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 Powders of Sm(Fe,Co)11.2Ti0.8 alloys modified with Sc, Nb and Zr, as well as with 

additional Ti were prepared by reducing mechanically activated raw oxides with Ca metal in the 

furnace preheated to 990–1250 °C. Expansion of the crystal lattice upon introduction of Nb or 

additional Ti implies that atoms of these elements replace the smaller Fe atoms in the tetragonal 

ThMn12-type structure. On the other hand, contraction of the lattice upon introduction of Sc or Zr 

was smaller than what was expected for replacement of the Sm atoms, which suggests that the Sc 

and Zr atoms replace both the Sm and Fe atoms. Washing away the reduction byproducts 

expands the crystal lattice of the 1:12 particles and increases their coercivity. The lattice 

expansion associated with the washing is believed to be caused by interstitial H atoms; more 

research, however, is needed to establish the mechanism(s) of the washing effect on the 

coercivity. The earlier reported development of a high coercivity in zirconium-modified 

monocrystalline particles achieved by increasing the reduction annealing temperature to ≈1200 

°C was similarly characteristic of the particles modified with Sc (the coercivity reaches 11.5 

kOe) and Nb (8.1 kOe), but not for the particles prepared with additional Ti where the maximum 

coercivity of 8.3 kOe develops for a lower annealing temperature. It is concluded that Sc, Nb and 

Zr modify the high-temperature phase equilibria of the Sm(Fe,Co)11.2Ti0.8 alloys allowing for an 

effective high-temperature processing, whereas the alloy coercivity increases with the synthesis 

temperature through a different, still unknown mechanism which may involve suppression of the 

defects specific to the 1:12 crystals.  
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1. Introduction 

 The excellent intrinsic magnetic properties of the Sm(Fe,Co)12-based compounds, 

particularly the thermodynamically stable – even if only at  high temperatures – Sm1-

xZrx(Fe0.8Co0.2)12-yTiy compounds, make them primary candidates for the development of new 

rare-earth-lean permanent magnets which would be superior to the Nd-Fe-B magnets at ≈150 °C 

[1,2]. On the other hand, the Sm(Fe,Ti)12 alloys have long been known for their relatively weak 

response to the standard methods of developing a coercivity Hc, such as refinement of crystals 

through milling or nanostructuring. This systematic underperformance has been tentatively 

explained by predisposition of the ThMn12-type crystals to twinning [3], with the twin 

boundaries facilitating nucleation of magnetic domain walls, and by the absence of equilibrium 

with a non-magnetic low-melting-temperature phase which could block propagation of reversed 

magnetization [4,5].  

Recently, the authors obtained monocrystalline ThMn12-type Sm–Zr–Fe–Co–Ti particles 

exhibiting a high Hc of 12.6 kOe by reducing mechanically activated elemental oxides (and 

cobalt powder) with Ca metal at 1220 °C [6]. The Hc was found to be highly sensitive to the 

nominal reduction temperature Ta (the furnace temperature not accounting for the exothermic 

nature of the reduction), in a manner implying both changing the incidence of structural defects 

(the Hc gradual increase with the Ta) and the change of equilibrium phases (the Hc collapse for Ta 

> 1220 °C). One of the many questions this finding raises is how the Hc development is specific 

to the alloy composition. A similar effect of the synthesis temperature observed earlier in 

similarly prepared Sm1-xZrxFe10Si2 alloys [7] was attributed to the stabilization of the 1:12 

structure by Zr substitution for Sm. Indeed, according to ab initio calculations by Harashima et 

al. [8], the Zr atoms reduce the formation energy of SmFe12-based structures when occupying the 

"Sm" 2a lattice sites. However, Matsumoto et al. [9] found that the same reduction of the 

formation energy would result from the Zr atoms occupying the "Fe" 8i sites. Although the Zr 

atoms were directly observed as occupying the 2a sites in the cast and annealed alloy [10], in the 

case of calciothermally reduced high-coercivity alloy, compositional and structural data were 

more consistent with the Zr atoms substituting for the Fe atoms [6]. Therefore, the next series of 

reduction diffusion experiments was designed without presupposing whether Zr and two other 

tested elements, Sc and Nb, prefer the Sm sublattice of the 1:12 structure or the Fe sublattice. 

The metallic radius of Sc is similar to that of Zr, and in experimentally synthesized ScFe10Si2 
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compound [11], the Sc atoms occupy the 2a sites. On the other hand, the recent ab initio 

calculations [8] found that the hypothetical ScFe12 compound would be even more unstable than 

the SmFe12, and a high cohesive energy of the hypothetical Sm(Fe,Sc)12 structure [12] appears to 

rule out the possibility of the Sc atoms occupying sites in the Fe sublattice. The metallic radius of 

Nb is similar to that of Ti, and Nb similarly stabilizes Sm(Fe,Nb)12 compounds by partially 

replacing Fe in the 8i sites [13,14]. In the binary alloys with Fe, elements Ti, Sc, Nb and Zr form 

the Fe2M Laves phase compounds equilibrating with the respective (Fe) solid solutions, but there 

is a noticeable difference between the solubilities in the (Fe) phase at 1200 °C (the optimal 

temperature for synthesis of the Sm-Zr-Fe-Co-Ti particles [6]) for Ti (≈ 8 at.% [15]) on the one 

hand and for Zr (< 1 at.% [16]), Nb (≈ 1 at.% [17]) and Sc (≈ 2.5 at.% [18]) on the other hand. 

This report compares structural, microscopic and magnetic data for alloys synthesized at 

different Ta with these four elements – Ti, Sc, Nb and Zr – being added to a "parent" 

Sm(Fe,Co)11.2Ti0.8 alloy. Effects of post-synthesis washing and crystallographic alignment of the 

obtained alloy particles were also examined. The modification with Ti, which may appear 

redundant, effectively extends the scope of the study to include a version of the prototypical 

Sm(Fe,Co)11Ti compound. 

 

2. Experiment 

 The reduction-diffusion synthesis was carried out starting from Sm2O3, Fe2O3, Co, TiO2, 

Sc2O3, Nb2O5, ZrO2 powders and Ca granules. Six powder loads were weighed to meet 

[Sm1.51(Fe0.81Co0.19)11.19Ti0.81]Mx and Ca1.6O atomic ratios for M = Ti, Sc, Nb, Zr with the x 

values listed in Table 1; a CaO dispersant prepared through in-house calcination of a submicron 

CaCO3 powder was added to each load (see all weights in Table S1, Supplementary Data). After 

a thorough stirring in the argon-filled glove box, each starting powder mixture was sealed with 

six 12-mm steel balls in an argon-filled steel vial and subjected to the mechanical activation – a 

four-hour-long high-energy milling with a SPEX SamplePrep 8000 shaker. The activated 

precursors, black in appearance and highly pyrophoric, were collected from the milling vials 

inside the glove box. For the reduction annealing, approximately 450 mg of the precursor was 

transferred without exposure to air into open-ended Mo-foil container sited inside a quartz 

capsule. The capsule was evacuated, backfilled with 50–60 kPa of argon, sealed and placed for 5 

min in the tube furnace preheated to the Ta. Once removed from the furnace, the capsules were 
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allowed to cool down to room temperature naturally. Slightly sintered lumps extracted from the 

capsules were crushed with a hand mortar and subjected to washing with 0.25% glycerol, 0.1% 

acetic acid and deionized water as described in [7]. After rinsing with 2-propanol, the washed 

powders were dried in air. The synthesized alloys are designated Ti80, Ti100, Sc25, Sc50, Nb30 

and Zr30 after the starting powder mixtures (see Table 1).  

 

Table 1. Alloy designations, pre-reduction [Sm1.51(Fe0.81Co0.19)11.19Ti0.81]Mx compositions and 

EDS data for the metals detected in alloy powders after synthesis followed by washing. EDS data 

in italics were measured for individual alloy particles. 

ID M x 
Ta

1 

(°C) 

Post-reduction EDS data 

(at.%) 

Post-reduction EDS data 

(atom/f.u.) 

Ti80  0 1090 Sm8.0Fe69.1Co16.6Ti6.3 Sm1.05(Fe0.81Co0.19)11.18Ti0.82 

Sm1.07(Fe0.80Co0.20)11.20Ti0.80   Sm8.2Fe69.0Co16.7Ti6.1 

Ti1002 Ti 0.19 1090 Sm8.4Fe67.1Co16.6Ti7.9 Sm1.09(Fe0.80Co0.20)10.96Ti1.04 

Sm1.08(Fe0.80Co0.20)11.16Ti0.84   Sm8.2Fe68.2Co17.2Ti6.4 

Sc25 Sc 0.26 1090 Sm8.1Fe68.7Co16.9Ti5.5Sc0.7 [Sm1.07(Fe0.80Co0.20)11.27Ti0.73]Sc0.10 

Sc50 Sc 0.51 1190 Sm7.5Fe68.5Co16.6Ti5.4Sc2.0 [Sm1.00(Fe0.81Co0.19)11.29Ti0.71]Sc0.27 

Nb303 Nb 0.30    

Zr304 Zr 0.30 1090 Sm7.3Fe69.1Co16.0Ti6.2Zr1.4 [Sm0.97(Fe0.81Co0.19)11.19Ti0.81]Zr0.19 

1specific annealing temperature after which alloys were analyzed with EDS. 

2 modification of parent Ti80 alloy with additional Ti. 

3no EDS data have been acquired for this alloy. 

4alloy earlier reported in [6]. 

 

Crystal structures of the products were studied with X-ray diffraction (XRD; a Rigaku 

Ultima IV instrument operating with the Cu Kα radiation) and analyzed with the Powder Cell 

software [19]. Morphology and composition of the products were determined with scanning 

electron microscopy (SEM) and X-ray energy-dispersive spectroscopy (EDS) using, 

respectively, a JEOL JSM-6335F microscope and a Zeiss Auriga 60 CrossBeam microscope 

equipped with an Oxford Instruments X-Max spectrometer. Powder specimens for magnetic 

characterization were immobilized with paraffin wax, some of them in a magnetic field of 16 

kOe (to induce a crystallographic alignment), and magnetized with a 10 T pulsed field magnetic 
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field using a Magnetic Instrumentation Inc. Model 942B magnetizer. Demagnetization curves 

were recorded at 27 °C with a Quantum Design VersaLab vibrating sample magnetometer. Self-

demagnetization was corrected with factors 0.09 (the field-oriented powders) and 0.33 (the 

randomly oriented powders); the alloy densities needed for the correction were estimated based 

on the XRD and EDS data.  

 

3. Results and discussion 

3.1. Crystal structures of as-synthesized and washed alloys 

 The XRD characterization showed that the pursued ThMn12-type compounds (space 

group I4/mmm) constituted 3–4 vol.% of the materials collected after the reduction annealing. 

As expected, these materials are dominated by the CaO phase (Fm-3m) and they contain, in 

addition to the 1:12 compound, a SmO oxide (F-43m), a (Ca) solid solution (either fcc, Fm-3m, 

or hexagonal, P63/mmc) and a bcc (Fe) solid solution (Im-3m). The typical XRD pattern of such 

as-synthesized mixture is shown in Fig 1(a). The washing procedure, which included several 

rounds of magnetic separation, removed the CaO, SmO and (Ca) phases leaving only the 

magnetic 1:12 and bcc (Fe) phases, Fig. 1(b). The washing did not affect the lattice constant of 

the bcc phase, but it increased the a and c lattice constants of the 1:12 phase found in all 

synthesized alloys; these lattice constants are listed in Table 2. In some alloys, the washing 

seemingly "generated" an additional phase with a TbCu7-type structure (P6/mmm) and relatively 

large lattice constants such as a ≈ 4.99 Å and c ≈ 4.19 Å in the case of the Sc25 alloy, Fig 1(b). 

Expansion of the crystal lattice in ultrafine calcium-reduced intermetallic particles after they had 

been washed with water was earlier explained [20,21] by absorption of hydrogen produced in the 

Ca + 2H2O → Ca(OH)2 + 2H reaction. In contrast to the Nd2Fe14BHx hydrides, this spontaneous 

interstitial modification may be expected to improve the hard magnetic properties of the 

Sm(Fe,Ti)12-based compounds by additionally strengthening the magnetocrystalline anisotropy 

[22-24]. The "emerged" 1:7 minority phase was, most probably, already present in the powder 

before the washing, but a greater fraction of absorbed hydrogen and a larger leftward shift of the 

XRD reflections made this phase easier to be detected alongside the majority 1:12 phase. 
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Fig. 1. XRD patterns of Sc25 alloy (a) after reduction diffusion synthesis at Ta = 1090 °C and (b) 

after subsequent washing. The "1:12" and "1:7" reflections correspond to the structures of 

ThMn12 and TbCu7 types, respectively. 

 

Table 2. Lattice constants of ThMn12-type crystal structure found in alloys immediately after 

reduction-diffusion synthesis at Ta = 1090 °C and after subsequent washing. 

Alloy 
As-synthesized Washed 

a (Å) c (Å) a (Å) c (Å) 

Ti80 8.5188(10) 4.7782(10) 8.5453(10) 4.7911(10) 

Ti100 8.5306(10) 4.7754(10) 8.5542(10) 4.7951(10) 

Sc25 8.5195(10) 4.7701(10) 8.5359(10) 4.7864(10) 

Sc50 8.5096(10) 4.7773(10) 8.5391(10) 4.7912(10) 

Nb30 8.5338(10) 4.7752(10) 8.5522(10) 4.7943(10) 

Zr30 8.5137(10) 4.7690(10) 8.5367(10) 4.7882(10) 

 

3.2. Effect of Sc, Nb and Zr on unit cell volume of 1:12 crystal lattice 

 The unit cell volumes corresponding to the Table 2 data are plotted in Fig. 2 versus the 

pre-reduction fractions of the added Ti, Sc, Nb and Zr. In the case of as-synthesized 1:12 

structures (the open symbols), the volume changes agree, at least qualitatively, with the 

conventional wisdom: the introduced Ti and Nb atoms expand the lattice by partially replacing 

the smaller Fe atoms in the 8i sites, whereas the introduced Sc and Zr atoms contract the lattice 

by partially replacing the larger Sm atoms in the 2a sites. The picture is similar for the washed 
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alloys (the filled symbols), although in this case the effect of Sc becomes non-monotonic. 

However, the 1:12 structures in the washed alloys are additionally – and rather strongly – 

expanded by what is believed to be interstitial hydrogen, and the rate of the hydrogen absorption 

may itself be sensitive to the added M atoms. 

 The starting element ratios were not expected to accurately represent compositions of the 

final alloys; indeed, the XRD data in Fig. 1(a) show that not all raw oxides have been fully 

reduced at the end of the annealing. The washed powders were thus further examined with the 

EDS. The data were acquired both for particles covering areas of at least 8 μm × 10 μm (see 

Figs. S1–S5, Supplementary Data) and for individual particles; the results for the metals other 

than Ca are presented in the last two columns of Table 1. The final ratios of Fe, Co and Ti 

reproduce the starting ratios of these elements reasonably well, although the Ti content in 

individual particles apparently may deviate from the average value (alloy Ti100). It is significant 

that the EDS detected in the Ti80 and Ti100 alloys as much as 1.05–1.09 Sm atoms per one 2a 

site of the 1:12 structure (and not only as the average for an alloy which may contain other 

phases, but also for the individual micron-size particles). Because all 2a sites in these two alloys 

are expected to be filled by the Sm atoms, this result suggests that the EDS overestimates the Sm 

atomic content. If this is the case, the 1:12 structures in the Sc- and Zr-added alloys do actually 

have more 2a than the Sm atoms. Still, the percentage of these Sm-free 2a sites is not sufficient 

to accommodate all Sc and Zr atoms the EDS found in these alloys. It follows, that part of the Sc 

and Zr atoms must enter the Fe sublattice, presumably occupying the same 8i sites as the Ti 

atoms do. 
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Fig. 2. Unit cell volume of ThMn12-type crystal structure found in alloys with pre-reduction 

compositions Sm1.51(Fe0.81Co0.19)11.19Ti0.81Mx after reduction-diffusion synthesis at Ta = 1090 °C 

(open symbols) and after subsequent washing (filled symbols). 

 

Harashima et al. [8] calculated lattice constants of hypothetical SmFe12, ScFe12 and 

ZrFe12 structures. They found that replacement of 100% Sm atoms in the 2a sites with the Sc 

atoms would decrease the unit cell volume from 338.4 Å to 325.7 Å, i.e., by 3.8%. At this rate, 

replacing 27% Sm atoms with the Sc atoms would contract the lattice by 1.0%. The actual 

contraction observed in the case of the as-synthesized alloy Sc50 alloy (0.27 Sc atom/f.u. 

according to the EDS) as compared to the Ti80 alloy was only 0.2%. This may imply that the Sc 

atoms occupy not only the 2a, but also the 8i lattice sites. According to the same calculations, 

replacement of all Sm atoms with the Zr atoms would decrease the unit cell volume to 323.3 Å 

or by 4.5%. A 20% Zr substitution would thus contract the lattice by 0.9%. In Table 3, we 

analyzed the available reports on the Zr-containing SmFe12-based alloys in order to learn what 

lattice contractions due to introduction of ≈0.2 atom Zr/f.u. are observed experimentally (reports 

on the melt-spun alloys were excluded because structures observed in these alloys are often 

transitional between the ThMn12 and TbCu7 types [25]). It turns out that the experimental lattice 

contraction reaches the theoretical value of 0.9% only in the 1:12 structures stabilized with Si. In 

the structures stabilized with Ti, the observed lattice contraction was smaller than 0.9%, inferring 

that in these structures, the Zr atoms replace both the larger Sm atoms and the smaller Fe atoms. 

The Zr atoms were already shown to enter both the rare-earth and Fe sublattices of the isotypic 

Gd(Fe,Mo)12 structures [31], where the actual distribution of the Zr atoms between the 2a and 8i 

sites was found to depend on the alloy composition. It is interesting that the smallest lattice 
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contractions in Table 3 were observed for the alloys prepared via the reduction diffusion. In this 

work, the Sm atoms were initially in excess, and it might seem natural that with fewer available 

2a sites more Zr atoms ended up in the Fe sublattice. However, Dirba et al. [30], who also 

observed a small lattice contraction of 0.3% after introducing 0.2 Zr atom/f.u., reported the 

reduction starting with the stoichiometric, rather than excessive, amount of Sm2O3. 

 

Table 3. Experimental crystal structure data (lattice constants, unit cell volumes) reported for 

introduction of ≈0.2 atom Zr/f.u. into SmFe12-based compounds 

Alloy Method1, 

reference 
a (Å) c (Å) V (Å3) ΔV (%) 

Sm0.9Zr0.1Fe10Si2 M [26] 8.439 4.754 338.6  

Sm0.7Zr0.3Fe10Si2  8.407 4.748 335.6 -0.9 

SmFe11Ti SC [27] - - 343.0  

Sm0.8Zr0.2Fe11Ti  - - 340.6 -0.7 

Sm(Fe0.75Co0.25)11.5Ti0.5 SC, A [28] 8.54 4.77 347.9  

Sm0.8Zr0.2(Fe0.75Co0.25)11.5Ti0.5  8.51 4.77 345.4 -0.7 

Sm(Fe0.8Co0.2)11.5Ti0.5 M, A [29] 8.52 4.76 345.5  

Sm0.8Zr0.2(Fe0.8Co0.2)11.5Ti0.5  8.50 4.76 343.9 -0.5 

Sm(Fe0.8Co0.2)11Ti RD [30] 8.510 4.759 344.7  

Sm0.8Zr0.2(Fe0.8Co0.2)11Ti  8.503 4.753 343.7 -0.3 

Ti80 RD, this 

work 

8.519 4.778 346.8  

Zr30 RD [6] 8.514 4.769 345.7 -0.3 

1Preparation of alloy: M = melting, SC = strip casting, A = annealing, RD = reduction diffusion. 

 

3.3. Effect of washing and alignment of 1:12 particles on their hard magnetic properties 

 The process of washing the calciothermally reduced particles not only modifies the 1:12 

crystal structure with the interstitial H atoms; it is also capable of changing the surface of the 

particles. Both these effects may affect the magnetization reversal. In various similarly 

synthesized alloys, the effect of washing on the coercivity was found to be ranging from strongly 

negative (Nd2Fe14B [21], LaCo5 [32]) to negligible ([Sm,Pr]2[Co,Fe]17 [33]) to positive (MnBi 

[34]). Figure 3 presents demagnetization curves of two synthesized alloy powders before and 

after they were washed. As compared to the as-synthesized particles (open symbols), the 
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randomly oriented washed particles (filled symbols) exhibit a 30–60% higher Hc. It is tempting 

to ascribe the increased Hc of the washed 1:12 particles to a stronger magnetocrystalline 

anisotropy due to the hydrogenation based both on the known effects of interstitial hydrogen on 

the SmFe11TiHx hydrides [22-24] and on the increased Hc reported by Popov et al. [35] for 

hydrogenated Sm0.8Zr0.2(Fe,Ti)10 melt-spun alloys. However, the alloys synthesized in this work 

contained Co, and hydrogenation of a Sm0.8Zr0.2(Fe,Co,Ti)10 melt-spun alloy was found not to 

increase its Hc [36]. A dedicated experiment in which the crystal lattice expansion and the 

coercivity are simultaneously monitored throughout the multi-step washing process is needed to 

definitively explain the observed increase of the Hc.  

 
Fig. 3. Demagnetization curves of (a) Ti80 alloy synthesized at Ta = 1090 °C and (b) Sc50 alloy 

synthesized at Ta = 1190 °C: 1 - immediately after the synthesis, 2 - after subsequent washing, 3 - 

after washing and magnetic alignment. 

 

 Attempt to align the [001] easy magnetization directions of the washed particles by 
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Sc50 alloy synthesized at the Ta = 1190 °C, then it was for the Ti80 alloy synthesized at the Ta = 

1090 °C; this difference is explained by the SEM data discussed in subsection 3.4. Importantly, 

alignment of the washed particles additionally increased their coercivity, yielding values 70–80% 

higher than those measured immediately after the synthesis. The coercivity increase due to the 

washing and alignment has been verified for different Sm(Fe,Co,Ti)12-based alloys after 

crushing the respective as-synthesized materials and thoroughly mixing them with a hand mortar. 

It is now believed that the very high Hc value of 14.3 kOe reported in [6] for the as-synthesized 

Zr30 alloy powder (higher that the 12.6 kOe value measured after washing and alignment) was 

not representative of the inhomogeneous as-synthesized material. It must be noted that because 

the washed alloy powders have been mixed by the vigorous ultrasound agitation, their samples 

should always be reasonably representative. 

 

3.4. Effects of annealing temperature on crystal structure, morphology and coercivity of 

synthesized particles 

 Figure 4 compares crystal structures of the Ti80 and Sc50 alloys synthesized at several 

specific Ta, and Fig. 5 shows how selected structural features evolve with the Ta. In both alloys, 

the 1:12 phase is predominant at the low Ta, but it becomes significantly suppressed when the Ta 

is increased to 1220 °C. In the parent Ti80 alloy, the suppression of the 1:12 phase begins 

between Ta = 1140 °C and Ta = 1190 °C, and it occurs gradually while being accompanied by a 

similarly gradual increase of the bcc (Fe) solid solution. For the Ta = 1220 °C, the 1:12 phase still 

constitutes ≈55 vol.% of the Ti80 alloy. In contrast, in the Sc50 alloy almost all 1:12 phase 

disappears once the Ta is increased from 1190 to 1220 °C. Lattice constant of the bcc phase in the 

Ti80 alloy monotonically increases with the Ta, apparently reflecting the increasing Ti solubility 

in this phase (of the elements present in the Ti80 alloy, only Ti has a significant but limited 

solubility in the Fe-based solid solution). In the Sc50 alloy, the lattice constant of the bcc phase 

is smaller, presumably because the solubility of Sc in the (Fe) phase is smaller than that of Ti 

[15,18].  

Particle morphologies for the two alloys are compared in Fig. 6. Evolution of the Ti80 

particles with the Ta (the left column of micrographs, top to bottom) follows three trends: (1) size 

of faceted 1:12 crystallites (the majority phase) increases, (2) fraction of particles consisting of a 

single faceted 1:12 crystallite increases, and (3) initially absent near-spherical particles with a 
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rough, visibly polycrystalline surfaces emerge and become increasingly prominent. The latter 

particles are indicated in Fig. 6 with arrows; because their amount is well correlated with the 

increase of the bcc phase, these particles must either incorporate the bcc phase or be entirely 

made of it. Morphology of the Sc50 particles (the right column of micrographs) follows the first 

two trends (large 1:12 crystallites and larger fraction of monocrystalline particles) up to Ta = 

1220 °C when submicron monocrystalline particles become replaced by larger polycrystalline 

particles. The scandium-modified Sc50 alloy thus responds to the Ta similarly to the zirconium-

modified Zr30 alloy [6] except for a somewhat lower Ta value at which the 1:12 phase becomes 

suppressed. Unlike the parent Ti80 alloy, the Zr30 and Sc50 alloys do not pass through the stage 

when large amounts of the 1:12 and bcc phases coexist. Although none of the alloy samples 

discussed above was equilibrated and quenched, the obtained data suggest that the Sc and Zr 

modifications affect the phase equilibria and do this in a similar manner. 

 

 
Fig. 4. XRD patterns of (a) Ti80 and (b) Sc50 alloy powders synthesized at the indicated Ta. The 

"1:12" and "1:7" reflections correspond to the structures of ThMn12 and TbCu7 types, 

respectively. 
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Fig. 5. Effect of temperature Ta on (a) fraction of 1:12 phase (filled symbols), fraction of bcc 

phase (open symbols) and (b) lattice constant of the bcc phase in alloys Ti80 (1) and Sc50 (2). 

Lines are guides to the eye. 
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Fig. 6. SEM micrographs of (a-c) Ti80 and (d-f) Sc50 alloy powders synthesized at three 

different Ta: (a,d) 1040 °C, (b,e) 1190 °C and (c,f) 1220 °C. Arrows are explained in the text. 

 

 Figure 7 presents demagnetization curves of magnetically oriented Ti80, Ti100 and Sc50 

powders prepared at different Ta. The Hc values determined for these alloys (and also for the 

Sc25 alloy) are plotted in Fig. 8(a) as a function of the Ta. Remanent magnetization of the parent 

Ti80 alloy particles increases with the Ta – in a good agreement with the increasing fraction of 

monocrystalline 1:12 particles, the only particles making it possible to align the easy 

magnetization directions along the external field. The increase slows down as the magnetically 
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soft bcc (Fe) phase increasingly dilutes the 1:12 phase without contributing to the remanence. 

The coercivity of the Ti80 particles initially increases with the Ta nearly reaching 7 kOe for the 

Ta ≈1100 °C; it declines for Ta > 1140 °C simultaneously with an increase of the bcc phase. This 

Hc(Ta) dependence is closely reproduced in the "titanium-modified" Ti100 alloy, the coercivity 

of which reaches 8.3 kOe – the record value for the Sm(Fe,Co,Ti)12 alloys. Introduction of 

scandium first slows down the Hc decline with the Ta [in the Sc25 alloy, Fig. 8(a)], and then 

"extends" the Hc increase with the Ta to a remarkably high value of 11.5 kOe for the Ta = 1190 

°C [in the Sc50 alloy, Figs 7(c) and 8(a)]. If the Ta is increased beyond this value, both the 

remanence and the coercivity collapse, in agreement with the drastic changes of the phases and 

morphology of particles. Thus, the similarity between the Sc50 and Zr30 [6] alloys, already 

demonstrated for the phases present in the alloys and for the morphology of the particles, extends 

to the magnetic properties. It also extends to the shape of the demagnetization curve measured 

after the optimal Ta. For the Sc50 alloy, this highest-coercivity curve [Fig. 7(c), Ta = 1190 °C] 

features three steps which must correspond to three peaks in a distribution of the particle 

coercivities. From the first derivative of this σ(H) curve (shown in Fig. S6, Supplementary Data) 

these three peaks of the particle coercivities were found to be centered at 5 kOe, 14 kOe and 23 

kOe. It is not clear what structural and/or morphological features of the particles place them into 

each of these three subgroups, although the broad range of the particle coercivities is almost 

certainly related to the inhomogeneity of the as-synthesized material (see subsection 3.3). 

Obviously, the highest-coercivity particles are most suitable for the development of practical 

permanent magnets, and the very fact that a small fraction of the reduction-diffusion synthesized 

1:12 particles exhibit a Hc in excess of 20 kOe should be seen as highly encouraging. 
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Fig. 7. Demagnetization curves of (a) Ti80, (b) Ti100 and (c) Sc50 alloy powders synthesized at 

the indicated Ta (in °C) and washed. All powder samples were field-oriented. 
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Fig. 8. Effect of temperature Ta on coercivity of field-oriented washed powders with pre-

reduction compositions Sm1.51(Fe0.81Co0.19)11.19Ti0.81Mx: (a) M = Ti, Sc; (b) M = Sc, Nb. Data for 

x = 0 and for M = Zr [6] are also shown for comparison. 

 

 Demagnetization curves of the niobium-modified Nb30 powders are shown in Fig. 9. The 

effect of the Ta on the room-temperature magnetic behavior is similar to the Sc50 alloy, even 

though the highest obtained Hc of 8.1 kOe is noticeably lower. The difference may be explained, 

at least in part, by a greater volume fraction of the (Fe) phase in the Nb30 powders (XRD data 

not shown). If the extra (Fe) phase is due to the Fe and Nb atoms "competing" for the same sites 

in the 1:12 structure, it can be easily avoided in the future by reducing the Fe content. 
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Fig. 9. Demagnetization curves of Nb30 alloy powders synthesized at the indicated Ta (in °C) 

and washed. All powder samples were field-oriented. 

 

 The Hc vs. Ta data for the powders modified with Sc, Nb and Zr are compared in Fig. 

8(b). The effects of all three elements are qualitatively similar: the Ta range in which the 

coercivity increases is extended beyond 1100 °C, to approximately 1200 °C. This extension 

makes it possible to attain higher Hc values, although only in a narrow and element-specific Ta 

interval. In the 1:12 structures prepared via reduction diffusion, the Ti and Nb atoms occupy the 

Fe sites, whereas the Sc and Zr atoms occupy both the Fe and Sm sites (see subsection 3.2). 

Because Sc, Nb and Zr do extend the "allowed" Ta range, but Ti does not, the Ta range extension 

does not appear to be related to the properties of the 1:12 compound. Instead, it is likely to be 

related to the phase equilibria – particularly those involving the (Fe) phase. The smaller 

solubility of Sc, Nb and Zr in the (Fe) phase means that modification with any of these elements 

should reduce the stretch of the bcc Fe-Co-Ti phase at 1200 °C. More research is needed to 

determine whether this indeed affects the temperature range of the 1:12 phase, and whether it is 

possible to attain even higher Hc by further extending the "allowed" Ta range. It also needs to be 

determined why the coercivity increases with the Ta despite the simultaneous increase of the 

crystallite size. It was earlier hypothesized [6] that the coercivity increases with the Ta because of 

a decreasing incidence of defects in the 1:12 crystallites. In this study, both the parent and 

modified alloys demonstrated a positive dHc/dTa in some parts of the studied Ta range; this 

suggests that the mechanism responsible for the unusual coercivity increase must be common for 

all the Sm(Fe,Co,Ti)12-based compounds. 

 

4. Conclusion 

 The earlier reported development of a high coercivity in Zr-modified monocrystalline 

Sm(Fe,Co)11.2Ti0.8 particles prepared via high-temperature reduction diffusion has been 
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reproduced for the particles modified with Sc and Nb, but not for the particles modified with 

(additional) Ti. Such element-specific influence does not correlate with the changes in the unit 

cell volume associated with the respective elements, and it is, therefore, not likely to operate via 

the features, whether intrinsic or extrinsic, of the 1:12 phase. The fact that Sc, Nb and Zr are 

expected to similarly affect the high-temperature equilibrium between the 1:12 phase and Fe-

based solid solution makes the system phase equilibria a more probable critical condition for the 

development of high coercivity. On the other hand, even those alloys which did not develop the 

high coercivity through the high-temperature synthesis did exhibit a positive correlation between 

the coercivity and the synthesis temperature; this correlation had been tentatively linked to 

incidence of defects in the 1:12 crystals. Thus, two distinct mechanisms, one involving the 

system phase equilibria and another specific to the 1:12 phase must be ultimately responsible for 

the development of the high coercivity. Uncovering and purposely exploiting these mechanisms 

will be important steps in converting the Sm(Fe,Co)12-based alloys into practical rare-earth-lean 

magnets. 
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