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Rare-earth-lean Sm(Fe,Co,Ti)12 alloys with the ThMnj2 crystal structure and less than one Ti
atom per formula unit have the potential of exceptionally powerful permanent magnets, but all
prior attempts to develop high coercivity in bulk alloys, especially coercivity combined with
crystallographic texture, have fallen short of the expectations. This study was aimed at
improvement of the currently best Sm(Fe,Co,Ti)12 magnets prepared through melt-spinning
which are inherently isotropic. Modifications of the alloys with B and Zr, already demonstrated
in earlier studies to be effective separately, have been implemented simultaneously. A systematic
study of Smy.1.x(Fe,Co)11.3Tio7By alloys melt-spun at a tangential speed of 50 m/s and annealed
at 600-950 °C allowed for monitoring the continuous evolution of the two consecutive crystal
structures, those of the TbCuz and ThMnz2 types. Zirconium was found to facilitate the formation
of the 1:12 structure at the expense of the 1:7, whereas boron has the opposite effect, at certain
concentrations completely suppressing the 1:12. When the two alloying elements are introduced
simultaneously, they inhibit growth of the 1:12 crystallites at annealing temperatures higher than
800 °C, thus allowing for the development of a higher coercivity. Because of instrumental
limitations, bulk magnets were prepared through a two-step process — compaction of the melt-
spun ribbons at 650 °C and additional treatment at a higher temperature — and they were
characterized by a reduced, 90-93%, density. Nevertheless, an isotropic
Smo.eZro.2(Fe,Co)10.8Tio.7Bos magnet exhibited fair values of the remanence (7.4 kG), maximum
energy product (8.5 MGOe) and coercivity (5.4 kOe), as well as high Curie temperature of 525
°C and remarkably small temperature coefficient of the coercivity, -0.25%/°C.
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1. Introduction

Several recently synthesized tetragonal compounds isostructural to the ThMn2 and based
on Sm(Fe,Co)12 [1-5] offer intrinsic magnetic properties at a level which is very attractive for the
development of rare-earth-lean, high-temperature permanent magnets. In the absence of epitaxy
[2], iron-rich 1:12 compounds are stabilized by the addition of certain non-magnetic elements
which occupy part of the 3d-transition-metal sites; among these stabilizing elements, Ti stands
out for allowing the highest saturation magnetization Ms. The Ms of the Sm(Fe,Co, Ti)12
compounds becomes particularly advantageous for Ti concentrations smaller than 1 atom per
formula unit [1,3,4,6], and it is worth reminding that the minimum Ti concentration in the
Sm(Fe,Ti)12 compounds was determined to be 0.7 atom per formula unit at 1000 °C [7]. Several
other modifications have been experimentally and theoretically demonstrated to lower the
formation energy of the 1:12 structure, particularly, the Zr atoms occupying part of the rare-earth
sites [8,9]. Despite the strong magnetocrystalline anisotropy characteristic of the Sm(Fe, Ti)12 and
derivative alloys, development of practically useful coercivity Hc in these materials proved to be
difficult. This underperformance still lacks universally accepted explanation; different studies
attributed it to unfavorable phase equilibria [7,10], propensity to twinning [11] and magnetism of
the grain boundaries [12]. The initial efforts to develop useful coercivity in the Sm(Fe, Ti)12 and
Sm(Fe,Co,Ti)12 alloys through melt-spinning followed by annealing at 800-850 °C generated Hc
values of 5-6 kOe [6,13-17]. Recent attempts to apply the same technique to "Ti-lean™ and/or
Zr-substituted alloys resulted in lower Hc values of 3-5 kOe [18-22], although a subsequent
interstitial modification of the Smi.2xZr«Fe1oTi ribbons with hydrogen was reported to increase
their Hc to 7 kOe [20].

Somewhat higher Hc values were realized in the 1990s in melt-spun and annealed
Sm(Fe,Ti)12 alloys modified with boron: 7.7 kOe in Sm1.3Fe107TiBo3 [23] and 6.0 kOe in
SmFe10.8Ti1.2Bo.2 [24]. The mechanism of the boron influence was not investigated in those
studies beyond the observation of increased glass-forming ability. The currently available
experimental data for boron-modified 1:12 structures are limited to a Y (Fe,Ti,B)12 compound
[25] and RFe10V2Bos compounds with R represented by Y, Nd and Sm [26]; in both reports the
B atoms were claimed to occupy the 3d-transition-metal sites. According to recent density-
functional theory calculations [27], interstitial B atoms should lower the formation energy of the
SmFe12 compound, although not enough for the compound to become thermodynamically stable.
Indeed, no 1:12 structures were detected in melt-spun Smo.7Zro.3(Feo.8C00.2)11Bo-1.0 [28] and
SmFe12Bo-15 [29] alloys, where the added boron increased the glass-forming ability and
somewhat improved the moderate hard-magnetic properties associated with a hexagonal
structure of the ThCuy-type [30]. On the other hand, addition of boron remarkably increased H¢ —
from 1 kOe to 12 kOe — of epitaxially grown Sm(FeosCo0o.2)12 thin film, supposedly by insulating
the 1:12 nanograins with a B-rich amorphous phase [31].

Although coercivity enables operation of the permanent magnet, the energy stored by this
magnet is primarily determined by its remanence B. The most natural way to ensure high B,
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values is to align the easy-magnetization directions of the crystallites. Several reported attempts
to prepare anisotropic Sm(Fe,[Co,]M)12 magnets with M = Ti, V, Mo through sintering of
oriented powders or through hot plastic deformation of nanocrystalline alloys produced results
which fell short of the expectations: the coercivity obtained in the sintering experiments was only
2.0-3.2 kOe [32,33], whereas the degree of the [001] texture developed via the hot deformation
was too low to make a difference [34—36]. Manufacturing of isotropic 1:12 magnets has been
explored as well — by compacting high-energy milled [34] or melt-spun [37—-39] nanocrystalline
alloys; in some cases, an additional post-compaction annealing was necessary to complete the
formation of the 1:12 structure [34,39]. The most interesting data were reported recently for a
Sm(Feo.8C00.2)11 Ti melt-spun alloy compacted at room temperature with a high pressure of 12.5
GPa and subsequently annealed at 800 °C [39]: relatively large Br values of 9.0-9.4 kG and
maximum energy product (BH)max ~10 MGOe, with a 12.2 MGOe value measured in one
outlying sample. The largest Hc realized in that experiment, 3.9 kOe, was consistent with the
other reports for the nanocrystalline Sm(Fe,Co, Ti)12 alloys, but it was rather low for practical
applications.

In this work, the effects of Zr and B substitutions on the structure and magnetic properties
are investigated for melt-spun and annealed alloys based a "Ti-lean" Smj.1(Feo.8C00.2)11.3Tio.7
composition. Structural changes in the ThCu7- and ThMnz2-type structure occurring in the course
of the annealing are systematically monitored. The results obtained for annealed melt-spun
ribbons are then used to optimize the preparation of bulk isotropic magnets.

2. Experiment

Alloys of the nominal compositions (Smi-xZrx)1.1(Fe0.8C00.2)11.3yTio.7By with x = 0, 0.2
andy =0, 0.3, 0.5, 0.7 were prepared by arc-melting under argon atmosphere from Sm (99.9%),
Zr (99.2%), Fe (99.97%), Co (99.9%), Ti (99.5%) and B (99.5%). To reduce evaporation loss of
Sm (the loss was compensated by adding 15 wt.% excess of Sm over the nominal amount), Zr
and B were introduced not directly, but through pre-fabricated FegoZrio and FessB17 eutectic
alloys. The alloys were re-melted 3 to 6 times to ensure both a macroscopic chemical
homogeneity and the matching of the actual and intended masses. Melt-spinning was done under
argon by ejecting inductively melted alloys through a 0.3-0.4 mm orifice onto a rotating Cu
wheel with a wheel tangential velocity of 50 m/s. For heat-treatment, the melt-spun "ribbons"
sealed in quartz capsules under vacuum (typically for annealing temperatures T < 800 °C) or in
argon (Ta> 800 °C), then placed into furnace preheated to the Ta for 15 min or other specified
period of time and finally quenched in water. For hot compaction, mortar-ground ribbons were
placed into a resistively heated tungsten-carbide die and heated in vacuum to 650 °C under a 300
MPa unidirectional pressure. The temperature and the pressure were maintained for 15 min. The
compacted ribbons were annealed similarly to the loose ones but typically for a longer time of 60
min.



Phase compositions and crystal-structure data were determined from X-ray diffraction
(XRD) patterns; the latter were recorded for mortar-ground powder specimens with a Rigaku
Ultima IV diffractometer using the Cu Ka radiation and analyzed with Powder Cell software
[40]. Magnetic phases were additionally characterized via thermogravimetric analysis in a
magnetic field with a modified PerkinEImer Diamond instrument. Mean crystallite sizes were
estimated through the Scherrer equation [41]; a Gaussian correction was applied to the
broadening of the measured XRD peaks to remove the instrumental broadening determined with
a Si standard. Crystallites were also observed on fractured surfaces of alloy samples with
scanning electron microscopy (SEM) using a JEOL JSM-6335F instrument. Demagnetization
curves were measured between 27 °C (hereinafter, "room temperature™) and 425 °C with a
Quantum Design VersaLab vibrating sample magnetometer after magnetizing the specimens
with a pulsed field of 100 kOe. Ribbon specimens (typically 3-5 stacked ribbon pieces measured
"in-plane") were assumed to have zero demagnetization factor. Bulk specimens were cut as
rectangular prisms, and their demagnetization curves were corrected with the magnetometric
demagnetization factors [42]. Densities were measured with the Archimedes method.

3. Results and discussion
3.1. Phase composition of melt-spun and annealed ribbons

Four crystal structures were identified in the XRD pattern of the arc-melted parent
Smy.1(FeosC0o.2)11.3Tio7 alloy. The pattern is shown in Fig. 1(a), and the phase composition data
obtained through Rietveld refinement are specified in Table S1, Supplementary data. The 1:12
structure (space group 14/mmm) makes the majority phase accounting for some 83% of the alloy
volume, with 16 vol.% of the 1.7 phase (P6/mmm) and a trace amount of the SmFe; cubic Laves
phase (Fd-3m) detected as well. The 1:7 structure can be seen as a solid solution of "dumbbell”
pairs of 3d-transition-metal atoms in the structure of the CaCus type, where the "dumbbells"
replace randomly a fraction r of the rare-earth atoms. The "1:7" notation used in this work is a
reference to the ThCuy prototype structure synthesized with r = 0.22 [43]; the actual r value of
the specific 1:7 phase must depend on the composition of the alloy. Other notations like "1:9"
[30] and "CaCus-type phase " [44] were used for the same solid solution compound in earlier
reports. The 1:7 structure with r = 0.5 is identical to disordered 1:12 structure [45], which means
that the two structures can be transformed into each other by ordering or disordering the
"dumbbells." Indeed, both 1:12 — 1:7 and 1:7 — 1:12 transitions were observed in melt-spun
Sm(Fe, Ti)12 alloys with increasing solidification rate [46] and with annealing of the of the
solidified alloys [17], respectively. That the fundamental reflections of the 1:12 and 1:7 XRD
patterns often match increases the uncertainty of the XRD analysis. In order to verify the XRD
refinement data, the as-prepared Smai.1(Feo.sC0o.2)11.3Tio.7 alloy was also subjected to the
thermomagnetic characterization, which is shown in Fig. 2(a). The two observed Curie
temperatures, Tc1 of 457 °C and Tc2 of 524 °C, apparently correspond to the 1:7 and 1:12 phases,



respectively; this observation is consistent with the earlier reports that in the Sm(Fe,Ti)1> [17,46]
and Sm(Fe,Co,Ti)12 [44] alloys, the Tc7 is 30-80 °C lower than the Tc'*2,
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Fig. 1. Selected powder XRD patterns of Sm1.1(Feo.sC00.2)11.3-yTio.7By alloys for (a) y = 0 and (b)
y = 0.3: as-prepared, melt-spun and annealed after the melt-spinning at the indicated temperature.
The identified crystal structures belong to the TbCu7 ("1:7"), ThMnz2 ("1:12"), MgCuz (*1:2"),
W ("bcc™), and NaCl ("SmO") types.
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Fig. 2. Heating thermogravimetric curves recorded in a magnetic field for as-prepared Smy 1.
xZIx(Feo.8C00.2)11.3yTio.7By ingots with (a) x =0,y =0; (b)) x=0,y=0.3; (¢c) x=0,y =0.7; (d) x =
0.2,y =0.7. Curves (b)-(d) are displaced for clarity.
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Ribbons produced through the melt-spinning were 1012 um thick. In the parent
Smy.1(FeosC0o.2)11.3Tio7 alloy, the melt-spinning suppressed the formation of the ordered 1:12
structure and generated an amorphous phase — coexisting, however, with the 1:7 phase and a
trace amount of bce structure (Im-3m, an Fe-rich Fe-Co phase). Evolution of the phases in the
annealed ribbons with the annealing temperature is consistent with earlier studies [17,44,46]: the
1:7 phase dominates in the ribbons annealed at 600-750 °C, whereas the 1:12 phase is first
detected for Ta = 800 °C. As the T, increases, the bcc phase becomes more prominent, apparently
because of evaporation and oxidation of Sm at the ribbon surfaces. That oxidation is taking place
is evidenced by a SmO oxide phase (Fm-3m) detected for Ta > 850 °C.

Introduction of boron into Smy.1(Feo.sC00.2)11.3-y Tio.7By ingots shifts the ratio between the
1:12 and 1:7 phases towards the latter. For y = 0.3, the 1:7 phases accounts for 72% of the alloy
volume and for y = 0.7 it accounts for 93%; the corresponding XRD patterns are shown in Fig.
1(b) and Fig 3(a). This shift towards the 1:7 phase can also be seen in the thermomagnetic data,
Fig. 2(a)-(c). That the Curie temperature of the 1:12 phase, Tcz, decreases with y seems to
disagree with report by Chuang et al. [26] that boron increases Curie temperature of the
Sm(Fe,V,B)1> compounds. However, the composition of the 1:12 phase is not necessarily
proportional to composition of the alloy, especially when the 1:12 is no longer the majority
phase. In the melt-spun ribbons, boron expectedly promotes the amorphous phase, which
becomes the only phase detected in the ribbons with y = 0.7. The formation of the 1:12 phase in
annealed ribbons is delayed in the ribbons with y = 0.3, where it begins only at T, = 850 °C, and
it is completely suppressed in the ribbons with y = 0.7. Even though the neutron diffraction data
reported by Zhang et al. [25] for the Y (Fe,Ti,B)12 alloy place the boron atoms in the 8i sites of
the 1:12 structure, and Zheng et al. [29] found boron stabilizing the 1.7 structure even in Ti-free
melt-spun SmFe1.By alloys, the presented data can not completely rule out the possibility that
part of the added boron binds the Ti atoms into a (undetected) TiB2 phase; the latter would also
suppress the 1:12 phase — by depleting it of Ti.

The effect of zirconium on the relative stabilities of the 1:7 and 1:12 phases is opposite to
that of boron. Annealing at a lower T, of 800 °C is sufficient to completely replace the 1:7
structure with the 1:12 structure in the Smo.oZro.2(Fe0.sC00.2)11.3Tio.7 ribbons (as compared to 850
°C for ribbons of the parent composition). In the boron-containing alloys, Zr restores the 1:12
structure suppressed by boron, as it is evident from comparison of the XRD patterns presented in
Fig 3(b) and Fig. 3(a), as well as from comparison of thermomagnetic data (d) and (c) in Fig. 2.
Note that the Curie temperature of the "restored” 1:12 phase, Tco, is increased to 539 °C. This
tendency of the partial Zr substitution for Sm to stabilize the ThMn12-type structure is similar to
the findings by Kobayashi et al. [8] and Tozman et al. [3] for the Sm1.xZr«(Fe,Co,Ti)12 alloys; it
is also consistent with ab initio calculations of formation energy for hypothetical Smi.xZryFe1>
compounds reported by Harashima et al. [9].

Recently, Suzuki [47] was able to present the evolution of the hexagonal 1:7 structure in
quasi-binary Y (Fe,Co); alloys towards the tetragonal 1:12 structure as a continuous distortion of
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a lower-symmetry orthorhombic structure. While being a powerful research tool, this model
would overly complicate consideration of the multicomponent alloys studied in the present work.
The authors, therefore, have opted for a more conservative approach considering separately the
changes of the a and c lattice parameters of the 1:7 and 1:12 structures, but then merging the
results under the assumption that the 1:7 — 1:12 transformation converts az:7 into c1:12 and 2c1.7
into ar:12 [45,46]. The corresponding graphs shown in Fig. 4 demonstrate a continuous increase
of the 2c1:7 and a1:12 with a relatively smooth transition of the former into the latter. In contrast,
the a1.7 experiences little change and its transition into the c12 is rather drastic. The
Smy1(Fe,Co)10.6Tio.7Bo7 alloy, in which the 1:12 structure could not be formed, clearly breaks

this pattern.
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Fig. 3. Selected powder XRD patterns of Smi.1xZrx(Feo.8C0o.2)10.6Tio.7Bo.7 alloys for (a) x = 0 and

(b) x = 0.2: as-prepared, melt-spun and annealed after the melt-spinning at the indicated

temperature. The identified crystal structures belong to the TbCuz ("1:7"), ThMny2 ("1:12"),

MgCuz ("1:2"), and W ("bcc").
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Further insights into the 1:7 — 1:12 transformation and the effects of alloying with B and
Zr can be gained from consideration of a ci:12/a1:12 unit cell aspect ratio and its "precursor"
ai7/2cy:7, plotted together in Fig. 5. For the melt-spun Smi.1(Fe,Co)11.3Tio.7 ribbons this
"generalized" aspect ratio gradually decreases with the T, from approximately 1/+/3, which is
known to be the critical value signifying the reversed 1:12 — 1:7 transformation [46], to the
values observed in arc-melted ingots. Introduction of boron first shifts the aspect ratio towards
the 1/+/3 threshold (y = 0.3) effectively delaying the formation of the 1:12 structure and then

raises it above 1/+/3 (y = 0.7) thus preventing the formation of the 1:12 structure altogether.



Conversely, introduction of zirconium tends to shift the aspect ratio away from the 1/+/3
threshold, in effect facilitating the formation of the 1:12 structure.
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Fig. 4. Evolution of lattice parameters of 1:7 structure (open symbols) and 1:12 structure (filled
symbols) in Smy.1.xZrx(FeosC0o.2)11.3y Tio.7By ribbons with annealing temperature (annealing for
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Fig. 5. Evolution of lattice parameter ratios ai.7/2c1:7 (open symbols) and c1:12/a1:12 (filled
symbols) in Sma.1xZrx(Feo.8Co00.2)11.3y Tio.7By ribbons with annealing temperature (annealing for
15 min).



3.2. Magnetic properties of melt-spun and annealed ribbons

The as-spun ribbons and those annealed at 500 °C were found to be magnetically soft
with a room-temperature Hc smaller than 100 Oe (smaller than 10 Oe when fully amorphous).
The hard magnetic properties are first observed in ribbons annealed at 600 °C, which coincides
with the crystallization of the 1:7 phase. Figure 6 presents a selection of the typical
demagnetization curves recorded for the parent alloy and one of the compositionally modified
alloys after annealing at 600-950 °C. Figure 7 summarizes the H. data for all eight studied Smy ;-
xZr«(Fe,Co)113yTio.7By alloys. The emerging Hc increases with the Ta, somewhat lagging behind
in the case of the ribbons solidified with a residual crystalline phase (such as for the ribbons of
the parent composition). The 1:7 phase crystallized during annealing is thus associated with a
larger Hc than the 1:7 phase crystallized during melt-spinning. However, this difference in H
almost disappears in the ribbons annealed at 750 °C, the last Ta before the onset of the 1:12
phase. In the alloys experiencing the 1:7 — 1:12 transformation, the increase of Hc with the Ta
continues, whereas in the Smy.1(Fe,C0)10.6 Tio.7Bo.7 alloy, in which this transformation is
suppressed, the Hc levels off at 2.5-2.7 kOe. As one can see in Fig. 7(a), boron does not improve
the magnetic hardness of the zirconium-free alloys which reach their maximum Hc after
annealing at 800-850 °C, and this H¢ does not exceed 4.8 kOe. On the other hand, introduction
of boron simultaneously with zirconium [Fig. 7(b)] increases both the optimum T, to 900 °C and
the maximum Hc to 6.2 kOe. Most ribbon samples annealed at T, > 800 °C exhibited a zero-field
step on their demagnetization curves (see Fig. 6); these steps are believed to reflect the
increasing volume fraction of the magnetically soft bcc phase due to evaporation and/or
oxidation of Sm. Although annealing at high Ta leads also to a sharp decline of the H. (see Fig.
7), it is clear from Fig. 6 that the zero-field magnetization steps (i.e., the bcc phase) are not the
major reason for this decline. It may also be noted that the By peaks at lower T, values than the Hc
does, and that in most cases this "early" decline of the B, cannot be attributed to the zero-field
magnetization step.
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In general, coercivity is determined by both properties of the involved compounds and
the morphology of their crystallites (the microstructure). Only limited data are currently
available on how Zr substitution affects the intrinsic properties of the Sm(Fe,Co,Ti)12 compounds
[1,3,48] and no data at all on the effects of B or (B,Zr). All melt-spun alloys which developed the
1:12 structure in this study exhibited similar Hc values after annealing at 800 °C (Fig. 7). With
the lattice parameters of the 1:12 structures evolving in the same direction (Fig. 4), the
significant Hc difference for the Ta > 800 °C most probably arise not from changing intrinsic
properties, but from the continuing development of the microstructure. Figure 8 compares the
average crystallite sizes and fractions of the bcc phase determined from the XRD data for the
ribbons exhibiting significantly different Hc values. Because of considerable overlap of the XRD
reflections, the Scherrer analysis had to be applied to the stand-alone but weak (310) reflection;
this resulted in large uncertainties of the determined average sizes [the only exception was the
sample annealed at 950 °C which had a stronger (301) reflection sufficiently separated to be
analyzed]. Despite the uncertainty, it is clear that the (B,Zr) substitution significantly inhibits the
growth of the 1:12 crystallites. Matzinger et al. [49] reported inhibition of crystallite growth in
Nd-Fe-B-Zr alloys due to the presence of platelet-shaped ZrB; precipitates in intergranular
regions. The same mechanism could hypothetically operate in the alloys studied in this work,
provided that the amount of the ZrB> phase is below the XRD detection threshold. Inhibition of
crystallite growth explains the higher Hc values of the compositionally modified alloys more
consistently than a smaller fraction of the bcc phase. Even though the fraction of this soft
magnetic phase is smaller in the modified alloy, in none of the two alloys the observed changes
of the Hc are correlated with changes of this fraction. Such lack of correlation is possible because
as long as the bcc phase is responsible for less than half of the alloy magnetization, it primarily
manifests itself as a zero-field step on the demagnetization curve (see Fig. 6) and only marginally
affects the He.
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SEM micrographs in Fig. 9 compare fractured surfaces of the same two melt-spun alloys
annealed at 900 °C. The comparison confirms that the modification with (B,Zr) inhibits growth
of the 1:12 crystallites. It must be noted, however, that the average crystallite sizes estimated
based on the SEM data, 83 nm for the parent alloy and 45 nm for the modified alloy, are
significantly larger than, respectively, 39.6(4.7) nm and 16.9(5.2) nm obtained from the XRD
peak broadening. This mismatch may be due to both the missing the smallest crystallites in the
fractured sample and the chemical inhomogeneity of the Sm(Fe, Ti)12-based compound, which is
known to exist in a range of compositions [7,10]. If the 15-min annealing of a melt-spun alloy
had not ensured the perfect chemical homogeneity, the 1:12 crystallites would be characterized
by a range of lattice parameters leading to additional broadening of the XRD reflections. All
other conditions being equal, a greater chemical inhomogeneity should be expected for a larger
number of alloying elements. This may be the reason why the discrepancy between the Scherrer
crystallite size and the crystallite size estimated based on the SEM data is greater for the
Smo.9Zro2(Fe,Co)106Tio.7Bo.7 alloy than for the Sm; 1(Fe,Co)11.3Tio7 alloy.

12



B N T N =

y & 2

B 4 d ,)""
Fig. 9. Fractures of (a) Sm1.1(Feo8C0o0.2)11.3Tio7 and (b) Smo.eZro2(FeosCo0o.2)106Tio.7Bo.7 melt-
spun ribbons annealed at 900 °C for 15 min.

3.3. Effect of annealing time

The continuous evolution of the principal 1:7 and 1:12 phases in the melt-spun alloys
subjected to heat treatment was demonstrated in subsection 3.1 by varying the annealing
temperature. However, at any particular temperature, the metastable structures of the as-spun
alloys must evolve towards the corresponding temperature-specific phase equilibrium. This
means that even above the temperature of the 1:7 — 1:12 transformation it iS not certain that the
alloy evolution will follow the same pathway when annealed for a long time isothermally. Figure
10 presents demagnetization curves of the Smo.eZro2(Fe,C0)106Tio.7Bo7 ribbons annealed at 800
°C for increasing time intervals, up to 60 min. The increase of the Hc and decrease of the Br with
the annealing time are qualitatively similar to the changes observed in the same alloy with
increasing the T, [see Fig. 6(b)]. To compare the isochronal and isothermal treatments
quantitatively, the lattice parameters of the 1:12 structure determined by analyzing the XRD data
are plotted in the same Fig. 10 against the Hc values. The resulting reasonably good match
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between the data for the 15 min isochronal annealing and the data for the 800 °C isothermal
annealing indicates that the two treatments are indeed equivalent.
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Fig. 10. (a) Room-temperature demagnetization curves of Smo.oZro.2(Feo.sC00.2)106T10.7Bo.7
ribbons annealed at 800 °C for the indicated time and (b,c) correlation between lattice parameters
of the 1:12 phase and coercivity for ribbons of this composition: 1 — annealed for 8, 15, 30 and
60 min at 800 °C; 2 — annealed for 15 min at 800, 850 and 900 °C. All lines are guides to the

eye.

3.4. Isotropic magnets produced from melt-spun ribbons

Selected ribbons were subjected to hot compaction in vacuum at the highest temperature
and pressure supported by the equipment used in this study. The resulting bulk samples were
sufficiently strong to withstand cutting and polishing, but their density was found to be only
6.60—6.90 g/cm? or 84-89% of the corresponding ingot densities. In agreement with the results
for annealed loose ribbons, the bulk samples compacted at 650 °C had the principal phase of the
1:7 structure [Fig. S1(a), Supplementary data] and exhibited a Hc of 1-2 kOe. In order to develop
the 1:12 structure as well as to increase the density, the compacted samples were subjected to an
additional annealing treatment at 750-900 °C. The XRD characterization [Fig. S1(b),
Supplementary data] confirmed that the 1:12 structure was indeed obtained, with only a few
volume percent of the undesirable bcc phase present. Moreover, the 60 min annealing at 800-900
°C increased the density of bulk samples to 7.05-7.20 g/cm?® or 90-93% of the ingot density.
Figure 11 presents room-temperature demagnetization curves of the Sm1 .1(Fe,C0)11.3Tio7 bulk
samples for all annealing conditions and Zr- and B-modified bulk samples for selected annealing
conditions (see also Figs. S2-S4, Supplementary data). It is remarkable that even after annealing
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at 900 °C, none of the demagnetization curves features zero-field steps, despite the relatively
long annealing time of 60 min. This conclusively demonstrates that neither evaporation of Sm
nor its oxidation effectively restricts annealing of bulk Sm(Fe,Co, Ti)12 magnets characterized by
a small surface-to-volume ratio [39] (although a thin surface layer of the annealed magnets may
still need to be polished off — as it was polished off in this study).

10 [ T T
10

) T,
X

~ —0o— none
= —o— 750
< —=— 800
5 —s— 850
= —v— 900
N . \

§ ’ x.
2 n
g

&S

=

—+—y=0, T,=800°C
—e— y=05,T,=850°C 1
—4— y=0.7,T,=900°C

A B

-3 0 3
Field Strength (kOe)

Fig. 11. Room-temperature demagnetization curves of (a) Sm1.1(Feo.sC00.2)11.3Tio.7 hot-
compacted bulk samples annealed at the indicated temperatures (in °C) and (b)
Smo.9Zro.2(Feo.sCoo.2)11.3y Tio.7By hot-compacted bulk samples for selected annealing
temperatures. Annealing time in all cases was 60 min.

Evolution of the hard magnetic properties with temperature of the post-compaction
annealing is shown in Fig. 12. As it was the case of the loose ribbons, H¢ of the compacted
ribbons prepared without boron begins to decline when the Ta exceeds 800 °C. On the other
hand, H. of the compacted ribbons containing simultaneously Zr and B continues to increase for
Ta > 800 °C — reaching eventually markedly higher values. Thus, despite the fact that the B
invariably declines with the T,, the annealing at 850-900 °C ensured better combinations of the
(BH)max and Hc in the compositionally modified alloys. Properties of optimally annealed bulk
samples of the four different compositions are summarized in Table 1. Zirconium decreases the
Tc of the magnets, whereas boron increases it — in agreement with the earlier findings [26] for
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the Sm(Fe,V,B)12 compounds. Correspondingly, measurements at elevated temperatures,
summarized in Fig. 13 (the demagnetization curves are shown in Figs. S5-S8, Supplementary
data) reveal that the hard magnetic properties of the Zr-modified Smo.9Zro2(Feo.8C00.2)11.3Tio.7
magnet — characterized by the highest room-temperature (BH)max — decline with the temperature
most rapidly. Conversely, simultaneous modification with Zr and B improves temperature
stability of the properties. Particularly remarkable is a small value of the temperature coefficient
Bi7s = [He(175 °C) - He(27 °C)] x 100% / [Hc(27 °C) x 148 °C] determined for the
Smo.eZro.2(Fe,C0)10.8Tio.7Bos magnet; it is equal to -0.25%/°C compared to -0.32%/°C of the Zr-
and B-free magnet. At 175 °C, this isotropic Smo.9Zro.2(Fe,C0)10.8Tio.7Bos magnet has a Hc of 3.4
kOe and a (BH)max of 5.8 MGOe. If the density of this magnet is increased to 100% or 7.77
g/cm? (for example, by compacting the ribbons at 850 °C rather than compacting them at 650 °C
and then annealing at 850 °C), the (BH)max would be increased to 10 MGOe at room temperature
and to 6.8 MGOe at 175 °C. The feasibility of the former value has been already demonstrated
by Qian at al. [39], whereas the latter value is comparable to the melt-spun Nd-Fe-B alloy (7.6
MGOe at 173 °C [50]) which has almost twice the rare-earth content.
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Fig. 12. Effect of 60-min annealing on (a) remanence, (b) intrinsic coercivity and (c) maximum
energy product of hot-compacted bulk samples: 1 — Sm1.1(FeosC00.2)11.3Tio7, 2 —

Smo.9Zro.2(Feo.8C0o.2)11.3Tio7, 3 — SMo.aZro.2(FeosC0o.2)108Tio.7Bos, 4 —
Smo.oZro.2(Feo.8C0o.2)10.6 Tio.7Bo.7.
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Table 1. Density values p and magnetic properties of selected (Sm1-xZrx)1.1(Feo.8C00.2)11.3-yTio.7By
magnets compacted from melt-spun ribbons. Annealing at temperature T, was performed for 60
min; S17s IS the temperature coefficient of Hc between 27 and 175 °C.

X Ta P Tc Br Hc (BH)max ﬂ175
Y (c) (glem® (°C) (kG) (kOe) (MGOe) (%/°C)
0 0 800 7.13 518(2) 7.8 4.5 8.1 -0.32
02 O 800 7.05 508(1) 7.8 4.8 8.7 -0.33
0.2 05 850 7.15 525(2) 7.4 54 8.5 -0.25
0.2 0.7 900 719 535(2) 7.2 54 7.9 -0.30
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Fig. 13. Temperature dependence of (a) remanence, (b) intrinsic coercivity and (c) maximum
energy product measured for bulk samples hot-compacted and subsequently annealed at T for 60
min: 1 — Smy.1(Fe0.8C00.2)11.3Tio.7, Ta= 800 °C; 2 — Smo.9Zro.2(Fe€0.8C00.2)11.3Tio.7, Ta= 800 °C; 3 —
Smo.oZro.2(Feo.sC0o.2)108Tio.7Bos, Ta= 850 °C; 4 — Smo.9Zro.2(Feo.8C00.2)10.6 Tl0.7Bo.7, Ta= 900 °C.

4. Conclusion

Modifications with boron and zirconium did not dramatically increase coercivity of the
Sm(Fe,Co)11.3Tio7 alloy, and there are no indications that the improvement associated with
boron-rich grain-boundary phases in epitaxially grown thin films [31] can be reproduced in melt-
spun ribbons. Modification of the ribbons with both elements did, however, lead to a moderate
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increase in the coercivity, supposedly by allowing for a more complete formation of the 1:12
compound without excessive coarsening of the microstructure. This, in turn, allowed for
manufacturing of isotropic magnets exhibiting a low temperature coefficient of coercivity and
actually storing more magnetic energy than any reported anisotropic 1:12 magnet. Despite this
modest progress, the task of utilizing the potential of the Sm(Fe,Co, Ti)12 compounds remains
outstanding.
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