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and Sm 
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Arc-melted (Zr0.7R0.3)1.1Fe10Si2 alloys with R = Y, Ce, Pr and Sm crystallize into the ThMn12-

type structure; La substitution leads to the formation of a separate NaZn13-type phase. Compared 

to the rare-earth-free parent compound, Y, Ce and Sm strengthen the magnetocrystalline 

anisotropy in this order; whereas Pr weakens it. The effect of Sm is by far the strongest; an 

anisotropy field of 40.7 kOe determined for the Zr0.7Sm0.3Fe10Si2 by the singular point detection 

technique is high enough to make this compound a good candidate for a very rare-earth-lean, 

cobalt-free permanent magnet material. The effect of Sm has been demonstrated in isotropic 

nanocrystalline alloys prepared via melt-spinning followed by vacuum annealing. The optimally 

processed alloys with R represented by Zr and Sm exhibited coercivity values of 0.7 and 2.4 

kOe, respectively. The analysis suggests that the development of the coercivity is controlled by 

decomposition of the 1:12 structure in the former sample and by the crystallite growth in the 

latter. Calculated remanence and maximum energy product of the Sm-substituted nanocrystalline 

alloy were 6.3 kG and 4.6 MGOe. The cubic Zr6Fe16Si7 compound, which is the frequent 

minority phase in the studied alloys, was also synthesized and found to be paramagnetic at the 

room temperature. 
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1. Introduction 

ThMn12 (hereafter, 1:12) is one of several structure types derived from the hexagonal CaCu5 

by replacing part of its large atoms with pairs of smaller ones. When the replacement is random, 

it occurs as in a solid solution (this solid solution is often associated with the TbCu7 prototype); 

however, additional ordering of the substituting atom pairs produces stoichiometric structures 

such as the rhombohedral Th2Zn17 and tetragonal 1:12. Many of the iron-rich 1:12 compounds 

represented by the formula R(Fe,M)12, where R is the rare earth and M is one of the transition 

metals or sp elements stabilizing the structure, exhibit not only a room-temperature 

ferromagnetism but also a significant uniaxial magnetic anisotropy [1]. At least three subgroups 

of such compounds have been considered for permanent magnet applications: Sm(Fe,M)12 [2-4], 

Nd(Fe,M)12Nx [5-7] and, more recently, Ce(Fe,M)12 [8-10]. The supply risks currently associated 

with the rare earth elements [11] increase the appeal of these rare earth-lean compounds, 

especially those not containing the high-demand neodymium. According to the latest finding 

[12], the R(Fe,Si)12 compound can even be rare-earth-free having the R element represented by 

zirconium. The metastable ZrFe10Si2 exhibits fairly high values of Curie temperature (325 °C) 

and saturation magnetization (at least 11 kG), but it lacks a strong magnetocristalline anisotropy. 

Its room-temperature anisotropy field Ha was found to be only 17 kOe [12], which is especially 

low compared to nearly 120 kOe reported for SmFe10Si2 [13]. Since a high Ha is generally 

necessary for the development of a functional permanent magnet, in this work we attempted to 

increase it by partially substituting Zr with Y, La, Ce, Pr and Sm. The effect of the Sm 

substitution was further evaluated by comparing the magnetic behavior of nanocrystalline 

ZrFe10Si2 and Zr0.7Sm0.3Fe10Si2 alloys prepared via melt-spinning. 

 

2. Experiment 

Alloys Zr5.9R2.5Fe76.2Si15.4 = (Zr0.7R0.3)1.1Fe10Si2, were prepared for R = Zr, Y, La, Ce, Pr and 

Sm by arc-melting the pure components in a water-cooled copper hearth. A Sm charge of 112% 

the nominal mass was required to offset the evaporation loss of this volatile element. The ingots 

(2.5 g or 10 g for R = Zr, Sm) were not subjected to any additional heat treatment. The alloy 

densities measured via the water-immersion technique were 7.26 (R = Zr), 7.17 (Y), 7.31 (Ce), 

7.31 (Pr) and 7.33 (Sm) g/cc. In addition, a Zr20.7Fe55.2Si24.1 alloy was prepared by arc-melting 

and annealed at 1100 °C for up to 60 h to obtain the frequently observed impurity phase 
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Zr6Fe16Si7. Melt-spinning was done in argon by ejecting the inductively melted alloys onto a 

rotating copper wheel at a surface velocity vs ranging from 5 to 25 m/s. Some of the melt-spun 

"ribbons" were annealed in a 10-4 Torr vacuum at 600 – 900 °C for 5 – 100 min. 

Powder X-ray diffraction (XRD) characterization was performed with a Rigaku Ultima IV 

diffractometer using the CuKα radiation; the results were analyzed with Powder Cell software 

[14]. Minority phases were additionally analyzed in polished unetched samples with scanning 

electron microscopy (SEM; a JEOL JSM-6335F instrument) and energy-dispersive spectrometry 

(EDS; an IXRF Systems instrument). The crystallites in the ribbons were observed on freshly 

fractured surfaces. Magnetic anisotropy fields were determined via the singular point detection 

technique (SPD) [15] which is particularly convenient and accurate for polycrystalline samples. 

In the SPD, a pulsed magnetic field is applied to the sample and the anisotropy field is detected 

as a singularity in the second derivative of magnetization. The rise time of the pulse was 0.5 ms, 

and the d2M/dH2(H) was obtained through analog derivation. The magnetization measurements 

were done with a Quantum Design VersaLab vibrating sample magnetometer (maximum field 30 

kOe). Magnetization as a function of temperature was recorded at a field of 5 kOe. Magnetic 

hysteresis of the melt-spun ribbons was recorded along the ribbon length, thus ensuring a 

negligible self-demagnetization. 

 

3. Results and discussion 

3.1. Synthesis of Zr0.7R0.3Fe10Si2 compounds and their properties 

The XRD data collected for the mortar-ground Zr5.9R2.5Fe76.2Si15.4 alloys are presented in Fig. 

1. The spectrum for the parent Zr8.4Fe76.2Si15.4 alloy reported in Ref. 12 was consistent with 

coexistence of the principal 1:12 structure and 3.7 vol. % of a Zr6Fe16Si7 minority phase (the 

Mg6Cu16Si7 type, a derivative of the Th6Mn23 type; space group Fm3m). A significant deviation 

from this phase composition can only be seen for R = La. A large amount of the cubic NaZn13-

type structure (space group Fm3c) present in this alloy almost certainly manifests formation of 

the well-known La(Fe,Si)13 phase [16]. There are no indications that the La atoms substitute for 

Zr in the ZrFe10Si2 structure. For the other examined rare earth elements, the 1:12 structure 

remains the predominant phase (96.3 – 98.5 vol. %), and both its lattice parameters – they are 

listed in Table I – increase compared to the unsubstituted material. This behavior implies that the 

Y, Ce, Pr and Sm atoms replace part of the smaller Zr atoms. The second detected phase is either 
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the cubic Zr6Fe16Si7 or, in the case of R = Pr, the tetragonal PrFe2Si2 phase (the BaAl4 type, 

I4/mmm, a = 0.399 nm, c = 1.005 nm). 

To accurately determine the saturation magnetization of the 1:12 compounds, the impurity 

phases had to be accounted for. The PrFe2Si2 compound is known to be paramagnetic at room 

temperature (it orders antiferromagnetically at 7.7 K [17]). No past reports could be found, 

however, on the magnetism of the Zr6Fe16Si7 compound. Therefore, after verifying with the EDS 

that this minority phase does not accommodate the rare earth atoms, we proceeded to synthesize 

it for magnetic characterization. The cubic Zr6Fe16Si7 phase was not the main phase in the as-

prepared alloy of this composition, and as many as four other phases (the 1:12, bcc Fe-Si, 

ZrFeSi and ZrFe4Si2) were detected at the different stages of the alloy equilibration at 1100 °C. 

Figure 2a presents an XRD spectrum recorded after annealing for 60 h, when the Zr6Fe16Si7 had 

become the principal phase. The M(H) curve shown in Fig. 2b suggests that at room temperature 

this main phase is paramagnetic. The small, 0.07 emu/g, ferromagnetic component of the alloy 

magnetization is likely to be caused by a trace amount of the bcc Fe-Si phase. 

Table I presents the room-temperature magnetic properties and Curie temperatures of the five 

studied Zr0.7R0.3Fe10Si2 compounds. The saturation magnetization 4πMs of the corresponding 

Zr5.6R2.5Fe76.2Si15.4 alloys was determined by extrapolating the M(1/H 2) data for the field-

oriented alloy powders. These findings were then corrected for the volume occupied by the 

impurity phases. Anisotropy field values were obtained from the positions of the d2M/dH 2(H) 

peaks (see Fig. 3) after correction for the self-demagnetization. 

The 4πMs and Ha values presented here for the parent ZrFe10Si2 compound are slightly higher 

than in Ref. 12; the difference reflects, respectively, the correction for the imperfect purity and 

the use of the SPD. The effect of the 30% rare earth substitution for Zr on the 4πMs is limited to 

only a few percent. In contrast, the Ha undergoes dramatic changes such as a nearly 40% decline 

for R = Pr and a 120% increase for R = Sm. The strong positive effect of the Sm substitution on 

the uniaxial anisotropy and the negative effect of the Pr substitution are consistent with the 

negative crystal field parameter A20 of the R sublattice in the R(Fe,M)12 compounds and the 

positive (negative) second-order Stevens coefficient of Sm (Pr) [1]. The last column in Table I 

presents calculated values of the magnetic hardness parameter (Ha/8πMs)
1/2 proposed [18] as a 

measure of whether the material can be developed into an efficient permanent magnet. The 

"passing" value of this parameter is 1, and small modifications of the rare earth-free ZrFe10Si2 
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with Y and Ce do not improve the application prospects of this compound, even though they do 

increase the Ha. On the other hand, a very moderate Sm substitution amounting to the total of 

only 2.3 at.% Sm allows for a permanent-magnet-grade "hardness" in the Zr0.7Sm0.3Fe10Si2. With 

so little rare earth, no cobalt and the upper limit of the magnetic energy product 4π2Ms
2 of 34.8 

MGOe, the Zr1-xSmxFe10Si2 appears to be worth considering for filling the "gap" existing 

between the very inexpensive ferrite magnets and the much costlier magnets based on Nd-Fe-B 

and Sm-Co. The past experience does not suggest that it will be easy to develop functional 

permanent magnet properties in this case: only a 4 kOe coercivity was reported for the 

nanocrystalline SmFe10Si2 alloy [19]; this is 3.3% of the corresponding anisotropy field of 120 

kOe [13]. 

 

3.2. Hard magnetic properties of melt-spun alloys for R = Zr, Sm 

Figure 4 presents some of XRD spectra recorded for the two melt-spun alloys; prior to this 

characterization the alloys had been ground with a hand mortar. Compared to arc-melting, melt-

spinning at relatively low solidification rates (corresponding to the vs of 5 – 10 m/s) produces a 

somewhat less pure ZrFe10Si2 compound (with the additional impurity phase of the bcc Fe-Si) 

and a more pure Zr0.7Sm0.3Fe10Si2 compound (no detectible impurities). As the vs increases, the 

XRD peaks become broader indicating that the 1:12 crystallites become smaller. This apparent 

refinement is consistent with the accompanying increase in the coercivity Hc, which is shown in 

Fig. 5. When the vs is increased to 20 m/s for the Zr8.4Fe76.2Si15.4 or to 25 m/s for the 

Zr5.6Sm2.5Fe76.2Si15.4, the 1:12 superstructure reflections can no longer be detected in the XRD 

spectra. Solidification at these high cooling rates suppresses ordering of the Fe(Si) atom pairs 

producing the TbCu7-type structures instead of the 1:12. The XRD data for the vs = 25 m/s (Fig. 

4) may be interpreted as TbCu7-type structures with a = 0.475 nm, c = 0.418 nm (the Sm-free 

alloy) and a = 0.478 nm, c = 0.419 nm (Sm-substituted). Because the ordering can be partial or 

inhomogeneous throughout the sample, the disappearance of the 1:12 structure with vs should be 

gradual. It is probably this gradual disappearance of the hard magnetic phase that is responsible 

for the eventual decline of the coercivity at the higher vs values. In the as-spun samples, the 

coercivity associated with the Sm-substituted 1:12 compound is expectably higher than for the 

Sm-free 1:12, but it remains rather low, never reaching even 1 kOe. 
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Higher Hc values could be obtained through annealing of the "overquenched" alloys having 

the TbCu7-type structure as their principal phase (annealing of amorphous alloys was not 

attempted in this work, because it was not expected to produce the 1:12 structure [19]). The XRD 

data, including those shown in Fig. 4, confirm the re-emergence of the ordered 1:12 structure 

when these alloys are annealed. The crystallites observed in the middle of cross-sectioned 

optimally processed alloys can be seen in the micrographs shown in Fig. 6; they are typically 30 

to 70 nm in size. The maximum Hc of 0.7 kOe was attained in an annealed Zr8.4Fe76.2Si15.4 alloy 

(Fig. 7a) with a noticeably increased amount of the bcc Fe-Si and Zr6Fe16Si7 phases (Fig. 4a). 

Even a larger amount of bcc phase was observed after a longer-than-optimum annealing (XRD 

data not shown). Thus, it appears that the development of the coercivity in this case is limited by 

decomposition of the metastable ZrFe10Si2 compound [12]. If the properties of this 

nanocrystalline rare-earth-free alloy could be preserved/reproduced in a three-dimensional 

magnet, the latter would exhibit a remanence Br of 6 kG and a maximum energy product (BH)max 

of 1.4 MGOe. 

For the optimally annealed Zr5.6Sm2.5Fe76.2Si15.4, a calculated Br of 6.3 kG is only marginally 

higher. However, because of a more than tripled Hc of 2.4 kOe (Fig. 7b), a calculated (BH)max of 

this alloy reaches 4.6 MGOe. Although the Hc is still rather low, as a fraction of the Ha it is 

higher than the one reported for the melt-spun SmFe10Si2 [13], 5.9% compared to 3.3%. It may 

be also noted that the XRD characterization of the annealed Zr5.6Sm2.5Fe76.2Si15.4 reveals little, if 

any, signs that decomposition of the 1:12 structure had already begun, and the coercivity is more 

likely to be limited by growth of the 1:12 crystallites. Therefore, introduction of grain growth 

inhibitors, such as fine precipitates of carbides or borides of the refractory elements, may be 

expected to further improve the Hc and (BH)max of the Sm-substituted nanocrystalline alloy.  

 

4. Conclusion 

Moderate Sm substitutions for Zr dramatically increase the magnetocrystalline anisotropy of 

the ZrFe10Si2 compound. At only 2.3 at.% of the rare earth, an anisotropy of the Zr0.7Sm0.3Fe10Si2 

compound is strong enough to enable the development of an efficient permanent magnet. 

Although the melt-spinning experiments have confirmed the effect of Sm, this method has not 

yet produced a material superior to the ferrite magnets. A technique yielding crystallographically 
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anisotropic Zr1-xSmxFe10Si2 alloys with a higher Hc/Ha ratio must be discovered to make these 

very rare-earth-lean materials competitive as permanent magnets. 
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Table I. Crystallographic and magnetic properties of ThMn12-type Zr0.7R0.3Fe10Si2 compounds in 

arc-melted Zr5.6R2.5Fe76.2Si15.4 alloys 

 

R a (nm) c (nm) Purity2 (vol.%) 4πMs (kG) TC (°C) Ha (kOe) (Ha/8πMs)
1/2 

Zr 0.83001 0.47211 96.3 11.4 3251 18.7 0.91 

Y 0.8323 0.4729 96.8 11.7 291 19.7 0.92 

Ce 0.8334 0.4731 98.5 11.6 291 21.1 0.95 

Pr 0.8335 0.4728 98.2 11.5 297 11.1 0.70 

Sm 0.8340 0.4733 96.9 11.8 310 40.7 1.31 
1from Ref. 12. 
2fraction of the 1:12 compound derived from the XRD data. 
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Figure captions 

 

Fig. 1. XRD spectra of arc-melted Zr5.9R2.5Fe76.2Si15.4 alloys. The following structure types 

(phases) were identified: 1 – ThMn12 (Zr0.7R0.3Fe10Si2), 2 - Mg6Cu16Si7 (Zr6Fe16Si7), 3 –NaZn13 

(LaFe13-ySiy), 4 – bcc (Fe-Si), 5 – BaAl4 (PrFe2Si2). 

 

Fig. 2. Characterization of Zr20.7Fe55.2Si24.1 (Zr6Fe16Si7) alloy annealed for 60 h at 1100 °C: (a) 

XRD spectrum and (b) room-temperature magnetization curve. The ferromagnetic magnetization 

MFM is too small to be associated with the principal Zr6Fe16Si7 phase.  

 

Fig. 3. Second derivative of magnetization for arc-melted Zr5.6R2.5Fe76.2Si15.4 alloys. The 

anisotropy fields can be obtained from the peak positions after correction for the self-

demagnetization. 

 

Fig. 4. XRD spectra of as-prepared and optimally annealed melt-spun alloys: (a) Zr8.4Fe76.2Si15.4, 

(b) Zr5.6Sm2.5Fe76.2Si15.4. The following structure types (phases) were identified: 1 – ThMn12 (Zr1-

xSmxFe10Si2), 2 - Mg6Cu16Si7 (Zr6Fe16Si7), 3 – bcc (Fe-Si), 4 – TbCu7. 

 

Fig. 5. Effect of wheel speed on coercivity of as-prepared melt-spun alloys: 1 - Zr8.4Fe76.2Si15.4, 2 

- Zr5.6Sm2.5Fe76.2Si15.4. 

 

Fig. 6. SEM micrographs of fractured surfaces of optimally annealed melt-spun alloys: (a) 

Zr8.4Fe76.2Si15.4 (750 °C, 60 min), (b) Zr5.6Sm2.5Fe76.2Si15.4 (850 °C, 20 min). 

 

Fig. 7. Magnetic hysteresis loops of as-prepared and optimally annealed melt-spun alloys: (a) 

Zr8.4Fe76.2Si15.4, (b) Zr5.6Sm2.5Fe76.2Si15.4. 
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• ThMn12-type Zr0.7R0.3Fe10Si2 structure forms with Y, Ce, Pr, Sm, but not with La. 

• 30% Sm substitution for Zr increases the anisotropy field by 120%. 

• The Zr0.7Sm0.3Fe10Si2 compound has a magnetic hardness parameter of 1.3. 

• The effect of Sm is confirmed in melt-spun nanocrystalline alloys. 


