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Iron-rich compounds with the tetragonal ThMn;,-type structure have the potential to meet current
demands for rare-earth-lean permanent magnets with high energy density and operating temperatures
of 150-200 °C. However, while it is normal for magnet technology to lag behind the development of
underlying magnetic material, this gap has always been unusually large for ThMn;,-type magnets. The
gap has widened further in recent years, as excellent combinations of intrinsic magnetic properties have
been obtained in compounds synthesized with a smaller amount of structure-stabilizing elements (e.g.,
SmFe 1V or Smg gZrqFeg2C0, 3Tig 5) or with no such elements (i.e., SmFeg gCo; 4 thin films). The search for
promising compounds continues—with increasing help coming from theoretical calculations.
Unfortunately, progress in the development of magnets beyond polymer-bonded interstitially modified
powders remains marginal. The introduction of lanthanum (La) was found to stabilize low-melting-
temperature minority phases in Sm(Fe,Ti);, alloys, thus allowing for liquid-phase sintering for the first
time. The high reactivity of La, however, has apparently undermined the development of coercivity
(Hc). A controlled crystallization of the initially suppressed ThMn;,-type phase makes “bulk” magnetic
hardening possible, not only in Sm-Fe-V alloys (in which it has been known since the 1990s), but also
is in La-added (Ce,Sm)(Fe,Ti);> alloys. The properties of the bulk-hardened alloys, however, remain
unsatisfactory. Mechanochemically synthesized (Sm,Zr)(Fe,Si);> and (Sm,Zr)(Fe,Co,Ti);, powders may
become suitable for sintering into powerful fully dense magnets, although not before a higher degree
of anisotropy in both alloys and a higher H. in the latter alloy have been developed.
© 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. 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 an investigation of “new materials” [1], including the not-so-new

RT;,. Since the composition of these materials has the lowest

Tetragonal ferromagnetic compounds of the ThMn;, type—that
is, RT{> compounds in which R stands for rare earth element and T
is mostly iron (Fe)—were recognized as promising hard magnetic
materials as early as the 1980s. At that time, however, another
iron-based 4f-3d compound, Nd,Fe 4B, was being rapidly devel-
oped into powerful permanent magnets. Its higher saturation mag-
netization, relative ease of developing a useful coercivity (H.), and
phase equilibria favoring liquid-phase sintering and hot plastic
deformation ensured the primary role of Nd-Fe-B, which now
dominates the market of high-power permanent magnets.
Recently, the rapidly growing demand for magnets operating at
150-200 °C and the 2010-2011 rare-earth supply crisis instigated
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rare-earth content among the 4f-3d compounds, magnets based
on these compounds may be less reliant on critical raw materials.
Unlike Nd,Feq4B, RFej>-type compounds are characterized by a

negative value of the crystal field parameter A2; thus, they exhibit
the strongest uniaxial magnetocrystalline anisotropy for the rare
earths R with a positive Stevens coefficient 1, such as samarium
(Sm). At present, Sm is believed to be less vulnerable to supply
restrictions than any other rare-earth metal [2]. If binary RFe;,
alloys were realized, they would have the highest Fe content
among the 4f-3d compounds and would thus be expected to exhi-
bit the largest values of magnetization and energy density. One
feature distinguishing current approaches to the development of
RT;, hard magnetic materials from past approaches is that the for-
mer are supported by density functional theory (DFT) calculations
and, most recently, by molecular dynamics simulations regarding
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the selection of stable structures with high magnetization. Many
recent and ongoing experiments are pursuing RT;, compounds
with a higher concentration of magnetic Fe and cobalt (Co) atoms.
Yet another avenue of research is aimed at the incorporation of
more abundant and underused rare earths cerium (Ce) and lan-
thanum (La), or non-critical zirconium (Zr), even though the non-
magnetic atoms of these elements would not contribute to the
magnetization and anisotropy of the compounds. The major chal-
lenge, however, lies in converting RFe;; compounds with promis-
ing fundamental magnetic properties into functional and
preferably fully dense and anisotropic magnets, which could com-
pete with the nearly perfected Nd-Fe-B. In this paper, we provide
an overview of our ongoing research in the context of other recent
developments in RT;, compounds and magnets.

2. Crystal structure, magnetism, and early efforts to develop H,

Fig. 1 depicts the ThMny, unit cell; the cell incorporates two
formula units. The two large thorium (Th) atoms occupy a single
2a site and the 24 small manganese (Mn) atoms are evenly dis-
tributed between the 8i, 8j, and 8f sites. The tetragonal RTi,
structure—like the rhombohedral and hexagonal R,T;; structures,
the monoclinic RsT,g structure, and the disordered hexagonal
solid solution known for its TbCu; prototype—can be derived
from the hexagonal RTs structure by replacing part of the R atoms
with pairs of the T atoms. When T =Fe, a third element, M, is
needed to stabilize the RTy, structure, as R(Fe,M);,. The large
transition metal atoms (M =Ti, V, Nb, Mo, Ta, W) occupy the 8i
sites of R(Fe,M);,; these sites are characterized by the largest
Wigner-Seitz cell. The sp atoms (M = Al, Si) prefer the 8f sites,
which allow for two direct bonds with the R atoms [3,4]. Up to
one light element atom (i.e., H, N, or C) may occupy the intersti-
tial position in the RT;, cell, but the resulting modified lattice is
metastable; it can only exist as long as the formation of the more
stable rare-earth hydrides, nitrides, or carbides is suppressed by
kinetic factors. Interstitial modification with nitrogen, in particu-
lar, increases the Curie temperature and changes the sign of the

Ag crystal field parameter from negative to positive. Thus, unlike
R(Fe,M);, compounds, R(Fe,M);,N, nitrides exhibit a strong uni-
axial anisotropy when R =praseodymium (Pr) or neodymium
(Nd) (9, <0) [3].

Early attempts to develop plausible hard magnetic properties in
the 1:12 alloys produced an H. of 11-12 kOe (1 Oe =79.6 Am™!) in
isotropic melt-spun or high-energy-milled Sm(Fe,Ti,V);, alloys
[5,6] and a full-density-projected maximum energy product
(BH)max Of 21 MG-Oe (1 MG-Oe=7.96 k] m3) in Nd(Fe,Mo);,N,
anisotropic powders [7]. Experiments with sintering powdered
Sm(Fe,M);, alloys into fully dense magnets were not very success-
ful, even when the sintering was performed in a Sm atmosphere
[8].

Fig. 1. Schematic representation of a ThMn;, unit cell along (a) the [100] direction
and (b) the [001] direction c.

3. RFe;, materials since 2010

3.1. Computational approaches

First-principle calculations based on DFT make it possible to
search for promising R(Fe,M);,X compounds over a great variety
of R, M, and X elements [9,10]. However, the first attempt at true
high-throughput computational screening, in which the structures
were generated and analyzed automatically [10], was undermined
by inaccurate assumptions about the site occupancies of the M
atoms (only the 8i sites) and the valence state of the Ce ions
(Ce3* instead of the mixed-valence state between Ce3* and Ce?"),
and by incorrect evaluation of the stability of the compound based
on the formation energy of only this compound. A specific target of
these theoretical studies was the interstitial modification, particu-
larly with X elements such as oxygen (O), fluorine (F) [11], and
lithium (Li) [12], which would be difficult to study experimentally.
A strong uniaxial anisotropy that is less temperature dependent
than that of the NdFe ;N nitride was predicted for the hypothetical
SmFeq,Li [12]. It is unlikely, however, that these interstitially
modified compounds—even if synthesized—will be more stable
than the R(Fe,M);>H hydrides and R(Fe,M);2N nitrides; thus, the
range of their applications will be rather limited. An arguably more
worthwhile aim is to identify the conditions for stable R(Fe,M);,
compounds with minimal or no substitution for the magnetic Fe
atoms. The formation of R(Fe,M), structures with various M ele-
ments, the stabilities of RFe;, with various R elements including
scandium (Sc), Zr, and hafnium (Hf), and the effect of hydrostatic
pressure have been analyzed [13,14]. These calculations have con-
firmed what was already known from experiments: For any R, the
hypothetical binary RFe;, structure is less stable than the RFe;;
structure. At the same time, the difference between the RFe;,
and RyFeq; formation energies is reduced for R = Nd or Sm if these
elements are partially replaced with Zr, yttrium (Y), dysprosium
(Dy), holmium (Ho), erbium (Er), or thulium (Tm). Thus, although
substitution for the R element does not make RT;, structures
stable, it may decrease the minimum necessary substitution for
the T element. In addition to DFT calculations, molecular dynamics,
which uses the classical equations of motion to predict the
dynamic evolution of atoms in a crystal structure, has recently
become another approach to assess the stability of the R(Fe,M);,
structure with a minimal percentage of M [15].

3.2. Epitaxially grown RFe;, and R(Fe,Co);> films with high
magnetization

The presence of a binary SmFe;, compound stabilized with an
underlayer in an epitaxially grown thin film was first reported in
1991 [16]. As expected for an undiluted Fe component, it exhibited
a high but not exceptional saturation magnetization. The full sig-
nificance of excluding the third structure-stabilizing element
became clear only in the last three years, after the preparation
and characterization of NdFe;;N, and Sm(Fe,Co);, epitaxial films
[17-19]. Table 1 compares the basic magnetic properties, Curie
temperature (Tc), saturation magnetization (4mM;s), and magnetic
anisotropy field (H,) of these films with the properties of Nd,Fe 4B
and Ndj(Fe,Co)14B. The comparison demonstrates that ThMn;,-
type compounds exhibit potential for greater magnetic energy
density. The theoretical limit of the (BH)max of SmFeg gC05 4 films
can be estimated as (21tM;)? =79 MG-Oe, which is a record high
value. At the practically important elevated temperatures of 150-
200 °C, this superiority becomes even greater, due to the low T¢
of Nd,Fe 4B and the highly detrimental effect of Co on the H,(T)
dependence of Nd,(Fe,Co);4B [20].

High-magnetization thin films exhibit an H. of 4-5 kOe [18,29].
Infiltration of the films with copper (Cu) and gallium (Ga), aimed at
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Table 1

Room-temperature magnetic properties and Curie temperatures reported for selected Nd,Fe;4B-type and ThMn;,-type compounds.
Nominal composition® Form” Tc (°C) 4ntM; (kG) H, (kOe) References
Nd,Fe;4B Any 313 16.0 73 [20,21]
Nda(FegC00.2)14B Any 498 16.3 69 [20,22]
NdFe;,N, Film ~550 17.0 60-80 [17,18]
SmFeg 6C02.4 Film 586 17.8 120 [19]
Ndo.7Zro3(Feo75C00.25)11.5TiosNx Powder >570 16.7 66 [23,24]
Sm.92Zr0.08(Feo.75C00.25)11.35Tlo.65 Any 570 14.7 >90 [25]
Smy.gYo.2(Feo.80C00.20)11.4Tio.6 Any 547 15.0 110 [26]
Sm.gZro.2(Fep.80C00.20)11.5Tlo.s Any 557 15.3 84 [27]
Smy gZro 2(Fep.75C00.25)11.5Tios Any 607 15.8 74 [28]
2Some of the reports indicate the presence of impurity phases, but do not account for their effect on the composition of the principal phase.
YForm in which the material can be synthesized; “any” indicates an absence of known restrictions.

the magnetic insulation of Sm(Fe,Co);, crystallites, reportedly _

increases the H. to 8 kOe, even though no continuous grain- &S

boundary phase has actually been formed [29]. These H. values R

are still quite low compared with the values of more than 30 kOe g b= §

that are developed in the Nd-Fe-B thin films [30]. The real prob- > - _ ¥

lem, however, is not the relatively low H., but the current inability 2 by 2

to prepare bulk NdFe;,N, and Sm(Fe,Co);, alloys without the stabi- % - . S ° g:ﬁ

lizing effect of an underlayer. As long as these compounds are only « ) S 3 ‘Nﬁ ?,

available as thin films, they cannot be used as permanent magnets: heaanr u \"‘\-ﬂ-f\‘ e

The shape of the thin films does not allow for the utilization of — 3'0 — 3'5 — 4'0 — 415 — 5‘0 —

their stored magnetic energy. 20(°)

. . (@)
3.3. SmFe;,_xVx compounds with increased magnetization
Early studies of RFe;;_xM, compounds established the mini- R

mum x values as approximately 0.5 for M = molybdenum (Mo) or i

tantalum (Ta), 0.7 for M = niobium (Nb) or tungsten (W), 1 for >

M = titanium (Ti), 1.5 for M =vanadium (V) or chromium (Cr), 2

and 2 for M = silicon (Si). For reasons that are still not well under- %

stood, Sm(Fe,V);, alloys are most susceptible to the development e

of viable coercivities. In an attempt to obtain SmFe;,_,V, alloys — —_— L 1

with an x smaller than reported earlier [3,31,32], we have studied 30 35 2:2’ ) 45 =0

the phases and magnetic properties in alloys with x varying from
0.5 to 2. The alloys were prepared by arc-melting followed by
homogenization at temperatures in the range of 900-1100 °C for
1-4d. After the appropriate homogenization, a nearly pure
ThMn,-type structure was obtained for x = 1; the corresponding
X-ray diffraction (XRD) spectrum is shown in Fig. 2(a). The strong
[002] peak observed in the spectrum recorded for the oriented
powder in Fig. 2(b) confirms that the magnetocrystalline aniso-
tropy of the compound is uniaxial. The reduction of x in the
SmFe;,_xV, compound from 2 to 1 increases the T¢ from 321 to
361 °C, the saturation magnetization from 83 emu-g ' (1 emu-g !
=1 Am?kg ") (8.1kG) to 115 emu-g~! (11.2 kG), and the aniso-
tropy field from 98 to 110 kOe.

3.4. Nitrogenization of R(Fe,M);>» compounds with M =V, Mo, and Si

Despite the vast amount of data that has been gathered on Co-
substituted R(Fe;_yCoy,M); alloys and, on the other hand, on inter-
stitially modified R(Fe,M),N, nitrides, the effect of Co substitution
on the properties of these nitrides remained the subject of contro-
versy for a long time. A recent study [33]| demonstrated that small
Co substitutions improve all the basic magnetic properties of the
NdFe;o5_xCoxMo; 5N, nitrides, whereas large Co substitutions are
detrimental not only for the 4nM; and H,, but even for the Tc.
The improvement was confirmed for the NdFejos-xCoxVisN,
nitrides, with the substitution x=0.9 increasing the saturation
magnetization by 11%, to 138.5 emu-g~ ! [33].

Until recently, interstitial modification with nitrogen had only
been reported in R(Fe,M);, compounds with M represented by

(b)

Fig. 2. XRD spectra of SmFe;;V (a) randomly oriented and (b) field-oriented
powders. 0: the X-rays incident angle.

the transition metals. Apparently, the gas-solid nitrogenization
reaction does not occur at 1atm (1 atm = 1.01 x 10° Pa) nitrogen
pressure when M = Si, Al. However, after increasing the pressure
to 20 atm, CeFe0Si>Ny, [34] and NdgeZro 4Fe10SizN, nitrides were
successfully synthesized. The latter nitride was found to have an
H, of 53 kOe compared with 29 kOe for the parent compound.
Fig. 3 presents thermogravimetric scans demonstrating a two-
phase formation of the interstitially modified structure that is
characterized by a higher T¢.

3.5. R;_Ay(Fe,Co,M);> compounds with increased magnetization and
reduced R content (A=Z7r, Y)

Recent experimental findings have indicated that the ThMn;,-
type structure R(Fe,Co);,_xTix, R=Nd or Sm can be obtained with
x <1 when part of R is replaced by Zr [23,24,28] or Y [26]. This
effect was explained through the similarity between the local lat-
tice changes for Zr atoms occupying the 2a sites and Ti atoms occu-
pying the 8i sites [35]. DFT calculations [13] have also indicated
that partial replacement of Nd or Sm with Zr and Y should decrease
the difference between the higher formation energy of the RFe;,
structure and the lower formation energy of the RyFe;; structure.
Table 1 presents the properties reported for Zr- and
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Fig. 3. Apparent weight of Ndg ¢Zrg 4Fe;0Si>N, alloys heated in a thermogravimetric
analyzer in a constant magnetic field after nitrogenization at 550 °C for 3 h (black)
and 18 h (red) under 20 atm nitrogen gas. Tci, Tcz, and Tcs indicate the Curie
temperatures of the parent phase, nitride phase, and body-centered cubic (bcc)
Fe-Si impurity phase, respectively.

Y-substituted R;_,A,(Fe,C0)12_xTiy compounds with x<1. The
room-temperature saturation magnetization of these compounds
approaches or even exceeds that of Nd,Fe4B; at 150-200 °C, both
the 4nM; and H, of ThMn;,-type compounds are superior [27]. It
should be noted that the alloys prepared with x = 0.5 contained
impurity phases including the o-Fe phase; it was claimed that
the 4ntM; values listed in Table 1 accounted for the impurities,
but the actual compositions of the corresponding ThMn,-type
phases are likely to have x> 0.5. No experiments aimed at the
development of an H. in these “Ti-lean” compounds have been
reported yet, and the presence of the soft magnetic o-Fe phase in
alloys with x = 0.5 is unfavorable for such efforts. Our attempt to
prepare magnetically hard “Ti-lean” alloy via mechanochemistry
is described in Section 4.3.

In Zr-substituted Ry_,Zr,Fe o_xSiy compounds, the x value can-
not be decreased below 1.6, which is much higher than in the com-
pounds stabilized by Ti. What is remarkable about the Si-stabilized
ThMn;,-type structures is that they can sustain a complete
replacement of the rare-earth element R with Zr [36]. The rare-
earth-free Zr(Fe,Si);; compounds are, apparently, metastable and
their anisotropy is believed to be too weak for permanent magnet
materials. However, as an answer to the overreliance of permanent

——————
" vTiO, =RFe,Ti
¢+dhcp La

Intensity (a.u.)

magnets on the “critical” rare-earth elements, very rare-earth-lean
Ry_xZr,(Fe,Si);; compounds with R =Nd [37] and Sm [38] may be of
interest.

4. Development of RFe;, magnets
4.1. Sintering

With the exception of “intrinsically hard” R(Co,M)s compounds,
the development of H, in uniaxially anisotropic ferromagnetic 4f-
3d compounds is achieved through refinement of the crystallites.
In the practice of permanent magnet manufacturing, this refine-
ment typically involves rapid solidification or powder metallurgy.
Although the former has been proven to work for ThMn;,-type
alloys [5], only the latter—that is, milling followed by magnetic-
field alignment and sintering—can reliably ensure textured and
fully dense materials. Traditional sintering of Nd(Fe,M);,N,
nitrides is ruled out by the inherent instability of these
compounds. Apart from the high vapor pressure of Sm [8], the most
obvious obstacle to manufacturing sintered magnets with
Sm(Fe,M);, alloy as the principal phase is the soft magnetic phases
that surround that compound on the equilibrium phase diagram
[3]. In contrast, sintering of Nd-Fe-B magnets is greatly facilitated
by the eutectic reaction between the Nd,Fe 4B and Nd phases;
the emerging liquid assists in the densification of the press—
compacts and allows for a partial or even complete insulation of
the Nd,Fe 4B grains with non-magnetic phases.

La is unique among the rare-earth elements in that it does not
form binary compounds with Fe, and has been shown to avoid
ThMni,-type structures [38]. It is, therefore, conceivable that the
addition of La to R(Fe,M);, alloys will lead to a eutectic mixture
of the R(FeM);; and La phases, thus facilitating both the
densification and development of H. through sintering. To test this
hypothesis, a SmglasFeggTi; alloy, which may also be presented as
(Smg ogaFe0.842Tip074)95Las, was prepared via arc-melting and
homogenized for 3 h at 1050 °C. At this stage, according to the
XRD characterization shown in Fig. 4(a) (spectrum (D), the
ThMn;,-type phase co-exists with what appears to be metallic
La. The alloy was ball-milled under toluene for 1.5-10h. The
resulting fine powders were wet-pressed in a magnetic field, then
sealed in argon-filled quartz capsules and sintered for 3 h at
1050 °C. The phases and properties of the sintered alloys appear
to be strongly influenced by the oxidation of the highly reactive
metallic La during the milling. As the milling time increased, an
increasing amount of a rare-earth oxide (perhaps La oxide?) could

T T T T T 05
71 °
\ Density * 0.4
[
~6r
5 LEp
2]
= 5F | £
& Ae {o2 T
(a]
4+ /.
® 101
3 -
1 1 1 1 1 0
0 2 4 6 8 10
Milling time (h)

(b)

Fig. 4. Characterization of (Smg og4Feo 842Tio.074)95Las alloy subjected to homogenization, ball-milling, and sintering. (a) XRD spectra of D homogenized alloy, @ alloy sintered
after milling for 1.5 h, and @ alloy sintered after milling for 10 h; (b) properties of the sintered alloys as a function of milling time. Double hexagonal close packed (dhcp)

structure of metallic La was identified tentatively.
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be detected in the sintered alloys, while the XRD reflections corre-
sponding to the double hexagonal close packed (dhcp) La
decreased and eventually disappeared (Fig. 4(a)). It is believed that
the eutectic reaction between the R(Fe,Ti);, and La phases facili-
tated densification of the powders milled for 1.5-3 h; the corre-
sponding density values are presented in Fig. 4(b). The electron
micrographs shown in Fig. 5 reveal that the 3-20 pm as-milled
particles with sharp edges evolve into 5-30 um grains of the
R(Fe,Ti);, phase with well-developed facets. The minority R-rich
phases are characterized by very large La/R ratios—0.92 for the
oxide phase and 0.98 for the phase found to form continuous layers
between the grains of the main phase. At a La/R ratio of about 0.22,
the main phase is depleted with La compared with the alloy
composition; microscopy also reveals small—undetectable with
XRD—amounts of the a-(Fe,Ti) and TiO, phases. Both the powder
particles and grains of the sintered alloy were rather coarse after
milling for 1.5 h, so the latter exhibited a very low H. of 0.1 kOe.
After milling for 10 h, nearly all of the La phase of the starting alloy
was oxidized, and the sintering did not lead to any significant den-
sification (Fig. 4). However, the 10 h of milling resulted in uniform
particles approximately 1 pum in size, leading to fine, 3-5 um
grains after the sintering (the micrographs are not shown). This
refinement may explain the higher H. of 0.42 kOe. This H,, how-
ever, is still too low—either because the low density leaves too
many grain surfaces exposed or because significant amounts of
the magnetically soft a-(Fe,Ti) phase and TiO, precipitates facili-
tate reversal of the magnetization. The increased amounts of the
o~(Fe,Ti) and TiO, phases indicate that the longer milling time
led to the oxidation not only of the La phase, but also of a part of
the rare-earth elements in the R(Fe,Ti);> phase.

Thus, even though we were apparently able to induce a low-
melting-temperature eutectic, and this eutectic allowed for a more
complete sintering, the high reactivity of La conflicted with the
development of H. through the refinement of the crystallites in this
experiment.

4.2. “Bulk” magnetic hardening

Specific alloy systems such as Sm-Co-Fe-Cu-Zr or Pr-Fe-B-Cu
allow for the manufacturing of functional magnets via a simple and
less costly alternative to sintering and rapid solidification—via the
recrystallization of regularly cast ingots. If formation of the hard
magnetic phase is initially suppressed, subsequent heat treatment
can be tuned to ensure that the phase crystallizes with the proper
morphology. The only known R(Fe,M);, alloy susceptible to bulk
hardening is Sm(Fe,V);,; it solidifies into a mixture of the a-(Fe,
V) and SmFe, phases and, after controlled crystallization of the
SmFe;oV, phase, develops an H. up to 3.7 kOe [39]. We were able
to achieve bulk hardening in alloys prepared from Fe, Ti, and an
inexpensive mixture of 65% Ce and 35% La metals (the mixture is
close to the naturally occurring ratio of these underused rare-

Fig. 5. Micrographs of (SmygogsaFeog42Tio074)05Las alloy after (a) milling for 1.5 h
(secondary electrons image) and (b) subsequent sintering (backscattered electrons
image). Black areas in (b) correspond to voids.

earth elements) utilizing the tendency of La to form low-melting-
temperature eutectics, as described in Section 4.1. Fig. 6 shows
microstructures of the alloy designed as a hypothetical mixture
of the CeFe{;Ti and La phases. The as-prepared ingot consisted
mostly of bcc a-(Fe,Ti) and RFe, phases (the XRD data are not
shown). The dhcp La (or La-Ce) phase was also observed, along
with a small amount of the R(Fe,Ti);> phase. Differential thermal
analysis (DTA) of the as-prepared alloy (Fig. 7, inset) revealed a
probable eutectic reaction involving the La-Ce phase at 718 °C
(in the binary alloy systems, the eutectic reaction between La
and Fe occurs at 780 °C, and that between Ce and CeFe, occurs at
592 °C).

Heat-treated Ce-La-Fe-Ti alloys develop a microstructure con-
sisting of CeFeq;Ti grains surrounded by La-rich phases (Fig. 6(b)).
The fine black precipitates were identified as the non-magnetic
TiFe, phase. This microstructure results in obvious magnetic hard-
ening, although because the H, of the CeFeTi phase is only 17 kOe
[40] and some of the grains are larger than 10 pm, the H. is only
0.3 kOe (Fig. 7). A partial replacement of Ce with Sm can increase
the H. to at least 0.5 kOe. Only a small part of the Ce, however,
can be replaced; otherwise, crystallization of the R(Fe,Ti);, phase
is no longer suppressed in the as-prepared alloys. We also repro-
duced the bulk hardening in the Sm-Fe-V alloys [39] and
attempted to improve the microstructure developing in these
alloys by adding La. Although a uniform microstructure of fine,
1-10 pm grains surrounded by a La-rich phase was obtained
(Fig. 8, inset), the maximum H, of 3.3 kOe was not higher than in
the earlier report [39]. It may be noted that annealing at different
temperatures allowed us to suppress and stabilize the RFe,

Fig. 6. Backscattered electrons micrographs of (CegooFeqs3Tios)ossLass alloy.
(a) As-cast; (b) annealed at 725 °C for 48 h.
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Fig. 7. Room-temperature magnetic hysteresis loops of @ as-cast
(Ceg.0oFeo.83Tip.08)9s5.5La45 alloy; @ the same alloy annealed at 725 °C for 48 h;
@ (Cep07Smo g2Feqg3Tip0s)os.5Las5 alloy annealed at 725 °C for 0.5 h. Inset: DTA
scan of alloy @.
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Fig. 8. Room-temperature demagnetization curves of (Smg12Feq75Vo.13)9sLa; alloy
annealed at 700 °C for 20 h. Inset: backscattered electrons micrograph showing
Sm(Fe,V),, grains separated by a La-rich phase.

minority phase; the H. was found to be consistently higher when
the RFe, phase was present in the alloy.

4.3. Mechanochemistry

Instead of refining the grains or particles of a pre-manufactured
alloy, it is possible to obtain ultrafine single crystals directly from
elemental components by reducing a mixture of the corresponding
oxides with metallic calcium (Ca). Since the calciothermic reduc-
tion requires temperatures in excess of 800 °C, special measures
must be taken to prevent growth and sintering of the newly syn-
thesized particles. In 1997, 3-8 um particles of Nd(Fe,Mo), alloy
were obtained by reducing chemically synthesized nanoscale oxide
precursors [41]. More recently, a mechanochemical approach,
which achieves the initial refinement through mechanical activa-
tion, was employed to prepare submicron (Sm,Ce)(Fe,Co);1Ti [42]
and (Sm,Ce,Zr)Fe0Si, [43] particles. The Smg ;Zrg3Fe Si> particles
exhibited a remarkable (for the ThMn,-type alloys) combination
of susceptibility to magnetic-field alignment and a high H. of
10.8 kOe; when projected onto a full-density magnet, their (BH)nax
was 13.8 MG-Oe.

We used mechanochemistry in our attempt to develop an H, in
the “Ti-lean” high-magnetization Sm;_,Zr,(Fe,Co);2_,Tix alloys,
which were reviewed in Section 3.5. A blend of Sm,03;, ZrO,,
Fe,03, TiO,, and Co powders was subjected to high-energy ball-
milling, together with Ca granules and a CaO powder that was
added as a dispersant. The mechanically activated mixture was
then annealed for 5 min at 1100-1150 °C to complete the reduc-
tion. The alloy particles were collected after washing off the disper-
sant and byproducts of the synthesis [43]. Fig. 9 presents the
magnetization curves recorded for the oriented particles. The H.
of 2-3 kOe was lower than that of the similarly prepared SmFe;;Ti
particles [42], and the less-than-perfect alignment did not allow
for the remanent magnetization that could be expected based on
the properties reported for the alloy (Table 1). It is likely that fur-
ther tuning of the process will more completely realize the high
potential of the alloys, although it must be noted that no working
procedure has been developed yet to convert the mechanochemi-
cally synthesized powders into fully dense permanent magnets.

5. Concluding remarks

This review highlights the wide gap that exists between the
excellent intrinsic properties reported for several Fe(Co)-rich
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Fig. 9. Room-temperature demagnetization curves of  field-oriented
Smyg gZrg 1(Fep.75C00.25)11.35Tip.e5 particles (nominal composition) measured parallel
(filled symbols) and perpendicular (open symbols) to the alignment direction. The
particles were prepared via mechanical activation of an oxide-calcium mixture
followed by annealing at 1100 °C (blue squares) or 1150 °C (red circles) and
washing. Inset: particles synthesized at 1100 °C.

ThMn;,-type compounds and the marginal hard magnetic proper-
ties of the corresponding alloys. It may never be possible to synthe-
size in bulk the RFe;; and R(Fe,Co);> compounds that can be
stabilized in epitaxially grown thin films. Furthermore, the x = 0.5
value for Ti reported in R;_,Zr,(Fe,C0){2_4Tix compounds may be
too small to allow the development of functional magnets; a some-
what larger x seems to be needed in order to avoid the presence of
a magnetically soft o-Fe phase (the micromagnetics simulations in
Ref. [44], which concluded that a few percent of the o-Fe phase can
be tolerated, was performed by assuming finer grains than what
the real magnets are likely to have). However, even easy-to-
synthesize compounds such as SmFe;Ti or SmFeSi, seriously
underperform in magnetically hard alloys. It is not known yet if
they are predisposed to specific lattice defects, and little attention
has been paid to this issue so far. It is possible that the infiltration
treatment reported in Ref. [29], which is similar to the one that
proved to be so effective in improving the Nd-Fe-B magnets, will
be the solution.
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