
Scripta Materialia 196 (2021) 113760 

Contents lists available at ScienceDirect 

Scripta Materialia 

journal homepage: www.elsevier.com/locate/scriptamat 

High-coercivity ThMn 12 

-type monocrystalline Sm–Zr–Fe–Co–Ti 

particles by high-temperature reduction diffusion 

A.M. Gabay 

∗, G.C. Hadjipanayis 

Department of Physics and Astronomy, University of Delaware, 217 Sharp Lab, Newark, DE 19716, USA 

a r t i c l e i n f o 

Article history: 

Received 5 January 2021 

Revised 21 January 2021 

Accepted 22 January 2021 

Available online 4 February 2021 

Keywords: 

Mechanochemical synthesis 

Powder processing 

Rare earth magnets 

Magnetic anisotropy 

Coercivity 

a b s t r a c t 

The ThMn 12 -type (Sm,Zr) 1 (Fe,Co,Ti) 12 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 12 -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 μm 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 kJ/m 

3 (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. 
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To effectively utilize the excellent intrinsic magnetic proper- 

ies of the ThMn 12 -type compounds (the "1:12" compounds) rep- 

esented by the formula Sm 1- x Zr x (Fe,Co) 12- y Ti y [1–3] , the future 

ermanent magnets must be textured with the c -axes of individ- 

al crystallites lying in the same direction. The weak effect of 

ot plastic deformation on orientation of the Sm(Fe,M) 12 crys- 

allites [4] and the absence of obvious conditions for an effec- 

ive magnetic-field annealing leave preparation of anisotropic pow- 

ers as the most realistic pathway for the creation of such tex- 

ure. Conveniently enough, pulverization is also a powerful tech- 

ique for the development of the intrinsic coercivity μ0 H c . So 

ar, however, attempts to pulverize the Sm 1- x Zr x (Fe,Co) 12- y Ti y al- 

oys with cutter mill [5] , jet mill [6] and hydrogen treatment [7] ,

s well as an attempt to synthesize the anisotropic powder via 

he reduction diffusion at 950 °C [8] could only produce materials 

ith μ0 H c ≤ 0.15 T. Although disappointing, these low μ0 H c val- 

es are not particularly surprising; even in the case of nanocrys- 

alline Sm 1- x Zr x (Fe,Co) 12- y Ti y alloys, the μ0 H c values were reported 

o reach 0.5–0.6 T at the most [9–12] . Easy nucleation of a re-

ersed magnetization at the boundaries between the 1:12 crys- 

allites [13] or at the twin boundaries with in the 1:12 crystal- 

ites [14] are believed to be responsible for this underperformance. 

ata reported in this letter demonstrate that reduction diffusion 

t ≈1200 °C does produce 1:12 particles of a Sm–Zr–Fe–Co–Ti alloy 
∗ Corresponding author. 
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xhibiting a very high μ0 H c . This temperature is markedly higher 

ot only than the 950 °C recently used by Dirba et al. [8] , but also

han 10 0 0 °C and 110 0 °C explored in the earlier synthesis of, re-

pectively, Sm 1- x Ce x (Fe,Co) 11 Ti [15] and Nd(Fe,Ti) 12 [16] . Previously 

he authors already achieve a high μ0 H c of 1.08 T in a different, 

i-stabilized 1:12 alloy which was reduced – after mechanical ac- 

ivation – at 1150 °C [17] , but they obtained a disappointingly low 

0 H c of 0.21 T in a Sm 0.9 Zr 0.1 (Fe 0.75 Co 0.25 ) 11.35 Ti 0.65 alloy reduced

t 1150 °C [18] . 

Powders of Sm 2 O 3 (217 mg), ZrO 2 (30 mg), Fe 2 O 3 (599 mg), 

o (101 mg) and TiO 2 (53 mg) were mixed with 956 mg of Ca 

the reducing agent in the form of 1 mm granules) and 3 g of 

aO (the dispersant prepared through in-house calcination of a 

ubmicron CaCO 3 powder). The mole ratios of the reactant ele- 

ents, which can be presented as Sm 1.5 Zr 0.3 (Fe 0.81 Co 0.19 ) 11.19 Ti 0.81 

nd Ca 1.6 O, included large excesses of Sm and Ca. The mixed re- 

ctants and dispersant were milled for 4 h with six 12-mm steel 

alls in an argon-filled steel vial using a SPEX SamplePrep 80 0 0 

igh-energy shaker mill. After this mechanical activation, 0.4–0.5 

 of the resulting precursor powder was transferred under argon 

nto a quartz capsule, where the precursor was separated from 

he quartz by an open-ended Mo-foil container. The capsule was 

ealed with 60 kPa of argon and placed in the tube furnace pre- 

eated to temperature of the reduction-diffusion annealing T a ; af- 

er 5 min, the capsule was taken out and allowed to cool down 

aturally. The annealing was followed by a nine-step washing to 

emove the reaction byproducts, leftover reagents and the disper- 

ant; this process was described elsewhere [17] except that 2- 

https://doi.org/10.1016/j.scriptamat.2021.113760
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2021.113760&domain=pdf
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Fig. 1. XRD patterns of powders washed after reduction-diffusion synthesis at dif- 

ferent T a : (a) 990 °C, (b) 1090 °C, (c) 1220 °C, (d) 1250 °C. Crystal structures of the 

ThMn 12 type ("1:12"), TbCu 7 type ("1:7"), W type ("bcc") and NaCl type ("CaO") 

were identified. 
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ropanol was used in the last two cycles instead of ethanol. Crys- 

al structures of the products were studied with X-ray diffraction 

XRD; a Rigaku Ultima IV instrument operating with the Cu K α

adiation) and analyzed with the Powder Cell software [19] . Mor- 

hology and composition of the products were determined with 

canning electron microscopy (SEM) and energy-dispersive spec- 

roscopy (EDS) using, respectively, a JEOL JSM-6335F microscope 

nd a Zeiss Auriga 60 microscope equipped with an Oxford Instru- 

ents X-Max spectrometer. Magnetic characterization was done 

t 27 °C with a Quantum Design VersaLab vibrating sample mag- 

etometer. Powder particles were oriented with a 1.6 T magnetic 

eld and immobilized with paraffin wax. Demagnetization curves 

ere recorded after magnetizing the samples with a 10 T pulsed 

eld. Self-demagnetization effects parallel and perpendicular to 

he magnetic-field alignment were corrected with demagnetization 

actors equal to 0.09 and 0.27, respectively; these factors had been 

etermined by measuring similarly prepared Fe-powder samples. 

Temperature of the reduction-diffusion annealing was varied 

rom 990 to 1275 °C; representative XRD patterns of the resulting 

lloys are shown in Fig. 1 . The 1:12 structure with the lattice pa-

ameters a = 0.8536(2) nm and c = 0.4787(1) nm is the princi- 

al phase in the alloys prepared at 990 °C ≤ T a ≤ 1220 °C; a body-

entered cubic (bcc) structure with a = 0.2875(3) nm is the mi- 

ority phase at 1.5–4.5 vol. %. Width of the 1:12 reflections de- 

reases with the T a , and eventually the reflections corresponding to 

he K α1 and K α2 wavelengths become separated ( Fig. 1 c). Such nar- 

owing may manifest a number of different changes (better chem- 

cal homogeneity, larger crystallite size, reduced defects and strain 

f the lattice), but, in any case, the reflections recorded for the 

 a = 1220 °C clearly indicate a very high degree of the crystal or- 

er. When the T a is increased to 1250 °C, the phase composition 

hanges dramatically: fraction of the bcc phase increases, the 1:12 

eflections become broader, and a phase of the TbCu 7 type (the 

1:7" phase) appears having very broad reflections with a ≈ 0.496 
2 
m, c ≈ 0.421 nm. This change suggests that the upper tempera- 

ure of the single-phase 1:12 region lies between 1220 and 1250 °C. 

ecause the annealed samples were not quenched, part of the 1:12 

hase present in the alloy annealed at 1250 °C might have actu- 

lly formed during the cooling when the sample temperature de- 

reased 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 

he following composition (at.%): 7.03 Sm, 1.35 Zr, 66.16 Fe, 15.33 

o, 5.90 Ti, 4.23 O. The percentage of Sm (7.34, if only the met- 

ls are counted) is nominally sufficient to fill 95% of the 2 a sites in

he 1:12 structure. There exists, however, uncertainty with location 

f the oxygen atoms: whether they are in an undetected Sm oxide 

hase, in other oxide phases or even in the carbon tape used to se- 

ure the powder sample. The assumption that part of Sm is present 

s the oxide phase, whereas the other metal atoms are all in 

he 1:12 phase yields a formula Sm 0.815 Zr 0.185 (Fe 0.81 Co 0.19 ) 11.19 Ti 0.81 , 

hich is reasonably close to the target composition. However, the 

ypothetical possibility that the detected oxygen is not part of the 

ample and that all Sm atoms are in the 1:12 structure would 

place" most of the Zr atoms in the 8 i sites – yielding a formula 

m 0.95 (Fe 0.81 Co 0.19 ) 11.02 Ti 0.80 Zr 0.18 . Situation of the Zr atoms in the 

 i sites is contrary to the direct observations by Kobayashi at al. 

20] . On the other hand, according to Matsumoto et al. [21] , the

espective formation energies should make the Zr atoms equally 

ikely to occupy the 2 a and 8 i sites. It is thus conceivable that the

r atoms site preference depends on the synthesis conditions. We 

ttempted to refine the XRD data for T a = 1090 °C assuming the Zr 

toms to be either in the 2 a sites or in the 8 i sites (see Supplemen-

ary material); the latter model was found to yield a slightly better 

atio of the weighted-profile R -factor to the expected R -factor, 2.71 

s compared to 3.86. Based on the above, the exact composition of 

he synthesized 1:12 compound and the sites preferences of the Zr 

toms need to be clarified through additional studies. 

Demagnetization curves of the alloys processed at 990–1220 °C 

re shown in Fig. 2 a. Difference between the curves measured 

arallel and perpendicular to the alignment (for clarity reasons, 

nly three of the latter curves are shown) increases with the T a 
clearly indicating a continuing increase of magnetic anisotropy 

f the particles. The improved alignment leads to a nearly 50% in- 

rease of the remanent magnetization σ r , from 84 to 124 A ·m 

2 /kg. 

ven more remarkable is a simultaneous increase of the μ0 H c from 

.45 to 1.26 T. The latter μ0 H c value matches the one recently 

ttained – through nanostructuring – in an epitaxially grown 

m(Fe 0.8 Co 0.2 ) 12 B 0.5 thin film [22] and it represents a very signif- 

cant progress for the bulk Sm(Fe,Co,Ti) 12 materials. As a down- 

ide, one has to note a poor "rectangularity" of the corresponding 

( μ0 H ) curve; this practically important characteristic appears to 

rogressively degrade for the T a > 1090 °C. Consequently, the maxi- 

um energy product ( BH ) max of a hypothetical fully dense magnet 

orresponding to the powder processed at 1220 °C is smaller than 

hat is allowed by the σ r value. The XRD data combined with the 

tructural model in which the Zr atoms replace the Sm atoms in 

he 2 a sites suggest a density of 7.72 g/cm 

3 ; a ( BH ) max correspond-

ng to this density is equal to 209 kJ/m 

3 (26.3 MGOe) [if the Zr 

toms occupied the 8 i sites, the calculated density and ( BH ) max 

ould be 7.89 g/cm 

3 and 216.5 kJ/m 

3 (27.2 MGOe), respectively]. 

t is worth noting that until now the highest calculated ( BH ) max 

eported for the 1:12 powders was 175 kJ/m 

3 of the metastable 

d(Fe,Mo) 12 N powder [23] . When the T a is increased to 1250 °C, 

he alignment of magnetic crystallites in the alloy powder almost 

isappears, and the μ0 H c collapses to ≈0.1 T ( Fig. 2 b). The com-

lex effect of the reduction-diffusion temperature on the μ0 H c is 

hown in Fig. 2 c; it is consistent with the notion of a single-phase

: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 a (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 a ; (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 : (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 a . 

T a 
( °C) 

Particle size Crystallite size 

< L > ( μm) < W > ( μm) < D > ( μm) ( < D 3 > ) 1/3 ( μm) 

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 

p

o

a

t

v

t

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. 

r  

t

a

l

r

a

t

w

(

r

i

e

o

a

o

n

t

l

t

t

u

p

d

t

l

i

Representative secondary-electrons SEM images of the powders 

rocessed at four selected T a are shown in Fig. 3 . Mean values 

f characteristic dimensions for the powders exhibiting high μ0 H c 

re listed in Table 1 (see also Supplementary material). Because 

he distributions of crystallite sizes D were found to be broad, the 

olume-weighted mean sizes ( < D 

3 > ) 1/3 must represent contribu- 

ions of the crystallites to the sample magnetization more accu- 
3 
ately than mean sizes < D > . The particle synthesized at 990 °C is

ypically made of a chain of several crystallites and it has a mean 

spect ratio of 2.1. When the T a is increased to 1090 °C, the crystal- 

ite size increases from 0.35 to 0.40 μm and the particle aspect 

atio decreases; the particles now incorporate fewer crystallites 

nd more particles appear monocrystalline. When the T a is fur- 

her increased to 1220 °C, the crystallite size increases to 0.54 μm 

ith almost all particles found to be monocrystalline and equiaxed 

the mean aspect ratio 1.2). This evolution of the particle structure 

eadily explains the effect of T a on the degree of magnetic-field- 

nduced texture. Because within polycrystalline particles the [001] 

asy magnetization directions vary from crystallite to crystallite, 

nly the monocrystalline particles can be perfectly oriented by the 

ligning magnetic field (see Fig. 4 ). The reasons for the simultane- 

us increase of the μ0 H c are less obvious, but in addition to elimi- 

ation of the grain boundaries leading to a better magnetic insula- 

ion of the crystallites, they probably include reduced incidence of 

attice defects, such as the twin boundaries. It is remarkable that in 

his experiment, the μ0 H c and the crystallite size increase simul- 

aneously. This may seem contrary to the usually observed trend, 

nless such trend – often explained via the critical single-domain 

article or crystallite size – actually reflects incidence of the lattice 

efects [24] . The initial magnetization curves of the powders syn- 

hesized at 990 and 1220 °C (measured before the washing, as the 

atter exposed the material to a magnetic field), which are shown 

n Fig. 2 d, are both characterized by a high initial susceptibility. 
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his indicates that no single domain 1:12 crystallites are present 

n the thermally demagnetized powders, and that magnetization 

eversal in the powders synthesized at any T a is controlled by nu- 

leation of magnetic domain walls. 

The particles synthesized at 1250 °C appear in the SEM im- 

ge ( Fig. 3 d) as neither monocrystalline, nor incorporating only a 

ew crystallites. Their obvious polycrystallinity explains the low de- 

ree of texture induced by the magnetic-field alignment. Their low 

0 H c , on the other hand, must be due to presence of the soft- 

agnetic bcc and semihard 1:7 phases, and possibly also due to an 

nadequate magnetic insulation of the 1:12 crystallites. The ongo- 

ng investigation of the effects of specific elements on the results 

f the high-temperature reduction-diffusion synthesis is expected 

o explain why this processing did not develop a high μ0 H c in the 

lloy with nominal composition Sm 0.9 Zr 0.1 (Fe 0.75 Co 0.25 ) 11.35 Ti 0.65 

18] . Our preliminary data point at a strong influence of the Zr con- 

ent as a possible reason. 

In conclusion, we have discovered that reduction-diffusion 

reatment done just below the upper boundary of the 1:12 phase 

emperature range can overcome the factors (supposedly associ- 

ted with structural defects) which hold back the coercivity of 

he traditionally prepared Sm(Fe,Co,Ti) 12 alloys. The magnetically 

nisotropic powders prepared through this process may be con- 

idered promising precursors for the development of bonded and 

intered 1:12 permanent magnets. 
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