
Article https://doi.org/10.1038/s41467-024-54610-6

High-performance multiphase Sm-Co-B
alloys with coercivities up to 6.71 MA·m−1

Shu Wang1, Ji-Bing Sun 1 , Xiang Chi 2 , Mu-Jing Zhou1, Hao-Yu Ma1,
Ying Zhang 3 & Jian Liu 4

SmCo4B-based alloys with highmagnetocrystalline anisotropy are expected to
be used as rawmaterials or constituent phases for new permanentmagnets. In
this work, we develop Sm(Co, Fe, Ni)4B alloys with excellent hard magnetic
properties by tuning the contents of Fe, Co, and Ni. The addition of Fe
enhances the amorphous formation ability of the as-spun ribbons, whereas Ni
addition improves the structural stability of the crystalline phases. During
annealing, the amorphous phase crystallizes into different Sm-Co-B phases in
stages. A high coercivity of 5.68–6.71 MA·m−1 is obtained in the annealed
SmCo4–x–yFexNiyB (x = 1.0–2.0, y = 0.8–1.0) ribbons composed of platelet-
shaped and equiaxed grains in comparison with the coercivity of 2.89–5.18
MA·m−1 in the x = 1.0–1.2 and y =0–0.8 ribbons with equiaxed grains. Here, we
show the strong correlations between the microstructure and magnetic
properties and provide insights for the future development of high-
performance SmCo4B-based magnets.

Nd-Fe-B and Sm-Co rare-earth permanent magnetic materials exhibit
excellent magnetic properties that have led to their widespread use in
medical devices, aerospace industry, instrumentation, and hybrid
vehicles1–4. Commercial SmCo5 sintered permanent magnets exhibit a
coercivity of 1.19–1.67 MA·m−1 and magnetic energy product ((BH)max)
of 120–200 kJ·m−3 5–7.Moreover, SmCo5 is an ideal hardmagnetic phase
for dual-phase exchange coupled magnets due to its high uniaxial
magnetocrystalline anisotropy constant (K1 ~ 17.2 MJ·m−3) and aniso-
tropic field (Ha ~ 27.85 MA·m−1)8,9. In addition, the (BH)max of commer-
cial Nd-Fe-B magnets has reached 474 kJ·m−3, nearly 93% of the
theoretical limit (512 kJ·m−3)10,11, with only limited improvements in
their performance achieved in recent work. Therefore, it is vital to
develop ideal hard magnetic phases and fourth-generation rare earth
permanent magnets.

Sm1+nCo5+3nB2n compounds have attracted attention due to their
high magnetocrystalline anisotropy. The Ha (95.49 MA·m−1) of the
SmCo4B phase with a CeCo4B-type hexagonal structure, estimated via
the magnetization curve intersection method, is much greater than
that of the SmCo5 phase (Ha = 56.50 MA·m−1) at 4.2 K. However, its low

saturation magnetization (Ms) and low actual coercivity (Hc) severely
restrict possible applications12–16. Hc and remanence are related to the
intrinsic parameters of the materials (e.g., Ha, Curie temperature (TC))
and the microstructure. Among these factors, the alloy composition
has a significantly greater effect on the magnetic properties than the
microstructural parameters (e.g., grain size and orientation). There-
fore, optimization of the alloy composition is a common and effective
method for improving Hc and Ms by changing the microstructure and
intrinsic parameters of the alloy. Substitution of Co with Fe, which has
a lower cost and higher magnetic moment17,18, is a common approach.
Jiang et al.19,20 prepared SmCo4–xFexB ribbons and reported that the
SmCo3FeB alloy composed of a hexagonal Sm(Co, Fe)4B phase
exhibited ahighHc of 3.26MA·m−1 and remanence (Mr) of 29 A ·m2·kg−1,
while the SmCo2Fe2B alloy composed of Sm(Co, Fe)4B and Sm2(Co,
Fe)17By phases showed an Hc of 2.39 MA·m−1 and Mr of 36A ·m2·kg−1.
Satio et al.21melt-spun SmCo4–xFexB ribbons at a speedof 50m · s−1 and
then annealed them at 700 °C for 1 h. Only SmCo4B or Sm(Co, Fe)4B
single phases were obtained for x ≤ 1.5, and a maximum Hc of ~1.99
MA·m−1 and Mr of 34 A ·m2·kg−1 were obtained at x = 1.5. Our previous

Received: 26 February 2024

Accepted: 15 November 2024

Check for updates

1Hebei Key Laboratory of New Functional Materials, School of Materials Science and Engineering, Hebei University of Technology, Beichen District, Tianjin,
China. 2Songshan LakeMaterials Laboratory, Dongguan, China. 3BeijingNational StateKey LaboratoryofMagnetism, Institute of Physics, Chinese Academyof
Sciences, Beijing, China. 4School of Materials Science and Engineering, Shanghai University, Shanghai, China. e-mail: hbgdsjb@hebut.edu.cn;
chixiang@sslab.org.cn; zhangy@iphy.ac.cn; liujian@shu.edu.cn

Nature Communications |        (2024) 15:10158 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-8124-1636
http://orcid.org/0000-0002-8124-1636
http://orcid.org/0000-0002-8124-1636
http://orcid.org/0000-0002-8124-1636
http://orcid.org/0000-0002-8124-1636
http://orcid.org/0000-0001-8920-8526
http://orcid.org/0000-0001-8920-8526
http://orcid.org/0000-0001-8920-8526
http://orcid.org/0000-0001-8920-8526
http://orcid.org/0000-0001-8920-8526
http://orcid.org/0000-0001-5476-1524
http://orcid.org/0000-0001-5476-1524
http://orcid.org/0000-0001-5476-1524
http://orcid.org/0000-0001-5476-1524
http://orcid.org/0000-0001-5476-1524
http://orcid.org/0000-0001-6864-9656
http://orcid.org/0000-0001-6864-9656
http://orcid.org/0000-0001-6864-9656
http://orcid.org/0000-0001-6864-9656
http://orcid.org/0000-0001-6864-9656
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54610-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54610-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54610-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54610-6&domain=pdf
mailto:hbgdsjb@hebut.edu.cn
mailto:chixiang@sslab.org.cn
mailto:zhangy@iphy.ac.cn
mailto:liujian@shu.edu.cn
www.nature.com/naturecommunications


work22–24 revealed that SmCo4B-based alloys exhibit a complex
Sm1+nCo5+3nB2n multiphase structure. The Hc of the annealed
SmCo2.94FeCu0.06B ribbons reached 3.99 MA·m−1, while the Mr was
only 27.8 A ·m2·kg−1. The high content of Fe (11.7–33.3 at%)19,21,22 pre-
vents the alloy frommaintaining a stable SmCo4Bmain phase and high
coercivity, so that the Hc and Ms of the Sm(Co, Fe)4B-based alloy are
still not ideal.

Based on first-principles calculations, Söderlind et al.25,26 found
that the replacement of Cowith Fe in SmCo5magnets and the use of Ni
as a thermodynamic stabilizer can stabilize the crystal structure of
Sm(Co, Fe)5. The calculated (BH)max of the SmCoNiFe3 alloy reached
361 kJ·m−3, which is 56% higher than the experimental value of the
SmCo5 magnet (231 kJ·m−3)27. They also reported that increasing the
number of 3 d electrons (particularly due to the addition of Ni atoms)
could stabilize the hexagonal SmTM5 compounds (TM = Fe, Co, or Ni).
Moreover, the partial substitution of Fe by Ni atoms with a ratio of 3:1
provides additional electron doping. Gavrikov et al.28 found that
increased doping Fe and Ni in Sm(Co1–x–yFexNiyB)5 (x =0.15, 0.3, 0.45;
y = 0.05, 0.1, 0.15) alloys increased Ms and Mr but decreased Hc. Com-
pared to SmCo5 ribbons melt-spun at 42m · s−1 (Hc = 0.80MA·m−1), the
Sm(Co0.8Fe0.15Ni0.05)5 ribbons demonstrate superior magnetic prop-
erties, with Hc = 1.03 MA·m−1 and Mr = 45 A ·m2·kg−1.

Here, inspired by these previous works22,25,26,28, we focus on the
effect of the Fe and Ni codoping of SmCo4B compounds. Multiphase
SmCo4–x–yFexNiyB ribbons with platelet-shapedmicrostructure show a
record Hc of up to 6.71 MA·m−1, which is far higher than the Hc of all
hard magnetic ribbons. Four microstructures of multicomponent and
multihard magnetic phases with ultrahigh room temperature coer-
civity are synthesized, and their formationmechanisms and impact on
magnetic properties are analyzed in detail.

Results and discussion
Phase identification
We designed nine alloys, and their composition ranges and relative
relationships are shown in Fig. S1 (Supplementary Fig. S1). Figure 1
shows the XRD patterns of SmCo4–x–yFexNiyB (FexNiy, x = 1.0–2.0;
y = 0–1.0) as-spun and annealed ribbons. The strong diffraction peaks
in all as-spun ribbons correspond to the Sm-Co-B phases (Fig. 1a),
where themain phase is Sm(Co, Fe, Ni)4B (1:4:1), with possible Sm5(Co,
Fe, Ni)19B6 (5:19:6) and/or Sm3(Co, Fe, Ni)11B4 (3:11:4) phase.

The distinct hump-like and strong diffuse scattering peaks imply
a high amorphous content in all of the as-spun ribbons. The amor-
phous content reaches 91.7 vol% in x = 1.0 and y = 0 ribbons (Fig. 1c).
The amorphous content decreases monotonically as the Ni content
(y) increases from 0 to 1.0. For the x = 1.2 ribbons, the content of the
crystalline phases increases as y increases from 0.4 to 0.8. That is,
adding Ni with y < 1.0 improves the stability of the Sm-Co-B phases
when x = 1.0–1.2. For the y = 0.8 ribbons, the amorphous content
increases as x increases from 1.2 to 1.6, whichmeans that increasing Fe
decreases the crystallization of the Sm-Co-B phases. The amorphous
content increases monotonically when the Fe and Ni contents
increase proportionally (e.g., Fe1.2Ni0.6 and Fe2.0Ni1.0). A high
amorphous content is maintained in the Fe1.0Ni0, Fe1.2Ni0.4, Fe1.6Ni0.8,
and Fe2.0Ni1.0 ribbons as the Fe and Ni contents increase simulta-
neously, implying that adding Ni to x > 1.0 ribbons cannot suppress
the trend of decreasing the crystallization of the Sm-Co-B phases
caused by increasing Fe content. Therefore, increasing the Fe content
helps to increase the glass-forming ability (GFA) and reduce the
crystallization of the 1:4:1 phase in the as-spun ribbons. For x = 1.0–1.2,
increasing theNi content promoted the crystallization of the Sm-Co-B
phases.

Figure 1b shows the XRD patterns and refinement results for
FexNiy ribbons annealed at 850 °C for 30min, with the corresponding
Rietveld refinement results provided in Table S1 (Supplementary
Table S1). The relative content of each phase is shown in Fig. 1d. The

phase content is related to the total Fe + Ni content, i.e., it depends
mainly on the Co content. As the Fe + Ni content (x + y) increases from
1.0 (alloy 1) to 2.0 (alloy 6), i.e., as the Co content decreases, the 1:4:1
content monotonically decreases, and the 3:11:4 content mono-
tonically increases. However, for 2.0 ≤ x + y ≤ 3.0 and 0.8 ≤ y ≤ 1.0, the
increase in the Fe content reduces the amount of the 3:11:4 phase and
increases the amount of the 1:4:1 and 1.1:4:4:4 phases.

Ignoring the contents of the 2:7:3, 2:14:1, and 1.1:4:4 phases, the
relative contents of the main 1:4:1, 5:19:6, and 3:11:4 phases are com-
pared in Fig. S2a. Alloys with x = 1.2, y =0.4–0.8, and x + y ≤ 2.0 tend to
form the 3:11:4 phase, and alloys with y = 1.0 and x + y > 2.0 tend to
form the 1:4:1 phase. For the x = 1.0 and y =0–0.4 ribbons, increasing
the Ni content improved the structural stability of the 3:11:4 phase.
According to the Sm-Co-B diagram in Fig. S2b, the 1:4:1, 5:19:6, 3:11:4,
and 2:7:3 phases have the same Sm content, whereas the B content
increases and the Co content decreases. The formation energies of the
pure SmCo4B, Sm3Co11B4, and Sm2Co7B3 phases are −0.252, −0.312,
and −0.318 eV/atom, respectively29, which are stable phases. For the
nine alloys with a nominal composition of Sm(Co, Fe, Ni)4B, the main
phases are 1:4:1, 5:19:6, and 3:11:4. However, the addition of different
contents of Fe and Ni changes the composition of the alloy’s phase
transformation (Fig. S2b).

Therefore, the formation mechanisms of the 1:4:1, 5:19:6, 3:11:4,
and 2:7:3 phases proceed as follows: (1) During the melt-spinning
process, the ribbons form the same microstructure of Sm-Co-B
nanocrystalline phases embedded in the amorphous matrix. During
the subsequent annealing process, two processes occur simulta-
neously: small-grain growth and crystallization of the amorphous
phase. (2) The addition of Fe andNi changes the phase transition point
of the crystallization of the amorphous phase, leading to changes in
the phase composition and relative phase content. (3) Most crystalline
Sm-Co-B phases are formed through the crystallization of the amor-
phous matrix.

Dynamics of phase transformation
We investigated the phase transition during the crystallization process
of the amorphous phase in the as-spun Fe1.0Ni1.0 and Fe2.0Ni1.0 ribbons
due to their lowest and highest amorphous content, respectively.
Figures S2 and S4 show the XRD patterns and refinement results of the
Fe1.0Ni1.0 and Fe2.0Ni1.0 ribbons after annealing at different tempera-
tures for 30min, and the corresponding structural parameters are
listed in Tables S2 and S3, respectively. Figure 2 shows the relationship
between the temperature and phase fraction of the annealed Fe1.0Ni1.0
and Fe2.0Ni1.0 ribbons. As the annealing temperature increases, the
high Fe content (x = 2.0) promotes the formation of a high content of
the 1:4:1 phase in the ribbons, while the amounts of the 2:7:3, 3:11:4 and
5:19:6 phases decreased, indicating that the high Fe content in the
ribbons improved the structural stability of the 1:4:1 phase at high
temperatures and reduced the stability of the 2:7:3, 3:11:4, and 5:19:6
phases. Additionally, in the ribbons with low Fe content (x = 1.0), the
relative contents of the 1:4:1, 2:7:3, 3:11:4, and 5:19:6 phases remained
unchanged, indicating that their phase content reached equilibrium.
The phase equilibrium is achieved because the Fe content in each
phase is not high, and the annealing temperature is only an external
factor that affects the phase stability. Thus, the dissolved Fe content is
the main factor determining the structural stability of the 1:4:1, 2:7:3,
3:11:4, and 5:19:6 phases. Moreover, a high Fe content and high
annealing temperature are more favorable for the formation of the
1.1:4:4 and 2:14:1 phases, and the annealing temperature required for
the formation of the 1.1:4:4 and 2:14:1 phases decreases with higher Fe
content.

Moreover, the multiple exothermic peaks in the differential
scanning calorimetry (DSC) curves of the FexNiy ribbons in Fig. S5
confirm the segmented crystallization behavior of the ribbons. Based
on the XRD patterns, the stepwise crystallization process of FexNiy
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ribbons can be summarized as: [Initial state: as-spun ribbons → amor-
phous + Sm-Co-B phases below 500 °C] →[First stage crystallization:
amorphous → (1:4:1 + 5:19:6) + 3:11:4 + 2:7:3 at 525–573 °C] → [Second
stage crystallization: amorphous → (1:4:1 + 5:19:6) + 3:11:4 + 2:7:3 +
2:14:1 + 1.1:4:4 at 600–865 °C] →[Third stage phase transition:

5:19:6 + 3:11:4 + 2:7:3→ 1:4:1 + 2:14:1 + 1.1:4:4 or 5:19:6 + 3:11:4 + 2:7:3→
1:4:1 + 5:19:6 + 3:11:4 + 2:7:3 + 2:14:1 above 850 °C].

Melt spinning is a far-from-equilibrium process that is dominated
by kinetics. Due to the nonequilibrium kinetics of melt-spinning, the
SmCo4–x–yFexNiyB ribbons are composed of different phases.

Fig. 1 | XRD patterns of the SmCo4–x–yFexNiyB (x = 1.0–2.0; y =0–1.0) ribbons. a As-spun ribbons. b Ribbons annealed at 850 °C for 30min. c Amorphous phase
percentage in the as-spun ribbons. d Phase percentages in the annealed ribbons.
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Moreover, nonequilibrium crystallization leads to metastable phases
and changes in the phase content, which can be explained by the
formation energy of the phases. For the Nd-Co-B system, as the Co
content decreases and the B content increases, the phase formation
energy (E) in the Materials Project database29 decreases in the order of
ENd2Co14B (−0.119 eV/atom) > ENdCo4B (−0.216 eV/atom) > ENd5Co19B6
(−0.253 eV/atom)> ENd3Co11B4 (−0.278 eV/atom)> ENd2Co7B3 (−0.305 eV/
atom) > ENdCo4B4 (−0.462 eV/atom). Similarly, for the Sm-Co-B system,
ESm2Co14B (−0.141 eV/atom) > ESmCo4B (−0.252 eV/atom) > ESm3Co11B4

(−0.312 eV/atom) > ESm2Co7B3 (−0.337 eV/atom) > ESm1.1Co4B4

(−0.475 eV/atom). Therefore, high temperatures (> 760 °C) favor the
formation of the Sm2Co14B phase. Additionally, the composition of the
alloy is close to that of SmCo4B (Fig. S2b), hindering the formation of
the 1.1:4:4 phase in the as-spun ribbons. However, this phase can pre-
cipitate from the amorphous matrix due to its minimum formation
energy, so the 25.2wt% 1.1:4:4 phase is formed in the Fe2.0Ni1.0 ribbons
annealed at 700 °C. For the Sm-M system, ESmFe5 (0.00650eV/atom) >
ESmCo5 (−0.0662 eV/atom) > ESmNi5 (−0.299 eV/atom)29. Correspond-
ingly, ESmFe4B > ESmCo4B (−0.252 eV/atom) > ESmNi4B (−0.451 eV/atom).
Therefore, after the addition of Fe, Ni plays an essential role in
obtaining the 1:4:1, 5:19:6, 3:11:4, and 2:7:3 phases with the same P6/
mmm space group, and the relative contents of Fe and Ni are critical.

Microstructure
Figure 3 shows TEM images of FexNiy (x = 1.0–1.6; y = 0–0.8) ribbons
annealed at 850 °C for 30min and EDS mapping images of the
Fe1.6Ni0.8 ribbon before and after annealing at 850 °C for 30min.
Annealed Fe1.0Ni0 ribbons are composed of equiaxed grains with sizes
in the 62.5–184.6 nm range (Fig. 3a). The fast Fourier transform (FFT)
patterns (Fig. S6a2 − a3) confirm that the annealed Fe1.0Ni0 ribbon
consists of 1:4:1, 5:19:6, and 3:11:4 grains. The annealed Fe1.0Ni0.2 ribbon
(Fig. 3b) consists of equiaxed grains with sizes in the 59.7–157.9 nm
range. The selected area electron diffraction (SAED) patterns
(Fig. S6b1 −b3) confirm that the annealed Fe1.0Ni0.2 ribbon consists of
1:4:1, 5:19:6, and 3:11:4 grains. The annealed Fe1.0Ni0.4 ribbon (Fig. 3c)
consists of equiaxed grains with sizes in the 51.4–150.7 nm range,
which are slightly smaller than those in Fig. 3a, b. The inset FFT pat-
terns (Fig. S6c1) show that the equiaxed grains are in the 1:4:1 and 3:11:4
phases. The FFT pattern (Fig. S6c3) shows that the ribbon consists of
1:4:1, 5:19:6, and 3:11:4 grains and that the grains are in direct contact
with each other and do not show a specific orientation relationship.

The annealed Fe1.2Ni0.4 ribbon (Fig. 3d) consists of equiaxed
grains with sizes in the 56.1–200.1 nm range. The FFT patterns

(Fig. S6d1 −d3) show that the ribbon consists of 1:4:1, 5:19:6, and 3:11:4
grains. When y increases to 0.6, the grain size and phase distribution
are similar to those of the ribbons with y =0.4. As shown in Fig. 3e, f,
the Fe1.2Ni0.6 ribbon consists of the 1:4:1, 3:11:4, 5:19:6, and 2:7:3 grains.
The grain sizes of the annealed Fe1.2Ni0.8 ribbon are in the
79.5–202.3 nm range, as shown in Fig. 3g. The FFT patterns
(Fig. S6f1–f3) show that the equiaxed grains are 1:4:1, 3:11:4, 5:19:6, and
1.1:4:4 phases. The as-spun Fe1.6Ni0.8 ribbon (Fig. 3h) is composed of
poorly crystallized 1:4:1 nanograins with the sizes in the 10–30nm
range distributed on the amorphous matrix (Fig. S7). The high-angle
annular dark-field (HAADF) image and the map scanning images in
Fig. 3k indicate that Sm, Co, Fe, Ni, and B are distributed uniformly,
with no component segregation or crystalline phases. The energy
dispersive spectroscopy (EDS) results show that the as-spun Fe1.6Ni0.8
ribbon mainly consists of the 1:4:1 phase with a Sm:(Fe, Co, Ni)
ratio of 1:4.3.

The SEM image in Fig. 3i shows that the annealed Fe1.6Ni0.8 ribbon
consists of platelet-shaped and equiaxed grains with two different
sizes. The long platelet-shaped grains, marked in red with the lengths
of 1.5–4.0μm and widths of 0.2–0.6 μm, are the first phase to form.
The short grains, marked in blue, are 0.5–1.2μm long and 0.1–0.4μm
wide. The short platelet-shaped grains are distributed between long
grains and are the phases formed after the long grains. The average
size of the equiaxed grains is approximately 1.0μm, as indicated by the
white arrow, and these grains may precipitate after the long platelet-
shaped grains and short platelet-shaped grains. Table 1 shows the EDS
results for positions 1–7 in Fig. 3i, l. The equiaxed grains at position 1
and the long platelet-shaped grains at position 2 are
Sm8.92Co13.09Fe17.81Ni2.98B57.20 = Sm1.0(Co0.39Fe0.53Ni0.09)3.80B6.41 and
Sm9.52Co16.22Fe11.53Ni8.34B54.39 = Sm1.0(Co0.45Fe0.32Ni0.23)3.79B5.71,
respectively, which are close to Sm:(Co+Fe+Ni) = 1:3.8. Moreover, the
equiaxedgrains are rich in Fe-B andpoor inCo-Ni,whereas theplatelet-
shaped grains are rich in Co-Ni and poor in B, indicating that the
equiaxed grains may be a slightly B-rich 5:19:6 phase and that the
platelet-shaped grains are the 1:4:1 phase. In other words, the addition
of Ni promotes the formation of platelet-shaped grains.

The TEM images in Fig. 3j show that the annealed Fe1.6Ni0.8 ribbon
consists of platelet-shapedgrainswith three different sizes. The largest
grains correspond to the grains marked in red in Fig. 3i; the medium-
sized grains are 560.3–1146.9 nm long and 118.3–215.3 nmwide and are
marked in blue, which is consistent with the blue marked grains in
Fig. 3i. The smallest ones are 132.3–348.7 nm long and 69.8–124.1 nm
wide, marked in green. Nevertheless, the grain size is too small for

Fig. 2 | Relationship between the temperature and phase fraction of the annealed ribbons. a Fe1.0Ni1.0. b Fe2.0Ni1.0.
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Fig. 3 |Microstructuresof FexNiy ribbons annealedat850 °C for 30minandEDS
mapping images of the Fe1.6Ni0.8 ribbon before and after annealing at 850 °C
for 30min. a TEM image of the annealed Fe1.0Ni0 ribbon. b TEM image of the
annealed Fe1.0Ni0.2 ribbon. c TEM image of the annealed Fe1.0Ni0.4 ribbon. d TEM
image of the annealed Fe1.2Ni0.4 ribbon. e, f TEM images of the annealed Fe1.2Ni0.6

ribbon. g TEM image of the annealed Fe1.2Ni0.8 ribbon. h TEM image of the as-spun
Fe1.6Ni0.8 ribbon. i SEM image of the annealed Fe1.6Ni0.8 ribbon. j TEM image of the
annealed Fe1.6Ni0.8 ribbon. HAADF and EDS mapping images of as-spun (k) and
annealed (l) Fe1.6Ni0.8 ribbons.
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thesegrains to be observed in Fig. 3i. The grainswith different sizes are
arranged randomly. The FFT pattern presented in Fig. S7g shows that
the small platelet-shaped grains consist of the 3:11:4, 1:4:1, and 2:7:3
phases. The FFT pattern presented in Fig. S7i shows that the ribbon is
composed of long platelet-shaped 1.1:4:4 grains and short platelet-
shaped 5:19:6 grains.

Combinedwith the FFT patterns in Fig. S7g, i, the grain at position
3 in Fig. 3l can be identified as the 1.1:4:4 phase, which is rich in Fe and
poor inCo-Ni. The grain atposition 4 is the 2:7:3 phase, which is poor in
Fe and rich in Co-Ni. The grains at positions 5 and 6both correspond to
the 1:4:1 phase. The grain at position 7 is the 5:19:6 phase, which is poor
in Fe and rich in Co-Ni. Moreover, Sm, Co, Fe, Ni, and B still have
homogeneous distributions, as shown in the EDS mapping images
in Fig. 3l.

The as-spun Fe1.6Ni0.8 ribbons consist of 89.8 vol% amorphous
matrix and 10.2 vol% Sm-Co-B nanograins. During annealing, the
longest platelet-shaped 1:4:1 grains are formed first, followed by the
short grains, and finally, the smallest 2:7:3 grains are formed.
The Sm1.1Co4B4 phase is rich in Fe andpoor inCo-Ni, indicating that the
likelihoodof the formation of the 1.1:4:4 phase increaseswith higher Fe
content, which leads to the formation of the ~20wt% 1.1:4:4 phase in
the Fe2.0Ni1.0 ribbons annealed at 700–900 °C, as shown in Fig. S4.
Becausemore Fe atoms are dissolved into the 1.1:4:4 phase, the matrix
becomes poor in Fe and rich in Co-Ni. This results in the formation of a
higher content of the Sm(Co, Ni)4B phase due to the reduced forma-
tion energy of dissolved Ni (ESmCo4B (−0.252 eV/atom) > ESmCo3NiB

(−0.286 eV/atom)> ESmNi4B (−0.451 eV/atom))29. In addition, Table S1
also shows the presence of 5.4wt% 3:11:4 phase in the annealed
Fe1.6Ni0.8 ribbons, most likely in the form of platelet-shaped grains,
which are not observed in Fig. 3j.

Figure 4a shows that the annealed Fe1.0Ni1.0 ribbon consists of
platelet-shaped grains with two different sizes and equiaxed grains
with an average width of 248.2 nm. The long platelet-shaped grains are
0.5–1.4μm long and 156.6–408.3 nm wide, and the short grains are
137.1–380.2 nm long and 60.2–190.4 nm wide. Figure 4b, c shows the
HRTEM images of regions A and B in Fig. 4a, respectively. The corre-
sponding FFT patterns (Fig. S8a2 − a3 and a5) demonstrate that the
platelet-shaped grains in region A are the 3:11:4 and 5:19:6 phases, and
those in region B are the 1:4:1, 2:7:3, and 5:19:6 phases. Figure 4d pre-
sents an enlarged view of region C in Fig. 4a, and the FFT patterns in
Fig. S8a7 show that the equiaxed grains are in the 1:4:1, 2:7:3, and 5:19:6
phases. Based on the relative positions of the grains, it can be inferred
that the long platelet-shaped grains formed first, followed by short
platelet-shaped grains, and then equiaxed grains.

Figure 4e shows an SEM image of the annealed Fe2.0Ni1.0 ribbon.
The ribbon is composed of platelet-shaped grains and blocky grains.
The platelet-shaped grains are 1.0–5.0μm long and 150.2–570.5 nm
wide, and the blocky grains are 190.5–430.8nm long. The grains
at positions 1 and 2 are Sm9.45Co9.91Fe17.77Ni8.98B53.89 =
Sm1.0(Co0.270Fe0.485Ni0.245)3.879B5.70 and Sm9.20Co10.21Fe15.81
Ni9.07B55.71 = Sm1.0(Co0.291Fe0.451Ni0.258)3.814B6.06, respectively, both of
which are the 1:4:1 main phase according to the XRD pattern in Fig. 1b.
However, theblocky grain at position 1 is slightly rich inFe. By contrast,

the platelet-shaped grain at position 2 is somewhat rich in Co-Ni,
indicating that blocky and platelet-shaped grains correspond to dif-
ferent stages of crystallization. Figure 4f shows the staggered dis-
tribution of platelet-shaped and equiaxed grains in the annealed
Fe2.0Ni1.0 ribbon. The equiaxed grains sizes are in the 178.6–370.8nm
range, corresponding to theblocky grains in Fig. 4e. The SAEDpatterns
in Fig. S8b2 −b3 prove that the grains at positionsD and E are the 1.1:4:4
and 1:4:1 phases, respectively. Figure 4h shows an enlarged view of the
location in Fig. 4g. The corresponding FFT patterns in Fig. S8b6 −b8
prove that the circular grain (position F) is a paramagnetic30 1.1:4:4
grain, and the surrounding grains (positions G and H) are hard mag-
netic 1:4:1 and 2:14:1 phases. These results indicate that during heating
to 850 °C, the formation of the 2:7:3, 5:19:6, and 3:11:4 phases is sup-
pressed. Therefore, the amorphous phase mainly undergoes phase
transformation through the following pathways: the amorphous phase
continuously crystallizes into platelet-shaped 1:4:1 grains when
the temperature is higher than ~500 °C, followed by crystallization of
the amorphous phase into equiaxed 1:4:1 grains between the platelet-
shaped 1:4:1 grains above 700 °C. Finally, the residual amorphous
phase transforms into spherical 1.1:4:4 grains accompanied by the
formation of 2:14:1 grains in the surrounding Co-rich areas.

In summary, the as-spun FexNiy ribbons consisted of an amor-
phous matrix and a small amount of Sm-Co-B nanocrystalline phases.
Fe addition enhances the formation of the amorphous phase of the as-
spun ribbons, while Ni addition has the opposite effect. During sub-
sequent annealing, the amorphous phase crystallizes in stages. The
addition of Fe or Ni changes the phase composition, shape, and size of
the grains. For x < 1.6 and y < 0.8, the grains in the annealed FexNiy
ribbons are all equiaxed, whereas the grains are platelet shaped for
y > 0.8, and the platelet-shaped grains are similar to those in the hot-
deformed Nd-Fe-B or Sm-Co magnets9,31,32. However, the different
platelet-shaped grains are randomly oriented. Therefore, if stress is
applied, these platelet-shaped grains may be aligned, which may be
beneficial for the preparation of hot-deformed magnets.

SmCo4B (m= 1, n = 1), Sm5Co19B6 (m=2, n = 3), Sm3Co11B4 (m= 1,
n = 2), and Sm2Co7B3 (m= 1, n = 3) structures are formed by alternate
stacking of m layers of CaCu5-type SmCo5 and n layers of CeCo3B2-type
SmCo3B2 along the c-axis33. Their crystal structures have strong uniaxial
anisotropy, as shown in Fig. S9. Figures S7g, S8a2 and S8a5 show an
orientation relationship between 3:11:4 and 2:7:3, between 5:19:6 and
2:7:3, between 3:11:4 and 5:19:6, and between 1:4:1 and 2:7:3. Table 1
shows that the Sm:(Co+Fe+Ni) ratios in the 1:4:1, 5:19:6, 3:11:4 and 2:7:3
grains are 1:4.173, 1:3.985, 1:3.783, and 1:3.774, respectively. Therefore,
their crystal structure and composition differences are so small that the
nucleation and growth of 3:11:4, 5:19:6, and 2:7:3 grains are always
accompanied by 1:4:1 grains. Additionally, the orientation relationship
between these phases promotes the formation of platelet-shaped
grains. However, these platelet-shaped grains differ from those formed
by hot deformation. Due to the lack of external pressure applied in this
experiment, the growth rate of the grains varies in different directions.
The1:4:1, 5:19:6, 3:11:4, and 2:7:3 grains with different sizes compete for
growth, and the extrusion between them results in growth along dif-
ferent directions. Therefore, the grains cannot be arranged neatly

Table 1 | EDS results (at%) corresponding to Fig. 3i, l

Position Sm Co Fe Ni B Chemical components

1 8.92 13.09 17.81 2.98 57.20 Sm1.0(Co0.386Fe0.526Ni0.088)3.798B6.413

2 9.52 16.22 11.53 8.34 54.39 Sm1.0(Co0.449Fe0.319Ni0.231)3.791B5.713

3 12.49 16.37 30.15 0.73 40.26 Sm1.0(Co0.346Fe0.638Ni0.015)3.783B3.223

4 16.05 29.61 18.55 12.41 23.38 Sm1.0(Co0.489Fe0.306Ni0.205)3.774B1.457

5 16.74 32.62 21.87 15.36 13.41 Sm1.0(Co0.467Fe0.313Ni0.220)4.173B0.801

6 18.36 33.28 25.49 18.04 4.83 Sm1.0(Co0.433Fe0.332Ni0.235)4.184B0.236

7 16.92 28.27 23.24 15.91 15.66 Sm1.0(Co0.419Fe0.345Ni0.236)3.985B0.926
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during annealing; rather, they grow randomly. Our previous research24

revealed that the long axis orientation of the platelet-shaped 1:4:1 grains
tends to be perpendicular to the {100}, {110}, and {112} planes and that
the short axes orientate perpendicular to the {116} and {102} planes.

Domain structures
Two ribbons with equal Fe + Ni contents (x + y = 2.0) were selected to
further understand the relationships between the microstructure,
magnetic domains, and magnetic properties. Domain walls are
observed as black and white lines in the overfocus and underfocus
LTEM images presented in Fig. 5.Magnetic domainwallswithwidths of

18.3–24.7 nm were observed at the grain junctions of the annealed
Fe1.2Ni0.8 ribbon, as indicated by the arrows in Fig. 5a, c. The domain
walls of the annealed Fe1.0Ni1.0 ribbon are located within the platelet-
shaped grains with the widths of 13.8–23.5 nm, as indicated by the
arrows in Fig. 5d, f, and the domain wall is perpendicular to the long-
itudinal direction of the stripe within the grain and crosses the entire
grain. The critical single-domain radius of a ferromagnet can be cal-
culated according to Eq. (1)34,

Rsd � 72ðAK1Þ
1
2=μ0M

2
s ð1Þ

Fig. 4 | Microstructures of the Fe1.0Ni1.0 and Fe2.0Ni1.0 ribbons annealed at
850 °C for 30min. a TEM image of the Fe1.0Ni1.0 ribbon. bHRTEM image of region
A in (a). cHRTEM image of region B in (a).dHRTEM image of region C in (a). e SEM

image of the Fe2.0Ni1.0 ribbon. f TEM image of the Fe2.0Ni1.0 ribbon. g Another TEM
image of the Fe2.0Ni1.0 ribbon. h Enlarged HRTEM image of (g).
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A can be obtained from the domain wall width of SmCo4B
(δ =π

ffiffiffi
A
K

q
=2:8nm)19. If A = 17 pJ·m−1, K1 = 22.3 MJ·m−3, and μ0Ms = 0.46 T

are used for the SmCo4B phase35, the corresponding Rsd = 8.2μm.
Figure 3g shows that the grain size of the annealed Fe1.2Ni0.8 ribbons is
79.5–202.3 nm, indicating that all of the grains are single-domain.
Moreover, no continuous or closed-loop domain walls are observed in
the Fe1.2Ni0.8 ribbons. Only some grain boundaries show a contrast
similar to that of themagnetic domainwalls in Fig. 5a, c, indicating that
the domain walls are distributed mainly along the grain boundaries.
Therefore, the grain boundaries act as the pinning locations for the
movementofmagneticdomainwalls. By contrast, intermittent domain
walls passing through the larger platelet-shaped grains can be directly
observed in the annealed Fe1.0Ni1.0 ribbon.

The microstructures of the annealed FexNiy ribbons can be sum-
marized using four models, as shown in Fig. 6. (1) Figure 6a shows that
the annealed FexNiy (x = 1.0–1.2; y =0–0.8) ribbons consist of 1:4:1,
3:11:4, and 5:19:6 equiaxed grainswith sizes in the 51.4–202.3 nm range.
(2) As shown in Fig. 6b, the annealed Fe1.6Ni0.8 ribbons consist of
platelet-shaped 1:4:1, 3:11:4, 5:19:6, 2:7:3, and 1.1:4:4 grains with three
different sizes and a small number of equiaxed 5:19:6 grains with an
average size of 1.0μm. The largest platelet-shaped grains are
1.5–4.0μm long and 0.2–0.6μm wide; the medium-sized grains
are 0.5–1.2μm long and 0.1–0.4μm wide; and the smallest grains are
132.3–348.7 nm long and 69.8–124.1 nm wide and are distributed
between the larger platelet-shaped grains. (3) The annealed Fe1.0Ni1.0
ribbons contain platelet-shaped and equiaxed 1:4:1, 3:11:4, 5:19:6, and
2:7:3 grains, as shown in Fig. 6c. The long platelet-shaped grains have
lengths in the 0.5–1.4μm range and widths in the 156.6–408.3 nm
range, and the short grains have lengths in the 137.1–380.2 nm range
and widths in the 60.2–190.4 nm range. The average size of the

equiaxed grains is approximately 248.2 nm. (4) Fig. 6d shows that two
morphologies coexist in the annealed Fe2.0Ni1.0 ribbons. Most of the
morphology consists of randomly oriented platelet-shaped 1:4:1 grains
with lengths of 1.0–5μm and widths of 150.2–570.5 nm and equiaxed
1:4:1 and 1.1:4:4 grains with sizes of 190.5–430.8 nm. Additionally,
spherical 1.1:4:4 grains with sizes of 5.0–15 nm embedded in small
equiaxed 1:4:1 and 2:14:1 grains are present, as shown in Fig. 6e.

Magnetic characterization
Figure 7a, b shows the initial magnetization curves and the corre-
sponding first-order derivative curves of the annealed FexNiy ribbons
obtained from PPMSmeasurements at 160 kOe (12.73 MA·m−1, Fig. S16
and Table S4). For both annealed Fe1.6Ni0.8 and annealed Fe2.0Ni1.0
ribbons, the magnetization increases rapidly with increasing applied
magnetic field, exhibiting a one-step magnetization process. For the
other annealed ribbons, the initial magnetization curves show a two-
step magnetization process with two knee points, indicating the exis-
tenceof a pinningmechanism (Figs. S11–S15). Thefirst nucleationfields
are very small, but the second nucleation fields (or pinning fields) of
the annealed Fe1.0Ni0, Fe1.0Ni0.2, Fe1.0Ni0.4, Fe1.2Ni0.4, Fe1.2Ni0.6,
Fe1.2Ni0.8, and Fe1.0Ni1.0 ribbons are 1.81, 2.24, 2.79, 2.24, 3.18, 3.99, and
6.18MA·m−1, respectively, increasingmonotonically with increasing Ni,
Fe, and Fe + Ni contents.

Figure 7c–e shows the hysteresis loops of the annealed ribbons.
The corresponding magnetic parameters are listed in Table 2. The
hysteresis loops of the Fe1.0Niy (y =0–0.4) ribbons exhibit evident
steps in the demagnetized stage of the second quadrant. TheHa values
of SmCo4B and Sm3Co11B4 are 95.49 MA·m−1 and 92.31 MA·m−1 at 4.2 K,
respectively13. Figure 1b shows thatwhen x = 1.0and y = 0–0.4, the 1:4:1,
5:19:6, and 3:11:4 phases coexist in the annealed ribbons, implying that

Fig. 5 | LTEM images of the Fe1.2Ni0.8 and Fe1.0Ni1.0 ribbons annealed at 850 °C for 30min. a, b, cOverfocus, in-focus, and underfocus images of the Fe1.2Ni0.8 ribbon.d,
e, f Overfocus, in-focus, and underfocus images of the Fe1.0Ni1.0 ribbon.
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this step should be attributed to the slight Ha difference and compo-
sitional differences in these three phases (Figs. S11–S15).

Figure 7e shows that Hc tends to increase and Ms tends to
decreasewith increasingNi and Fe+Ni contents. The ribbons without
Ni achieve the highest Ms of 98.0 A ·m2·kg−1, Mr of 72.7 A · m2·kg−1,
and (BH)max of 98.5 kJ·m

−3. However, this effect is different from that
of Fe + Ni on Sm(Co1–x–yFexNiy)5 (x = 0.15, y = 0.05; x = 0.3, y = 0.1;
x = 0.45, y = 0.15)28. The TEM images presented in Figs. 3 and 4 show
that all of the grains of the annealed FexNiy ribbons are in direct
contact, and there is no second phase at the grain boundaries. The
initialmagnetization curves in Fig. 7a show that for all of the ribbons,
the magnetization increases rapidly at low fields, exhibiting typical
nucleation mechanism characteristics. Therefore, the high coerciv-
ity of the annealed FexNiy ribbons mainly originates from the high
nucleation fields of the 1:4:1, 5:19:6, 2:7:3, and 3:11:4 phases. The
coercivity controlled by the nucleationmechanism can be expressed
by Eq. (2)36:

Hc =αkαφHa
� NeffMs ð2Þ

Where Ha is the anisotropic field, αk describes the effect of the inho-
mogeneous microstructure, αφ quantifies the effect of the grain
orientation on the coercivity, and Neff is an effective demagnetization
factor that depends on the grain shape. Kronmüller37 proposed that,
for a width r0<

ffiffiffiffiffiffiffiffiffiffiffi
A=K1

p
(A and K1 are the exchange stiffness and mag-

netocrystalline anisotropy constant, respectively) of the magnetic
inhomogeneity region, αkαφ is considered to be 1.0 because the grains
of the annealed FexNiy ribbons are in direct contact and there are no
grain boundary phases. Therefore, the Hc of annealed FexNiy ribbons

mainly depends on the anisotropic field (Ha), saturationmagnetization
(Ms), and effective demagnetization factor (Neff).

Figure 7e shows that for the Fe1.0Niy (y =0–1.0) ribbons, the Hc

increases with increasing Ni content until the y = 1.0 ribbons reach a
maximum Hc of 5.68 MA·m−1, which is much higher than the highest
values reported in refs. 20,21 and 3.99 MA·m−1 reporting the previous
studies performed by our group22. Figure 1b shows that the Fe1.0Niy
(y =0–0.4) ribbons consist of equiaxed 1:4:1, 5:19:6, and 3:11:4 grains,
and the added Ni atoms enter the Sm-Co-B phase and increase its Ha,
which is similar to the substitution of Ni for Co, improving theHa of the
Sm(Co, Ni)5 phase

38. However, the magnetic moment of Ni (0.61 μB) is
lower than that of Fe (2.2μB) and Co (1.72μB), so that the partial sub-
stitution of Ni for Co decreases theMs of the Sm-Co-B phase, reducing
the negative effect (−NeffMs) of microstructural inhomogeneity on Hc

according to Eq. (2).
As y increases to 1.0, the annealed ribbons containplatelet-shaped

1:4:1, 5:19:6, 3:11:4, and 2:7:3 grains. Ni addition increases the Sm-Co-B
phase Ha and promotes a change in the grain shape from equiaxed to
platelet-shaped, reducing Neff from nearly 1/3 in different directions to
0 in the long-axis direction of the platelet-shaped grains. Therefore,Hc

is increased according to Eq. (2). In addition, Fig. 5f shows that the
domain walls run through the platelet-shaped grains, and all of the
grain boundaries can act as planar defects to pin the movement of the
domain walls39. Therefore, a predominant nucleation mechanism and
incidental domain-wall pinning mechanism can increase the Hc of the
annealed Fe1.0Ni1.0 ribbons to 5.68 MA·m−1 at room temperature.

For the annealed Fe1.2Niy ribbons in Fig. 7c, d,Hc increases linearly
from3.46MA·m−1 to 5.18MA·m−1 as y increases from0.4 to0.8,which is
attributed mainly to an enhancement of Ha of the Sm-Co-B phases.

Fig. 6 | Microstructure evolution models of FexNiy ribbons after annealing at 850 °C. a x = 1.0 − 1.2, y =0 −0.8. b x = 1.6, y =0.8. c x = 1.0, y = 1.0. d x = 2.0, y = 1.0.
e Magnified morphology of the white region in (d). f Correspondence between color and phase.
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For the annealed FexNi0.4 ribbons,Hc decreases from 3.84 MA·m−1

at x = 1.0 to 3.46 MA·m−1 at x = 1.2. As x increases from 1.0 to 1.2, the
3:11:4 content increases from 52.8wt% to 78.5wt%, the 1:4:1 content
decreases from 26.4wt% to 9.7wt%, and the 5:19:6 content decreases
from 20.8wt% to 11.8wt%. The cell volume of the 1:4:1 and 5:19:6
phases increases, while that of the 3:11:4 phase is essentially constant,

indicating that the increased Fe mainly enters the 1:4:1 and 5:19:6
phases and saturates in the 1:4:1 phase. The dissolved Fe reduces the
structural stability of the two phases. Moreover, excessive Fe reduces
the K1 of the 1:4:1 and 5:19:6 phases. Moreover, the movement of
reversed domains in the mixed 1:4:1 + 5:19:6 + 3:11:4 + 2:7:3 micro-
structure will be pinned by phase boundaries due to the different A×K

Fig. 7 | Magnetic characteristics of the ribbons annealed at 850 °C. a Initial magnetization curves of FexNiy ribbons. b First-order derivative curves of the initial
magnetization curves. c, d Hysteresis hoops of FexNiy ribbons. e Magnetic property dependence of FexNiy ribbons. f Henkel plot curves.
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values. According to Eq. (3)22,

Δγ =4
ffiffiffiffiffiffiffiffiffi
AiKi

p
�

ffiffiffiffiffiffiffiffiffiffi
AjKj

q� �
ð3Þ

Here, Δγ is the domain wall energy difference between the two
phases, which isproportional to thedomainwall pinning force, and the
subscript i(j) represents 1:4:1, 5:19:6, or 3:11:4. Because K1, SmCo4B >K1,

Sm5Co19B6 >K1, Sm3Co11B4
40, excessive dissolution of Fe reduces the

domain wall energy gradient between the 1:4:1, 5:19:6, and 3:11:4 pha-
ses, resulting in a decrease in Hc. The slight reduction in the magne-
tization of the annealed ribbons is due to the small magnetic moment
of the 3:11:4 phase compared to those of the 1:4:1 and 5:19:6 phases.

For the annealed FexNi0.8 ribbons, Hc increases from 5.18 to 6.71
MA·m−1 as x increases from 1.2 to 1.6. Surprisingly, the annealed
Fe1.6Ni0.8 ribbon shows an ultra-high Hc of up to 6.71 MA·m−1. Its
demagnetization curve is smooth and exhibits single hard magnetic
behavior. However, the hysteresis loop is still not closed, implying that
the ribbon is still not fully magnetized to saturation under the 12.73
MA·m−1

field. According to Fig. 1b, as x increases from 1.2 to 1.6, the 1:4:1
content increases from 11.1wt% to 57.1 wt%, the 5:19:6 content increa-
ses from 13.5 wt% to 18.9wt%, the 3:11:4 content decreases from
74.0wt% to 5.4wt%, the 1.1:4:4 phase content increases from 1.4wt% to
13.5 wt%, and 5.1wt% of the 2:7:3 phase (Ha = 103.45 MA·m−1) is also
formed. Additionally, the equiaxed grains transform into platelet-
shaped grains and improve the Hc. Moreover, Fe atoms enter the Sm-
Co-B phase and increase the cell volumes of the 1:4:1, 5:19:6, and 3:11:4.
Therefore, when the Ni content (y) increases to 0.8, Fe addition
maintains the structural stability of the 1:4:1 and 5:19:6 phases, similar
to the dependence of the stability of the SmCo5 phase on Ni41. That is,
the negative impact of Fe on the structural stability of the 1:4:1 and
5:19:6phases canbeoffset onlywhen theNi content is greater than0.8.
On the other hand, Fe addition increases the Ms and Mr values, as
shown in Fig. 7e.

For the annealed FexNi1.0 ribbons, Hc increases from 5.68 MA·m−1

to 5.81 MA·m−1 as x increases from 1.0 to 2.0. Figure 1b shows that as x
increases from 1.0 to 2.0, the 1:4:1 content increases from 36.6wt% to
76.5 wt%, the 5:19:6, 3:11:4 and 2:7:3 phases disappear, and small
amounts of 1.1:4:4 and 2:14:1 phases are formed. The cell volumeof the
1:4:1 phase increases, which means that the increased Fe mainly enters
the 1:4:1 phase. The slight increase in the Hc and magnetization of the
annealed ribbons is attributed mainly to the increase in the 1:4:1 phase
content.

The δM −H or Henkel plots for all of the samples tested at 90 kOe
(7.16 MA·m−1) are shown in Fig. 7f. δM is defined as42

δM = ½MdðHÞ �Mr + 2MrðHÞ�=Mr ð4Þ

Here, Mr(H) and Md(H) are the remanences after applying a field
(H) on a thermally demagnetized sample and after applying a reverse
field on a previously saturated sample, respectively, and Mr is the

saturation remanence. δM >0 indicates strong intergranular exchange
interactions, and δM <0 indicates long-range magnetostatic interac-
tions between grains42.

As y increases from0 to0.4with x = 1.0, y increases from0.4 to0.8
with x = 1.2, x increases from 1.0 to 1.2with y = 0.4, and x increases from
1.2 to 1.6 with y =0.8, these ribbons exhibit similar positive δM peak
values (a detailed analysis is shown in Fig. S10). The δM(H) curve of the
Fe2.0Ni1.0 ribbons is similar to that of the Fe1.6Ni0.8 ribbons. δM
increases linearly with increasing magnetic field and reaches a peak of
1.77 under 20 kOe (1.59 MA·m−1), which is much higher than the values
for the Sm-Co and Nd-Fe-B magnets reported in previous studies42–44.
Although the Fe2.0Ni1.0 ribbons contain 19.1 wt% 1.1:4:4 paramagnetic
phase, the high content of the 1:4:1 phase with high Ha prevents the
formation and expansion of reversed domains and forms strong
exchange coupling to achieve high coercivity. Compared with the two-
stage magnetization behavior of the ribbons without platelet-shaped
grains, the platelet-shaped structure contributes significantly to the
strong exchange coupling between hard magnetic grains.

In this work, we achieved an ultrahigh coercivity of
2.89–6.71 MA·m−1 at room temperature by adjusting the amount of
Fe, Co, and Ni in SmCo4–x–yFexNiyB ribbons. Multiphase
SmCo4–x–yFexNiyB ribbons with platelet-shaped microstructure
show a recordHc of up to 6.71MA·m−1, which is far higher than theHc

of all hard magnetic ribbons and magnets reported to date
(Fig. 8). The excellent coercivity is attributed to the platelet-shaped
Sm-Co-B grains with high magnetocrystalline anisotropy. However,
the randomly arranged grains average the magnetization to a low
value, resulting in a gap in the magnetic energy product compared
to the oriented Sm-Co and Nd-Fe-B magnets. High-temperature hot
deformation may be an effective approach to align hard magnetic
nanograins. The anisotropic SmCo4B-based magnets with a uni-
formly oriented platelet-shaped structure are expected to be ideal
magnets for practical use.

Methods
Sample preparation
The SmCo4–x–yFexNiyB (x = 1.0–2.0; y =0–1.0) alloys were prepared via
vacuumsmeltingof high-purity Sm (99.9%),Co (99.97%), Fe (99.9%), Ni
(99.95%), B powder (99.9%), and 19wt% B-Fe alloy. An extra 10wt% Sm
was added to compensate for the Sm loss during melting. The as-cast
alloys were melt-spun with a Mo wheel at a speed of 40m · s−1 under
high-purity argon atmosphere. Finally, the as-spun ribbons were
annealed at 850 °C for 30min to obtain the optimal magnetic
properties.

Characterization
The phase composition was characterized by X-ray diffraction (XRD)
using a Rigaku Dmax 2500Pc X-ray diffractometer with Cu-Ka radia-
tion. The as-spun and annealed ribbons were ground into powder for
XRDmeasurements in the 10–120° range, with a step of 0.02° and step

Table 2 | Magnetic parameters picked from Fig. 7c,d

Annealed ribbons Hc (MA·m−1) Mr (A ·m2·kg−1) Ms (A ·m2·kg−1) Js (T) Br (T) (BH)max (kJ·m−3) Mr/Ms Shape of grains Coercivity mechanism

Fe1.0Ni0 2.89 72.7 98.0 0.94 0.68 98.5 0.74 Equiaxed Nucleation + pinning

Fe1.0Ni0.2 3.02 59.3 88.4 0.85 0.67 83.5 0.67 Equiaxed Nucleation + pinning

Fe1.0Ni0.4 3.84 54.2 75.9 0.73 0.56 59.5 0.71 Equiaxed Nucleation + pinning

Fe1.2Ni0.4 3.46 48.6 65.0 0.62 0.48 43.3 0.75 Equiaxed Nucleation + pinning

Fe1.2Ni0.6 4.06 46.2 62.0 0.59 0.45 39.1 0.75 Equiaxed Nucleation + pinning

Fe1.2Ni0.8 5.18 41.5 55.4 0.53 0.38 31.8 0.75 Equiaxed Nucleation + pinning

Fe1.6Ni0.8 6.71 51.6 60.0 0.57 0.50 48.4 0.86 Platelet + Equiaxed Nucleation

Fe1.0Ni1.0 5.68 45.8 61.5 0.59 0.45 38.6 0.74 Platelet + Equiaxed Nucleation + pinning

Fe2.0Ni1.0 5.81 51.1 69.1 0.65 0.49 46.8 0.74 Platelet + Equiaxed Nucleation
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time of 3 s. The unit cell parameters and phase composition were
calculated by using the FullProf Suite software. The amorphous con-
tent was calculated using the Jade softwarewith the internal standards
(search for the keyword “amorphous content” in the software help
file). The amorphous content is equal to 1 minus the ratio of all dif-
fraction peak intensities to the total intensity. The microstructure of
the ribbons was observed using a JEOL JEM-F200 high-resolution
transmission electronmicroscope (HRTEM), and the domain structure
was characterized using a JEOL 2100 F Lorentz TEM instrument
(LTEM). The ribbon samples for TEM observation were prepared using
a focused ion beam scanning electron microscope (FIB-SEM, Hitachi
EthosNX5000). Themagnetic properties of the annealed ribbonswere
measured using a physical property measurement system (PPMS,
Cryogenic CFMS-16 T) with a maximum field of 16 T (~ 12.73 MA·m−1),
and the applied magnetic field was perpendicular to the surface of the
ribbons.

Data availability
The raw XRD, DSC, and PPMS data generated in this study have been
deposited in the Mendeley Data [Sun, Ji-bing(2024),“High-perfor-
mance multiphase Sm-Co-B alloys with a coercivity up to 6.71 MA/m”,
MendeleyData, Vl, doi: 10.17632/xm5k8hny29.1]. The other image data
are provided in the main text and Supplementary Information. All
other information can be obtained from the corresponding author
upon request.
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