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ThMn,-type iron-rich rare-earth permanent magnetic materials have garnered significant attention due to their ex-
ceptional intrinsic magnetic properties. However, challenges such as the metastable nature of the ThMn,-type phase, ex-
cessively small single-domain grain size, and complex fabrication processes have hindered the achievement of high phase
purity, uniform microstructure, and desirable extrinsic performance. In this study, we directly synthesized ThMn|;-type
Smg gZryFe 1 SiBy (x = 0-0.2) ribbon magnets via boron doping combined with a one-step rapid solidification method.
This approach not only simplifies the fabrication process but also enhances phase stability and achieves a uniform mi-
crostructure with high ThMn,-type phase purity. By optimizing the boron content and cooling rate, the resulting magnets
exhibit a coercivity (Hc) of 6222 Oe, a remanence (M;) of 80 emu/g, and a remanence ratio (M;/Ms) of 0.71. This work
demonstrates a streamlined approach to producing high-performance ThMn;-type magnets and provides insights into their

practical application potential.

Keywords: ThMni;-type, permanent magnet, rapid solidification, phase stabilization, microstructure
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1. Introduction

Permanent magnetic materials are indispensable in a wide
range of applications, including electric motors, generators,
and magnetic storage devices.!!'=3] The development of high-
performance magnets with enhanced intrinsic and extrinsic
properties is a persistent challenge in materials science, par-
ticularly for iron-rich rare-earth magnets, which have garnered
significant interest due to their potential to offer superior mag-
netic properties.*”) Among these, ThMnj>-type rare-earth
permanent magnets have emerged as a promising candidate
because of their excellent intrinsic magnetic properties, in-
cluding high magnetization and high anisotropy field.['%-13]
These characteristics make ThMn,-type magnets an attractive
alternative to traditional NdFeB and SmCo magnets, particu-
larly due to their cost-effectiveness and environment-friendly
properties. [>1415]

ThMn,-type magnets exhibit great potential for ad-
vanced magnetic applications, but their practical implemen-
tation faces significant challenges rooted in intrinsic metasta-
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bility and structural controllability. The metastable nature
of the ThMnj,-type phase fundamentally disrupts crystal-
lization kinetics during synthesis, while the inherently small
single-domain grain size imposes additional constraints on mi-
crostructure engineering.!'%!”] Generally, these intrinsic char-
acteristics create dual obstacles: they not only impede the at-
tainment of required phase purity but also promote uninten-
tional coexistence of hard and soft magnetic phases — a crit-
ical issue when pursuing nanocrystallization strategies to en-
hance magnetic performance.!!8-20]

In conventional permanent magnets, nanocrystallization
enhances functional properties through two well-established
mechanisms: (i) domain wall pinning at refined grain bound-
aries for increased high coercivity (H),[>!23! and (ii) direc-
tional magnetization reversal governed by grain size dispar-
ity for higher energy density.[”*! However, in ThMn;-type
systems, unpredictable phase transitions during processing
lead to erratic grain growth dynamics, making it exception-

ally difficult to achieve both narrow size distributions and
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spatially ordered magnetic domains.!!”->>! Unlike stable mag-
netic compounds where thermal treatments can systematically
tune nanostructures, the transient crystallization pathways in
ThMn,-type materials often result in disordered domain con-
figurations that negate the theoretical benefits of nanocrystal-
lization.

This contradiction arises from competing requirements:
the thermodynamic instability demanding rapid solidifica-
tion to preserve the desired phase, versus the kinetic ne-
cessity for controlled crystallization to establish ordered
nanostructures.?-3%1  Consequently, achieving stable and
high-performance magnets has been a significant challenge in
previous research efforts.

Several approaches have been explored to address these
issues, including compositional modifications and the intro-
duction of doping elements to stabilize the ThMnj,-type
phase. Most studies tend to increase the stability of the
ThMn,-type structure by adding stability-enhancing ele-
ments; however, this often results in a significant decrease in
magnetization, as observed with the substitution of Fe by Ti,
V, Cr, Mn, Mo, W, Si, and A1

Few reports reveal that B can form B-rich boundary
phases at the grain boundaries of ThMnj;-type films, which

143.44] [y the context of

serve to magnetically isolate the grains.
ribbons, B appears to induce the precipitation of Ti-rich phases
or grain refinement, thereby enhancing the magnetic perfor-
mance of the samples.[*>*¢] This suggests that B has a signif-
icant effect on the modification of grain boundaries, which is
closely related to the H. of ThMn,-type magnets. However,
whether B plays additional roles in ThMn,-type magnets re-
mains unclear, presenting considerable research value for fur-
ther exploration.

Furthermore, relatively little research has focused on the
control of ThMnj,-type magnets’ microstructure and the sim-
plification of the overall fabrication process. In traditional
methodologies, the preparation of nano/microcrystalline mag-
nets typically follows one of two approaches: the first involves
melting, homogenization, and refinement;!*’! the second in-
volves melting, amorphization, and grain growth. 3! The dis-
tinction lies in whether nano/microcrystals are formed di-
rectly or whether existing large particles are refined to produce
nano/microcrystalline magnets or magnetic powders. How-
ever, the complex preparation steps hinder potential industrial-
scale production of the metastable ThMni,-type magnets.
Therefore, simplifying the fabrication process and addressing
the metastable characteristics of ThMn,-type magnets are the
critical factors in developing this magnet, which is valuable
for both scientific research and industrial application.

In this study, ThMnj,-type Smg gZrg,Fe;;SiBy (x = 0-
0.2) ribbon magnets were successfully synthesized through a
one-step rapid solidification process. The introduction of B

into the alloy composition significantly enhanced the phase
stability of the ThMn,-type structure, enabling the direct for-
mation of a high-purity phase. Furthermore, by carefully op-
timizing the B concentration and cooling rate, we achieved a
uniform microstructure along with improved magnetic proper-
ties, including a H, of 6222 Oe, a remanence (M;) of 80 emu/g,
and a remanence ratio (M;/M;) of 0.71. These findings high-
light the effectiveness of B doping and one-step processing
in addressing the challenges of phase instability and complex
preparation requirements, offering a promising strategy for the
scalable production of ThMnj,-type magnets with high perfor-
mance and simplified fabrication processes.

2. Experiment

Ingots with nominal compositions, Smg gZrg,Fe;;SiB,
(x = 0-0.2), were prepared by arc-melting high-purity Sm
(99.9%), Zr (99.9%), Fe (99.9%), Si (99.9%), and Fe-B
(weight fraction ratio of 8:2, 99%) pieces under an Ar atmo-
sphere (99.999%). An excess of Sm of 30 at.% was included
in the alloys to compensate for Sm evaporation loss and ob-
tain a high-purity ThMnj,-type phase. The ingots were melted
in an Ar environment in quartz nozzles and ejected through a
0.4 mm orifice using pressurized Ar gas (99.999%) onto a cop-
per wheel rotating at 20-35 m/s.

The crystal structure and phase purity of the resulting
products were examined by x-ray diffraction (XRD) with Cu
Ko radiation (A = 1.5406 A). The cross-sectional morpholo-
gies of the bulk samples were scrutinized with a field emis-
sion scanning electron microscope (FE-SEM). The magnetic
characteristics of the samples were measured with a physical
property measurement system (PPMS) from Lakeshore.

3. Results and discussion

Figure 1 presents the XRD results of three samples with
varying B contents after ribbon casting at different wheel
speeds.
the cooling rate from the molten state, and amorphization was

As shown, an increase in wheel speed accelerates

more severe, with the sample at 35 m/s effectively transition-
ing to an amorphous state. This behavior aligns with the typi-
cal characteristics of ThMn,-type ribbons during rapid solid-
ification.

When comparing the three samples with different B con-
tents at the same wheel speed, it is evident that increasing B
content leads to notable differences in phase formation. Over-
all, higher B concentrations facilitate the transition of samples
to an amorphous state or result in finer grain sizes under identi-
cal rapid solidification conditions. This effect can be attributed
to B acting as an amorphizing agent, which effectively sup-
presses grain growth during the rapid solidification process.
This characteristic underpins our decision to utilize B to in-
duce the formation of ThMn,-type grains.
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From Fig. 1, it is evident that at a wheel speed of 20 m/s,
the By and By ; samples primarily form the TbCu;-type phase,
with a small amount of ¢¢-Fe phase observed in the By sample.
When the wheel speed increases to 30 m/s, clear diffraction
peaks appear at 42.222°, 42.481°, and 43.249°, which indi-
cates the appearance of ThMn,-type Smg gZroFe(1SiBy. As
the wheel speed further increases to 35 m/s, the By sample ex-
hibits a mixture of amorphous and ThMn;-type phases, while
the Bg.; sample is almost entirely amorphous. For the B>
sample, a clear presence of a mixed phase of amorphous and
ThMn ,-type phases is evident at 20 m/s, and complete amor-
phization occurs at both 30 m/s and 35 m/s.
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Fig. 1. XRD patterns of rapidly solidified Smg §Zry 2 Fe;; SiB, (x =0-0.2)
ribbons with Cu wheel speeds of (a) 20 m/s, (b) 30 m/s, and (c) 35 m/s.

These observations suggest that the addition of trace
amounts of B effectively inhibits the crystallization of the
ThMn ,-type phase during rapid solidification. Such suppres-
sion is beneficial for achieving nanocrystalline ThMn,-type
grains while avoiding the formation of significant amounts of
a-Fe soft magnetic phase, thereby ensuring the purity of the
ThMn,-type phase within the samples.

Figure 2 presents the magnetic performance testing re-
sults of samples with three different B contents, cast at varying
wheel speeds. The data indicate that the magnetic properties
are optimal at a wheel speed of 30 m/s. This can be attributed
to two factors: first, the samples prepared at 20 m/s contain
a significant amount of the TbCuy-type phase and a small
amount of «-Fe phase; second, the samples cast at 30 m/s

likely have a more suitable grain size compared to those pro-
duced at 20 m/s. Conversely, at a wheel speed of 35 m/s, many
samples exhibit signs of amorphization, leading to a decline in
magnetic performance. Therefore, our discussion primarily
focuses on the magnetic properties and microstructure of the
samples prepared at 30 m/s. Respectively, the H.. values for the
By and Bg,; samples reached 3912 Oe and 6222 Oe at a wheel
speed of 30 m/s. The introduction of trace amounts of B signif-
icantly enhances the H,, yielding an increase of approximately
59%. Due to trace element doping, such a substantial increase
in H, is relatively rare; most studies on ThMnj,-type materi-
als have primarily adjusted H, through significant changes in
grain size and alloy composition.
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Fig. 2. Magnetic  hysteresis loops of rapidly solidified

Smg gZro,Fe;;SiBy (x = 0-0.2) ribbons with Cu wheel speeds
of (a) 20 m/s, (b) 30 m/s, and (c) 35 m/s.

Table 1. Magnetic properties of rapidly solidified Smg gZry,Fe;;SiB,
(x = 0-0.2) ribbons with different Cu wheel speeds.

x v (m/s) He(Oe) M, (emu/g) M (emu/g) M;/Ms

0 20 794 69 115 0.60
0.1 20 1199 69 118 0.58
02 20 1837 88 126 0.70

0 30 3912 71 109 0.65
0.1 30 6222 80 112 0.71
02 30 181 50 121 0.41

0 35 221 73 127 0.57
0.1 35 111 52 116 0.44
02 35 312 79 123 0.64
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The XRD results confirm that trace B doping has a pro-
nounced effect on inhibiting grain growth, suggesting that B
plays a crucial role in optimizing H.. However, aside from in-
hibiting grain growth, it remains unclear whether other effects
are present that may influence magnetic properties, particu-
larly regarding the sample’s crystal structure and microstruc-
ture. Therefore, further investigation is warranted to elucidate
the additional impacts of B on the magnetic performance of
the samples, as this may reveal further avenues for optimizing
magnetic properties.

Figure 3 presents the magnetization versus tempera-
ture (MT) curves of the By, Bp i, and By, samples pre-
pared at a wheel speed of 30 m/s. The XRD patterns from
Fig. 1 indicate that the peak intensities of the nanocrys-
talline/amorphous samples are insufficient to accurately de-
termine whether B directly affects the crystal structure of the
ThMn,-type phase. Therefore, MT measurements were con-
ducted to assess whether the Curie temperature (7;) varies sig-
nificantly with the addition of B.

The results indicate that the T of the By and Bg ; samples
are relatively similar, suggesting that their crystal structures do
not exhibit significant changes. However, the MT curve for the
By sample shows some optimization, which may be attributed
to its lower purity compared to the B ; sample, resulting in the
presence of minor secondary phases. The reduction of these
secondary phases could be one of the factors contributing to
the optimization of the magnetic properties.

In contrast, the T; of the By, sample is significantly lower
than that of the Bg and Bg; samples. This can be attributed
to the fact that the By, sample is nearly entirely amorphous,
and the 7. of amorphous samples typically differs consider-

Ribbon Ribbon

Ribbon Ribbon

1 ym

Ribbon Ribbon

ably from that of ThMnj;-type materials. This observation
reinforces the notion that the structural characteristics of the
samples play a crucial role in determining their magnetic be-
havior. Further investigation into the relationship between the
amorphous nature and magnetic properties of the By, sample
is warranted to fully understand these dynamics.
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Fig. 3. MT curves (200 Oe) of the Smg gZrp 2 Fe1;SiB, (x = 0-0.2) rib-
bons prepared at a wheel speed of 30 m/s.

Figure 4 presents FE-SEM images for the Bg, By 1, and
By samples prepared at a wheel speed of 30 m/s. As con-
firmed in Fig. 3, trace amounts of B do not appear to have
a significant effect on the ThMn,-type crystal structure, sug-
gesting that the changes in H, are not attributable to alterations
in crystal structure. Consequently, FE-SEM analysis was con-
ducted to investigate whether the microstructural characteris-
tics of the samples had undergone changes.

Table 2. The T; of SmggZrg,Fe;;SiBy (x = 0-0.2) ribbons
prepared at a wheel speed of 30 m/s.

x T. (K)

0 579
0.1 582
0.2 488

Ribbon

IR S

Fig. 4. Cross section FE-SEM images of Smg.8Zr(.2Fe;;SiB (x = 0-0.2) ribbons with B content of (a) 0, (b) 0.1, and (c) 0.2 prepared at a

wheel speed of 30 m/s.
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The images were taken from the vertical cross-sections of
the ribbon samples, which were freshly exposed by breaking
the ribbons rather than by polishing. Polishing was avoided
due to the excessively fine grain sizes, which would obscure
useful information. At low magnifications, the FE-SEM im-
ages reveal significant differences in the cross-sectional struc-
tures of the three samples, with the only variable being the
trace B doping. The B( sample exhibits a generally uniform
and smooth morphology; however, certain regions display pro-
nounced differences in brightness, indicating compositional
variations. This segregation is attributed to the metastable
characteristics of the ThMnj,-type structure during the rapid
solidification process, which affects the final consistency of
the samples and consequently influences their magnetic prop-
erties.

In contrast, the By ; sample shows substantial changes in
microstructure. Upon magnification of specific regions, a uni-
formly fine-grained structure becomes apparent. These struc-
tures are likely formed during fracture, indicating multiple fine
interface layers. During the fracture process, the differing
stress distributions within these layers and the grain interiors
produce a serrated morphology. The abundance of interfaces
may contribute to the significant increase in H. observed in the
By.1 sample, as these interfaces can act as pinning sites during
magnetization reversal, impeding the process and thereby en-
hancing H..

When the B content is increased to 0.2, the distinctive
fine-grained structure disappears, leaving only smaller grain
features that are barely discernible. Comparison with the XRD
results indicates that the By, sample has nearly transformed
into an amorphous state during rapid solidification, making
it challenging to identify any distinct fine-grained or inter-
face morphology in the cross-section. This observation under-
scores the impact of B doping on the microstructural evolution
and magnetic properties of ThMnj;,-type magnets.

4. Conclusion

This work primarily investigates the changes in magnetic
properties of ThMn,-type ribbon samples with the alloy com-
position Smg gZryFe;1SiB, (x = 0-0.2) under varying cool-
ing rates (wheel speeds of 20-35 m/s) and different B contents.
The sample Smq 3Zrg 2Fe;1SiB,, subjected to rapid solidifica-
tion at a wheel speed of 30 m/s, successfully achieves H., M;,
and M;/M; values of 6222 Oe, 80 emu/g, and 0.71, respec-
tively. This study identifies and explores the effects of B on
inhibiting grain growth of the ThMnj,-type phase, its role in
suppressing segregation during rapid solidification, and its im-
pact on optimizing microstructure. The findings suggest that
trace amounts of B can significantly enhance the magnetic per-
formance of ThMnj;-type magnets produced via rapid solid-

ification, and indicate potential unknown effects that warrant
further investigation.
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