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The ThMn,-type (Sm,Zr);(Fe,Co,Ti);; compounds have the potential of powerful permanent magnets.
Magnetically hard and anisotropic powders of such compound have been prepared by subjecting ele-
mental oxides and Co mixed with Ca and CaO dispersant to a succession of high-energy ball-milling, re-
duction diffusion at 990-1220°C and repeated washing. The size of the resulting ThMn;,-type crystallites,
their coercivity and fraction of monocrystalline particles were all found to increase with the reduction-
diffusion temperature. Particles synthesized at 1220°C were highly monocrystalline with a mean size
of 0.54 um and, after a magnetic-field alignment, exhibited a coercivity of 1.26 T and a full-density-
projected maximum energy product of at least 209 kjJ/m? (26.3 MGOe). The strong positive effect of the
reduction-diffusion temperature on the coercivity has been attributed to separation of the crystallites and
to decrease in the incidence of structural defects.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

To effectively utilize the excellent intrinsic magnetic proper-
ties of the ThMn,-type compounds (the "1:12" compounds) rep-
resented by the formula Smj_yZrx(Fe,Co)1z-yTiy [1-3], the future
permanent magnets must be textured with the c-axes of individ-
ual crystallites lying in the same direction. The weak effect of
hot plastic deformation on orientation of the Sm(Fe,M);, crys-
tallites [4] and the absence of obvious conditions for an effec-
tive magnetic-field annealing leave preparation of anisotropic pow-
ders as the most realistic pathway for the creation of such tex-
ture. Conveniently enough, pulverization is also a powerful tech-
nique for the development of the intrinsic coercivity woHc. So
far, however, attempts to pulverize the Smy_xZrx(Fe,C0)y.yTiy al-
loys with cutter mill [5], jet mill [6] and hydrogen treatment [7],
as well as an attempt to synthesize the anisotropic powder via
the reduction diffusion at 950°C [8] could only produce materials
with pugHe < 0.15 T. Although disappointing, these low woH: val-
ues are not particularly surprising; even in the case of nanocrys-
talline Smy_xZrx(Fe,Co)1,.yTiy alloys, the poHc values were reported
to reach 0.5-0.6 T at the most [9-12]. Easy nucleation of a re-
versed magnetization at the boundaries between the 1:12 crys-
tallites [13] or at the twin boundaries with in the 1:12 crystal-
lites [14] are believed to be responsible for this underperformance.
Data reported in this letter demonstrate that reduction diffusion
at ~1200°C does produce 1:12 particles of a Sm-Zr-Fe-Co-Ti alloy
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exhibiting a very high pgHc. This temperature is markedly higher
not only than the 950°C recently used by Dirba et al. [8], but also
than 1000°C and 1100°C explored in the earlier synthesis of, re-
spectively, Smy_xCex(Fe,Co)11Ti [15] and Nd(Fe,Ti);, [16]. Previously
the authors already achieve a high puoHc of 1.08 T in a different,
Si-stabilized 1:12 alloy which was reduced - after mechanical ac-
tivation - at 1150°C [17], but they obtained a disappointingly low
oHc of 021 T in a Smy gZrp; (Fe0‘75C00‘25)1135Ti0.55 alloy reduced
at 1150°C [18].

Powders of Sm,05 (217 mg), ZrO, (30 mg), Fe,03 (599 mg),
Co (101 mg) and TiO, (53 mg) were mixed with 956 mg of Ca
(the reducing agent in the form of 1 mm granules) and 3 g of
CaO (the dispersant prepared through in-house calcination of a
submicron CaCO3; powder). The mole ratios of the reactant ele-
ments, which can be presented as Sm;5Zrg3(Fegg1C0919)1119Tio.81
and Caq¢0, included large excesses of Sm and Ca. The mixed re-
actants and dispersant were milled for 4 h with six 12-mm steel
balls in an argon-filled steel vial using a SPEX SamplePrep 8000
high-energy shaker mill. After this mechanical activation, 0.4-0.5
g of the resulting precursor powder was transferred under argon
into a quartz capsule, where the precursor was separated from
the quartz by an open-ended Mo-foil container. The capsule was
sealed with 60 kPa of argon and placed in the tube furnace pre-
heated to temperature of the reduction-diffusion annealing T,; af-
ter 5 min, the capsule was taken out and allowed to cool down
naturally. The annealing was followed by a nine-step washing to
remove the reaction byproducts, leftover reagents and the disper-
sant; this process was described elsewhere [17] except that 2-
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Fig. 1. XRD patterns of powders washed after reduction-diffusion synthesis at dif-
ferent T,: (a) 990°C, (b) 1090°C, (c) 1220°C, (d) 1250°C. Crystal structures of the
ThMn;, type ("1:12"), TbCu; type ("1:7"), W type ("bcc") and NaCl type ("CaO")
were identified.

propanol was used in the last two cycles instead of ethanol. Crys-
tal structures of the products were studied with X-ray diffraction
(XRD; a Rigaku Ultima IV instrument operating with the Cu K,
radiation) and analyzed with the Powder Cell software [19]. Mor-
phology and composition of the products were determined with
scanning electron microscopy (SEM) and energy-dispersive spec-
troscopy (EDS) using, respectively, a JEOL JSM-6335F microscope
and a Zeiss Auriga 60 microscope equipped with an Oxford Instru-
ments X-Max spectrometer. Magnetic characterization was done
at 27°C with a Quantum Design Versalab vibrating sample mag-
netometer. Powder particles were oriented with a 1.6 T magnetic
field and immobilized with paraffin wax. Demagnetization curves
were recorded after magnetizing the samples with a 10 T pulsed
field. Self-demagnetization effects parallel and perpendicular to
the magnetic-field alignment were corrected with demagnetization
factors equal to 0.09 and 0.27, respectively; these factors had been
determined by measuring similarly prepared Fe-powder samples.
Temperature of the reduction-diffusion annealing was varied
from 990 to 1275°C; representative XRD patterns of the resulting
alloys are shown in Fig. 1. The 1:12 structure with the lattice pa-
rameters a = 0.8536(2) nm and ¢ = 0.4787(1) nm is the princi-
pal phase in the alloys prepared at 990°C < T, < 1220°C; a body-
centered cubic (bcc) structure with a = 0.2875(3) nm is the mi-
nority phase at 1.5-4.5 vol. %. Width of the 1:12 reflections de-
creases with the T,, and eventually the reflections corresponding to
the K,1 and K,, wavelengths become separated (Fig. 1c). Such nar-
rowing may manifest a number of different changes (better chem-
ical homogeneity, larger crystallite size, reduced defects and strain
of the lattice), but, in any case, the reflections recorded for the
T, = 1220°C clearly indicate a very high degree of the crystal or-
der. When the T, is increased to 1250°C, the phase composition
changes dramatically: fraction of the bcc phase increases, the 1:12
reflections become broader, and a phase of the TbCu; type (the
"1:7" phase) appears having very broad reflections with a ~ 0.496
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nm, ¢ ~ 0.421 nm. This change suggests that the upper tempera-
ture of the single-phase 1:12 region lies between 1220 and 1250°C.
Because the annealed samples were not quenched, part of the 1:12
phase present in the alloy annealed at 1250°C might have actu-
ally formed during the cooling when the sample temperature de-
creased below 1220°C.

Area EDS characterization of the sample processed at 1090°C
(the most pure 1:12 phase according to the XRD data) determined
the following composition (at.%): 7.03 Sm, 1.35 Zr, 66.16 Fe, 15.33
Co, 5.90 Ti, 4.23 0. The percentage of Sm (7.34, if only the met-
als are counted) is nominally sufficient to fill 95% of the 2a sites in
the 1:12 structure. There exists, however, uncertainty with location
of the oxygen atoms: whether they are in an undetected Sm oxide
phase, in other oxide phases or even in the carbon tape used to se-
cure the powder sample. The assumption that part of Sm is present
as the oxide phase, whereas the other metal atoms are all in
the 1:12 phase ylelds a formula Smo_g]_r,zro_]gs(l:eo'glCOov]g)ll_lgTio_g],
which is reasonably close to the target composition. However, the
hypothetical possibility that the detected oxygen is not part of the
sample and that all Sm atoms are in the 1:12 structure would
"place"” most of the Zr atoms in the 8i sites - yielding a formula
SmO.gs(FEO_g] C00_19)1].02Ti0_gozr0_1g. Situation of the Zr atoms in the
8i sites is contrary to the direct observations by Kobayashi at al.
[20]. On the other hand, according to Matsumoto et al. [21], the
respective formation energies should make the Zr atoms equally
likely to occupy the 2a and 8i sites. It is thus conceivable that the
Zr atoms site preference depends on the synthesis conditions. We
attempted to refine the XRD data for T, = 1090°C assuming the Zr
atoms to be either in the 2a sites or in the 8i sites (see Supplemen-
tary material); the latter model was found to yield a slightly better
ratio of the weighted-profile R-factor to the expected R-factor, 2.71
as compared to 3.86. Based on the above, the exact composition of
the synthesized 1:12 compound and the sites preferences of the Zr
atoms need to be clarified through additional studies.

Demagnetization curves of the alloys processed at 990-1220°C
are shown in Fig. 2a. Difference between the curves measured
parallel and perpendicular to the alignment (for clarity reasons,
only three of the latter curves are shown) increases with the T,
- clearly indicating a continuing increase of magnetic anisotropy
of the particles. The improved alignment leads to a nearly 50% in-
crease of the remanent magnetization o, from 84 to 124 A-m?2/ke.
Even more remarkable is a simultaneous increase of the pgH. from
0.45 to 1.26 T. The latter pugHc value matches the one recently
attained - through nanostructuring - in an epitaxially grown
Sm(FeggCog2)12Bg 5 thin film [22] and it represents a very signif-
icant progress for the bulk Sm(Fe,Co,Ti);, materials. As a down-
side, one has to note a poor "rectangularity” of the corresponding
o(uoH) curve; this practically important characteristic appears to
progressively degrade for the T, > 1090°C. Consequently, the maxi-
mum energy product (BH)max of a hypothetical fully dense magnet
corresponding to the powder processed at 1220°C is smaller than
what is allowed by the o value. The XRD data combined with the
structural model in which the Zr atoms replace the Sm atoms in
the 2a sites suggest a density of 7.72 g/cm?3; a (BH)max correspond-
ing to this density is equal to 209 kj/m3 (26.3 MGOe) [if the Zr
atoms occupied the 8i sites, the calculated density and (BH)max
would be 7.89 g/cm? and 216.5 kJ/m3 (27.2 MGOe), respectively].
It is worth noting that until now the highest calculated (BH)max
reported for the 1:12 powders was 175 k]/m3 of the metastable
Nd(Fe,Mo),N powder [23]. When the T, is increased to 1250°C,
the alignment of magnetic crystallites in the alloy powder almost
disappears, and the pgHc collapses to ~0.1 T (Fig. 2b). The com-
plex effect of the reduction-diffusion temperature on the uoHc is
shown in Fig. 2c; it is consistent with the notion of a single-phase
1:12 region inferred from the XRD data.
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Fig. 2. Magnetic characterization of Sm-Zr-Fe-Co-Ti powders: (a and b) demagnetization curves of powders washed and field-oriented after reduction-diffusion synthesis at
the indicated T, (in °C); measurements perpendicular to the orienting field are shown with open symbols; (c) intrinsic coercivity measured parallel to the orienting field as
a function of the T;; (d) initial magnetization followed by pulse magnetizing and demagnetization for selected as-annealed (not washed, not oriented) powders. Data shown

in part (d) were not corrected for the self-demagnetization.

Fig. 3. SEM micrographs of Sm-Zr-Fe-Co-Ti powders washed after reduction-
diffusion synthesis at different T,: (a) 990°C, (b) 1090°C, (c) 1220°C, and (d) 1250°C

Table 1

Mean values of particle length L, particle width W, crystallite size D and
volume-weighted crystallite size determined for Sm-Zr-Fe-Co-Ti pow-
ders synthesized at selected T,.

T, Particle size Crystallite size

°C

) <L> (um)  <W> (um)  <D> (um) (<D3*>)'3 (um)
990 1.06 0.50 0.26 0.35

1090 0.64 0.41 0.25 0.40

1220 0.65 0.53 0.34 0.54

Representative secondary-electrons SEM images of the powders
processed at four selected T, are shown in Fig. 3. Mean values
of characteristic dimensions for the powders exhibiting high @qHc
are listed in Table 1 (see also Supplementary material). Because
the distributions of crystallite sizes D were found to be broad, the
volume-weighted mean sizes (<D3>)!3 must represent contribu-
tions of the crystallites to the sample magnetization more accu-

Fig. 4. Schematic representation of magnetic-field-induced alignment of the [001]
easy magnetization directions in the 1:12 crystallites synthesized at (a) 990°C and
(b) 1220°C.

rately than mean sizes <D>. The particle synthesized at 990°C is
typically made of a chain of several crystallites and it has a mean
aspect ratio of 2.1. When the T, is increased to 1090°C, the crystal-
lite size increases from 0.35 to 0.40 um and the particle aspect
ratio decreases; the particles now incorporate fewer crystallites
and more particles appear monocrystalline. When the T, is fur-
ther increased to 1220°C, the crystallite size increases to 0.54 pum
with almost all particles found to be monocrystalline and equiaxed
(the mean aspect ratio 1.2). This evolution of the particle structure
readily explains the effect of T, on the degree of magnetic-field-
induced texture. Because within polycrystalline particles the [001]
easy magnetization directions vary from crystallite to crystallite,
only the monocrystalline particles can be perfectly oriented by the
aligning magnetic field (see Fig. 4). The reasons for the simultane-
ous increase of the pgH, are less obvious, but in addition to elimi-
nation of the grain boundaries leading to a better magnetic insula-
tion of the crystallites, they probably include reduced incidence of
lattice defects, such as the twin boundaries. It is remarkable that in
this experiment, the pgH: and the crystallite size increase simul-
taneously. This may seem contrary to the usually observed trend,
unless such trend - often explained via the critical single-domain
particle or crystallite size - actually reflects incidence of the lattice
defects [24]. The initial magnetization curves of the powders syn-
thesized at 990 and 1220°C (measured before the washing, as the
latter exposed the material to a magnetic field), which are shown
in Fig. 2d, are both characterized by a high initial susceptibility.
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This indicates that no single domain 1:12 crystallites are present
in the thermally demagnetized powders, and that magnetization
reversal in the powders synthesized at any T, is controlled by nu-
cleation of magnetic domain walls.

The particles synthesized at 1250°C appear in the SEM im-
age (Fig. 3d) as neither monocrystalline, nor incorporating only a
few crystallites. Their obvious polycrystallinity explains the low de-
gree of texture induced by the magnetic-field alignment. Their low
MoHc, on the other hand, must be due to presence of the soft-
magnetic bcc and semihard 1:7 phases, and possibly also due to an
inadequate magnetic insulation of the 1:12 crystallites. The ongo-
ing investigation of the effects of specific elements on the results
of the high-temperature reduction-diffusion synthesis is expected
to explain why this processing did not develop a high poH. in the
alloy with nominal composition SmggZrg;(Feg75C00.25)11.35Tio.65
[18]. Our preliminary data point at a strong influence of the Zr con-
tent as a possible reason.

In conclusion, we have discovered that reduction-diffusion
treatment done just below the upper boundary of the 1:12 phase
temperature range can overcome the factors (supposedly associ-
ated with structural defects) which hold back the coercivity of
the traditionally prepared Sm(Fe,Co,Ti);, alloys. The magnetically
anisotropic powders prepared through this process may be con-
sidered promising precursors for the development of bonded and
sintered 1:12 permanent magnets.
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