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Table 1.  Composition and magnetic parameters of permanent magnets!' 1.
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Fig. 1. (a) Crystal structure of SmCo; compounds!'?; (b) XRD

patterns of random and oriented SmCos; magnets!'sl.
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Fig. 2. (a) Demagnetization curves of the (Sm, Pr)Co; magnet at temperature of 25-200 °CH; (b)—(b3) scanning electron micro-

scope backscattered electron (SEM-BSE) morphology image and corresponding Sm, Pr, and Co element distribution images!’;
(c), (c1) SEM-BSE images of the (Sm, Pr)Co; magnet!; (c2) SEM-BSE image of grains after corrosion!’.
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Fig. 3. (a)-(c) TEM images of bulk nanocrystalline SmCo; permanent magnets: (a) Hot pressed, (b) hot deformed with 70% height
reduction, and (c) hot deformed with 90% height reduction®; (d) bright field TEM image of the HD SmCos;/Sm,Co; magnet?’);
(e) SAED pattern of a single SmCoy grain marked in the red circle in panel (d)?); (f) HRTEM image of a grain boundary marked in

the red rectangle in panel (d) (inset: the FFT image from the second phase nanograin) ?%; (g) HAADF-STEM image and the corres-

ponding EDS mapping of Sm and Co elements?.
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(a), (b) AR [EITE A A'F1 B HR-TEM EIR ¥ () X3k 1—4 % 3 (9 FET ER 95 (d) 2:17R/ M X 3K 2 %% 19 IFFT &4 ©);

(e), (f) AIEIEE A A'FN B K BLAE [ “SFs” 7R ESRJZ 5 @ hn 203 %0 MR AR R -0.12 = 0.121%; (g), (h) BKRIEERH S

22780 °C R AL IS (0900 A T f I HL T K 1)

Fig. 4. (a), (b) HR-TEM images of magnets A’ and B’ ¥l; (¢c) FFT images corresponding to different regions (marked from 1 to 4) in

magnets A’ and B' I¥; (d) inverse FFT image corresponding to the 2:17R’ region (region 2) Fl; (e), (f) the horizontal normal strain

€,, diagrams of magnets A' and B'; “SFs” represents the stacking faults; the color bar represents strains from -0.12 to 0.12;

(g), (h) positron annihilation lifetime spectrums for the RTP —780 °C initial sample and as-received solution-treated samplel*?.
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Fig. 5. HAADF-STEM or BF-STEM images of (a)—(c) magnet with magnetic treatment for 5 h (zone axis: [2110] 2:17R) and
(d)—(f) with magnetic treatment for 2 h (zone axis: [0110] 2:17R)*); (g) TEM image of magnet with heat treatment for 2 hi*’;
(h) diagram showing the 1:3R crystal structure®®; (i), (k) low-magnification bright-field TEM images!*J; (j), (1) SAED patterns for

the non-magnetic slow cooling magnets magnetic slow cooling magnets/*4,
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Fig. 6. Magnetic performance of Er; ,Sm,TM; ¢ magnets: (a)

cj?

Variation of Hg, B, (BH)., and a at 20-100 C and 20-150 C with

Sm content””; (b) demagnetization curves for z = 0.4 at 20 C, 100 °C, and 150 C; (c) the H; vs. a and (BH),,,, vs. o of the
Erg¢Smg ,TM; ¢ magnetsi*; (d) magnetic properties of the Er,gSmg,TM; ¢ magnets tested at 20 C, 100 C, and 150 C*%); (e) com-
parison of o and 7 values of ErjsSm, ,TM; 4 magnets with commercial Nd-Fe-B, alnico, and Sm,Co,; magnets, as well as the tem-

perature-compensated Sm,Co;; magnet!*9.
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Fig. 7. Hysteresis loops of Smy, 5 ,(Gd;_,Dy,),ITM (mass fraction z = 5.1%, 10.3%; w = 0.3, 0.5, 1.0) magnets at different temperat-
ures: (a)—(c) Mass fraction z = 5.1% and w = 0.3, 0.5, 1.0PY; (d)—(f) mass fraction z = 10.3% and w = 0.3, 0.5, 1.0. Remanence (.J,)
and maximum magnetic energy product (BH),,, at room temperature, as well as remanence temperature coefficient () between
room temperature and 473 K of Smy, 5 ,(Gd;_,Dy,),TM (TM = Cos; oFe;5Cus¢Zrs; mass fraction z = 5.1%, 10.3%) magnets with
varying Dy contents (w) PU: (g) Mass fraction o = 5.1%Y; (h) mass fraction z = 10.3%/°.
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Fig. 8. Results under different cryogenic treatment times: (a) Stress-strain curves®); (b) load-displacement curves at a loading force

of 10000 pNPZ; (c), (e) stress-strain curves without and with cryogenic treatment™; (d) changes in flexural strength without and

with cryogenic treatment!5); (f) changes of Vickers hardness and impact toughness without and with cryogenic treatment.
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Fig. 11. (a) Fe-rich corner of the Sm-Fe-Ti system at 1273 K. 1:12, ThMn,,-type structure SmFe;;Ti phase; 1:9, TbCu,-type struc-
ture Sm(Fe, Ti)y phase; 2:17, ThyZn,type structure Sm,Fe;; phasel®; (b) an overview BSE-SEM image for the rapidly solidified
and annealed SmFey; ;Tij g alloyl®; (c) XRD patterns of SmFe;, ,V, alloys with different V concentration(®.
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Fig. 12. (a) XRD profiles obtained from the geometry of out of plane (y = ¢ = 0) and of various x and ¢ for Sm(Fe,Coqs)o™);
(b) cross sectional STEM/EDX image of Sm(FejgCoqs);» film for Fe, Co, Sm and V and (c) selected area diffraction pattern from
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together with those of Nd,Fe;,B[™l.
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Fig. 13. (a), (b) M-T curves of annealed (SmgsY,)(FegsCopa)iz /Ti, and SmgsYyo(Fe; ,Co,)1125Tig 75 under 0.05 T field™); (c) the
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Fig. 14. (a) The BSE-SEM image of the Smy75Y25(FeqsC0g2)11.05 175 alloy after annealing at 1373 K for 48 h and its correspond-
ing EDS mapping images™; (b) the BSE-SEM images of the Smyg 7Y .25(FeqsCoy2)11.95Tio75 alloy after annealing at 1373 K for
0—48 hl™; (c) the RE constitutions change through the ThMn,,-type phases shown in panel (b)77.
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Fig. 15. Temperature dependence of magnetization evolution along the [100] direction in the Tbhy;Smg;Fe;; Ti magnet at zero mag-

netic field: (a) The L-TEM images at zero magnetic field showing large in-plane domains at 173 K with the ¢ axis marked out by a
white arrow, and the biskyrmion distribution by the side of the linear domain wall at (b) 203 K, (c) 248 K, and (d) 300 K, respect-

ively, showing the spontaneous biskyrmion formation™; (e) the corresponding in-plane magnetization by TIE analysis at 300 K

with an enlarged spin configuration of biskyrmion in the inset/™; (f) the large in-plane domain at 310 K and corresponding magnet-

ization distribution along the ¢ axis near the domain wall by TIE analysis[™.
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Fig. 16. Schematic diagram of (a) melt-spinning/®, (b) ball-milling and jet-millingl®, (c) reduction diffusion process (RDP) [04],
(d) hydrogenation disproportionation desorption recombination (HDDR) (%4, (e) spark plasma sintering (SPS) 64, (f) magnetic field-

oriented sintering/®, (g) hot pressing and hot deformation/®4.
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Fig. 17. SEM images between (a)—(c) hydrogen decrepitated and (d)—(f) jet-milled at 0.5 MPa nitrogen pressure Sm(Fe&gCom)mg)

Cuy ;Ti powders at different magnifications/®?.,
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Fig. 18. Crystal structure of the rhombohedral ThyZn;;
structure: (a) Unit cell®); (b) view from e-plane of

SmyFe;;Nj; (c) view from c-plane of SmyFe,*.
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Fig. 20. MOKE images of (a) Sm-Fe-H strip and (b)-(d) Sm-

Fe-N strips nitrided for 2 hll%; related schematic diagrams

of (e) original SmyFe;; grain, (f) hydrogen treated SmyFe;;
grain with microcracks, (g) partially nitrided Sm-Fe-H grain

with microcracks, and (h) fully nitrided Sm-Fe-N grain with

microcracks/!?.
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Fig. 21. (a) Preparation process of flexible Sm-Fe-N magnet/®®); (b) the optical images of pure Nd-Fe-B magnet!*”; (c), (d) the visu-
al images of Nd-Fe-B/Sm-Fe-N 1% when twisted and folded®; (e)-(g) the cross-sectional morphology of Nd-Fe-B/Sm-Fe-N 1%,
Nd-Fe-B/Sm-Fe-N 3% and Nd-Fe-B/Sm-Fe-N 5% (arrows indicate pressing direction)®’.
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SPECIAL TOPIC— Applied magnetism

Research progress of samarium-based rare
*
earth permanent magnets

XI Lei ZHENG Meng! CHEN Hao ZENG Shifan
KAN Xucai WANG Shouguo*

(Anhui Provincial Key Laboratory of Magnetic Functional Materials and Devices, School of Materials Science and Engineering,
Anhui University, Hefei 230601, China)

( Received 29 November 2025; revised manuscript received 13 January 2026 )

Abstract

Rare earth permanent magnets are crucial for the miniaturization, lightweight design, and efficiency
improvement of modern technologies due to their excellent magnetic properties. They have become strategic
materials vital to national energy security and technological competitiveness because of their concentrated

supply chain and high technical barriers. Rare earth permanent magnets are broadly classified into two
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categories: NdFeB and SmCo. The NdFeB magnets, with a theoretical maximum energy product of 64.3 MGOQOe,
are widely used in consumer electronics, new energy vehicle, industrial servo motors, household appliances and
medical equipment. However, their relatively low Curie temperature (about 586 K) restricts the long-term
operating temperature to below 423 K, thereby limiting the application in high-temperature environments. In
contrast, SmCos; and Sm,Co;; magnets are widely applied in high-temperature and high-reliability applications,
owing to their high Curie temperatures and low coercivity temperature coefficients. Meanwhile, SmFe;, and
SmyFe ;N3 magnets exhibit high saturation magnetization, high anisotropy field, and relatively low rare earth
content, thereby making them promising candidates for the next generation of high-performance, low-cost
permanent magnets. Herein, we systematically review the research progress of Sm-Co-based and Sm-Fe-based
permanent magnets, with a focus on analyzing the current development status of SmCos-type, SmyCo;7-type,
SmFes-type and SmyFe ;Ns-type permanent magnets, and the future development directions for Sm-based rare

earth permanent magnets are discussed and outlooked.
Keywords: Sm-based permanent magnets, coercivity, microstructure
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