain of
4 M, is accompanied by a significant loss of H,
which drops from 4.7 to 2.7 kOe, and the increase in
(BH)max is relatively modest, from 12.1 to
14.9 MGOe. Simultaneous addition of Cu and Ga
increases (BH)max Of the die-upset magnet from
12.2 MG Oe for Pry1o5Fegr 75Bg to 18.4 MG Oe for
Pry1 o5Fegg 75CU1GaBg. The effect of Cu and
(Cu,Ga) additions on the anisotropy of die-upset
magnets is the same as in the case of mechanically

milled alloys.
TEM investigations on magnets fabricated
from the melt-spun and annealed

Pri1.25Feg075Cu1Ga Bg alloys showed that the hot-
pressed magnet consists of equiaxed grains about
30 nm in size, whereas die upsetting forms a
microstructure of oriented platelet grains with a long
axis of 100 200 nm and a short axis of 40 70 nm,
with the later one oriented along the pressure
direction (Fig. 3).
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Fig.1 Effect of Cu content on (a) maximum energy
product, (b) remanence and (c) intrinsic coercivity of
Ndleegz <Cu,Bg (l), PrisFeg «Cu,Bg (2) and
Pri,Feg; «Cu,Ga;Bg (3) die-upset magnets made from
mechanically milled alloys.
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Fig.2 Demagnetization curves of (a) Pry; ,5Fegs 75Bs, (D)
Pri125F€77.75C05Bg, (C) PriiasFess 75C0sCuiBg and (d)
Pri1 25Fego 715CuyGa, Bg die-upset magnets made from melt-
spun alloys. Curves were measured parallel (solid lines)
and perpendicular (broken lines) to the pressure
direction.

Despite the fact that all the die-upset composites
contain a relatively coarse microstructure, the
profile of the demagnetization curve in the 2"
quadrant is smooth indicating a magnetic coupling
between the component phases, which promotes a
magnetized state. Given that the grain size exceeds
the nanoscale range necessary for exchange
coupling, the only type of interactions is the long-
range magnotostatic one.

Fig.3 TEM microstructures of (a) hot-pressed and (b) die-
upset Pry; »5Fegg 75Cu;Ga;Bg magnets made from the melt-
spun and annealed (for 30 min at 500 C) alloy. The
labels indicate grains of the -Fe phase in the die-upset
sample.

In an attempt to obtain anisotropic 2:14:1 / -Fe
magnets with a larger amount of the -Fe phase, a
series of melt-spun R-lean alloys,
(ProlgTb0,2)2F693 ,CuiBg withz=5,6,7and 8 ( -Fe
phase is up to 63 wt% in the case of z = 5) have
been prepared [11]. The alloys were doped with Th
in order to compensate for the detrimental effect of
Cu on H. AIll four melt-spun alloys were
successfully hot-pressed into fully dense magnets
and subsequently die upset. The increase in the -Fe
content with decreasing z was consistently
accompanied by an increase in remanence.
However, because of the dramatic decrease of H.
(0.7 kOe for z = 5), the enhanced remanence
measured parallel to the applied field, 4pM,!, did not
lead to an enhanced (BH)ma. Moreover, the M///M,”
values of 1.1 - 1.2 indicates that no significant
texture was developed by die-upsetting in the
magnets with 5 - 8 at. % R. The TEM
microstructure of these die-upset magnets revealed
only equiaxed grains.

3.2 Blending technique

Anisotropic (nano)composite magnets were
prepared at University of Delaware by hot-pressing
followed by hot deformation via die-upsetting of
blends composed of higher-coercivity R-rich and
higher-magnetization R-lean ribbon powders. The
two components had the nominal compositions:
(Ndo.96DY0.04)14F€75C04 5Gag 5Bg or
(Ndo.7sDY0.25)14F€75C04 5Gag sBs (as R-rich ribbons)
and (Ndo.9sDYo.06)aFeqoNb,B, (as R-lean ribbons).
The hot pressing has been performed in the
temperature range of 780- 825°C and the die-
upsetting, in the temperature range of 825- 900°C
with a specimen height reduction of 65-80% at a



strain rate of 0.0087s In the hot-pressed compact, have observed that the hot deformed magnets
the grains are spherical with the diameter in theactually contained 3 - 4 wt. % lessFe than the
range of 50- 150 nm; die-upsetting producescorresponding starting blends due to the formation
platelet-like grains, as can be seen in Fig. 4. Giverof new minority phases containifg.

the refined microstructure, local exchange coupling

may occur in some regions giving rise to enhanced Q3 i i i i
values of the remanence. For the die-upset « ®
specimens, the addition of the R-lean alloy with e 20 / 1
higher magnetization, always decreadds and 10 _-® ]
(BH)max (Fig. 5a). However, if the coercivity of the ,,."
R-rich component is large enough, (é4y(R-rich) = o..."/;
22.5 kOe) the remanence increases by adding the R- 0) 14}
lean alloy (Fig. 5b). < e a0
s 12 *
® ® ®
§ | |jo—
(a) (b) < 10, :
Q °
< 20
o o\\.\
I 10 A N @
0 \.\--.\“* 2
0.
SR
T O30}, 8- 1
) O] S~—¢
Fig4 SEM  for  [(Ndo.odDY0.0d14F€75C 045G a0 Be]a- a ézo \.’
X[(Nd0,94Dy0,06)4FegloNsz4]X composite magnets: (a) hot- 10L ) ) . e, )
pressed and (b) die-upset. (a) 0 10 20 30 40 50
To further investigate the effect of the structure i X (wt. %)
morphology on the magnetic properties of the 15 '
R.Fe 4B / -Fe composite magnets, blendsRafich _—
RoFe 4B nanocrystalline powders arée micron- Xx=0 _ — —/F — -
sized powders have been processed atltieersity & 10 PR - ]
of Delaware[3]. The nominal compositions d®- = /
rich RJFe4B nanocrystalline powders were s /
NdisFer9GasBs and (N@.75DYo.25)14F€79 G2y 5B g° | x=0.5
and they were obtained from melt-spun ribbons | 26.5% a-Fe
produced at a wheel speed of 26 m/s. He . . . .
powder had a particle siZ244 nm. For hot plastic 925 20 15 -10 5 0 5

deformation, the previously hot-pressed samples

(b)

H (kOe)

were heated again to 9 and then they were
upset at this temperature by 65% - 70% of their
original height at the strain rate of 0.008 Eigure

3 presents the SEM micrographs of the initial Fe
powder and of the hot-pressed and hot-deformed
85%  (N&.7DYo.2514F€05GnsBs / 15% Fe
composites. The initidFre powder particles have an
irregular shape with an average size of abouti®0
After hot pressing (Fig. 6b) manfe particles
preserve the size and shape of the starting particles An increase of remanence withwas observed
(Fig. 6a), though some of them become thinin (100x)[NdisFeqsGaysBg] / xFe and (100-
platelets oriented perpendicular to the pressureX)[(Ndo.7sDYo.25)14F€705GansBg] / xFe series of
direction. After deformation, (Fig. 6c) all thee  blends upon hot-deformation at $a0 In the (100-
particles become thin platelets  oriented X)[(Ndo.7sDYo.25)14F€70 G sBg] / xFe magnets,
perpendicular to the pressure direction. The smallesaddition of 15 wt. %a-Fe to the starting blend
thickness of the-Fe platelet was aboutrim. We increases @M, from 10.6 to 12.04 kGj.e. by

Fig.5 (a) Variation of thea-Fe amount and magnetic
properties of die-upset [(N@.0eDYo.04)14F€75C04 5Gag 5Bl 1-
«[(Ndo 9DY0.084F€90Nb2B 4]y (dash) and
[(Ndo.75DY0.29)14F€70.5G 80 5B6] 1 (N o.94DY0.08) aFE9oND2B 4]
(solid) blends with the amount of the R-lean additin. (b)
Demagnetization curves for hot-pressed (dash) anded

upset (solid) [(Nth.0eDY0.04)14F€75C04 5Gag Bl -
x[(Ndo.94DY0.084F€90ND,B 4] blends.



