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Abstract: To improve the overall magnetic properties of Sm(CoFeCuZr). sintered magnets, a dual-alloy sintering process
that involves mixing high-iron, low-copper powders with low-iron, high-copper powders was systematically investigated.
The results demonstrate that this method significantly improves the Cu-lean phenomenon at the grain boundaries, achieves
multiscale uniform microstructures, greatly enhances the pinning field strength, and ultimately produces a high-
performance dual-alloy magnet with a maximum energy product ((BH)max) exceeding 240 kJ/m? and an intrinsic coercivity
(H) exceeding 2400 kA/m. In particular, when 35 wt.% of low-iron, high-copper alloy powder is incorporated, the dual-
alloy magnet achieves a remanence of 1.13 T, Hq; of 2691.2 kA/m and (BH)max of 248 kJ/m>. To evaluate the overall
magnetic performance, the sum of H; (in kA/m) and (BH)max (in kJ/m?) is used as a combined parameter, yielding a value
0f 2939.2. Compared with single-alloy magnets of the same composition, the dual-alloy sintering process yields magnets
with a more uniform elemental distribution and superior magnetic properties.

Keywords: Sm(CoFeCuZr). magnets; dual-alloy sintering process; magnetic properties; coercivity mechanism;
magnetisation reversal process

transportation and high-power permanent magnet

1 Introduction

Sm(CoFeCuZr). magnets have rapidly emerged
as the preferred choice for high-temperature
permanent magnets and promising candidates for
designing high-performance nanocomposite magnets
compared to Nd—Fe—B magnets [1], owing to
their outstanding intrinsic magnetic properties,
exceptional temperature stability and excellent
corrosion resistance [2—4]. Recently, rapid
advancements in high-tech industries such as
aerospace, 5G communication, advanced rail

motors have driven the demand for improved
magnetic properties in Sm(CoFeCuZr). sintered
magnets. Commercial 2:17-type Sm—Co magnets
typically operate at temperatures below 350 °C.
However, at elevated temperatures (above 350 °C),
Sm(CoFeCuZr). sintered magnets experience a
considerable reduction in the maximum energy
product (BH)max, knee coercivity (Hy) and intrinsic
coercivity (H) [5]. To expand the operational
temperature range of these magnets, enhancing their
overall magnetic performance (OMP) is crucial.
Specifically, (BH)max should exceed 240 kJ/m? and
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H; should exceed 2400 kA/m. The OMP of
Sm(CoFeCuZr), magnets is commonly evaluated by
summing Hj (in kA/m) and (BH)max (in kJ/m?), with
a target value of 2640. Achieving this benchmark
would enable the development of a truly high-
performance 2:17-type Sm—Co sintered permanent
magnet.

Since the 1960s, extensive studies have been
conducted to enhance the (BH)max and H; of 2:17-
type Sm—Co magnets. Among various approaches,
composition optimisation has been crucial in
enhancing the magnetic properties. Studies indicate
that increasing Fe content or decreasing Cu content
effectively enhances remanence B: and (BH)max.
Consequently, Sm(CoFeCuZr). magnets with high-
Fe and low-Cu compositions have become a key
focus for achieving high (BH)max [6,7]. Currently,
most  high-(BH)max  Sm—Co  magnets contain
1825 wt.% Fe and 3—5 wt.% Cu. While magnets
with higher Fe content can achieve B: values up to
1.2 T, they tend to exhibit a noticeable Cu-lean
phenomenon along the grain boundary (GB), which
disrupts the formation of the nearby cellular structure,
severely compromising coercivity [8,9]. To counter
this effect, reducing Fe content or increasing Cu
content is a viable strategy. This strategy can
considerably improve coercivity, lower the
coercivity temperature coefficient and enhance the
high-temperature magnetic performance of Sm—Co
magnets. However, Sm—Co magnets with low-Fe
and high-Cu contents exhibit relatively low (BH)max,
making them unsuitable for high-temperature
applications [10,11]. Due to the distinct magnetic
properties of high-Fe, low-Cu and low-Fe, high-Cu
Sm(CoFeCuZr). magnets, a single-alloy approach
cannot fully meet the requirements for achieving
optimal OMP. To address this challenge, this study
adopts a dual-alloy sintering process, inspired by its
successful application in preparing Nd—Fe—B
sintered magnets [12], and develops a new dual-
alloy approach that combines high-Fe, low-Cu
Sm(CoFeCuZr). alloy with low-Fe, high-Cu
Sm(CoFeCuZr). alloy in controlled proportions to
leverage the advantages of both compositions,
thereby producing high-performance dual-alloy
magnets.

Therefore, in this study, sintered magnets were
prepared using two types of Sm(CoFeCuZr); alloys
with different compositions, high-Fe, low-Cu and
low-Fe, high-Cu, by mixing powders in varying

proportions, followed by
treatment. Specifically, the nominal composition of
Sm(Coo.s45F€0.28Cu0.055Z10.02)7.85 (20.01 wt.% Fe and
4.47 wt.% Cu) was chosen as the Type A alloy (high-
Fe, IOW-CU), while Sm(C00,725Feo_15CL10,1ZI‘0,025)7,6
(10.53 wt.% Fe and 7.99 wt.% Cu) was designated
as the Type B alloy (low-Fe, high-Cu). After
processing, these alloys form the Type A magnet and
Type B magnet, respectively.

Furthermore, to further refine the micro-
structure and improve the magnetic properties of
Sm(CoFeCuZr). magnets, we employed a new
preparation method developed in previous study
[13—15]. This method integrates key technologies
such as strip-casting (SC), hydrogen decrepitation
(HD), jet milling (JM) and solid solution processing
to fabricate the magnets. The objective of this study
is to develop high-performance Sm—Co sintered
magnets by combining the dual-alloy approach with
this new preparation technique, thereby improving
overall magnetic properties. Specifically, we aim to
achieve dual-alloy magnets with a (BH)max €xceeding
240 kJ/m® and an H, exceeding 2400 kA/m. In
addition, this study systematically investigates the
entire preparation process for high-performance
Sm(CoFeCuZr). magnets, clarifies the magnetic
hardening mechanism during magnetisation reversal,
and provides both theoretical insights and process
guidance for the development of high-grade
commercial magnets, ultimately expanding the
application scope of Sm—Co permanent magnets.

sintering and heat

2 Experimental

The magnets investigated in this study were
fabricated using powder metallurgy. The process
involved several key steps: alloy melting, SC,
HD, JM, powder mixing, alignment, compacting,
sintering and heat treatment. Specifically, SC flakes
with nominal compositions of Type A and B magnets
were produced using induction melting and a single-
roller SC process at a rotating speed of 0.5 m/s in an
argon atmosphere. An additional 5 wt.% of Sm was
added to compensate for losses during melting
and SC. The SC process is shown in Fig. S1 (in
Supporting Materials (SM)). Following this, the SC
flakes were crushed into powders using HD and JM
in sequence. By adjusting the JM speed, the average
particle sizes of Type A and B magnet powders were
3.53 and 2.01 pm, respectively. The morphology of
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the JM powders is shown in Fig. S2 in SM. After
mixing the JM powders of Type A and B magnets in
various proportions based on the total mass of the
magnet, the blended powders were aligned and
pressed under a magnetic field of 1.6x10°A/m,
followed by isostatic compaction at a pressure of
250 MPa for 120s. To investigate the magnetic
properties of magnets with different powder mixing
ratios, a process optimisation was performed to
determine the ideal sintering and solid solution
temperatures for the green bodies. The powder
mixture was sintered to be 1200—1220 °C for 1 h,
while the solid solution treatment was conducted at
1155—1180 °C for 5 h under an argon atmosphere,
followed by rapid air cooling to room temperature
(approximately 20 °C). Finally, the ageing treatment
was performed at 810 °C for 40 h, after which the
temperature was gradually reduced to 420 °C at a
rate of 0.4 °C/min. The material was then held at
420 °C for 10 h before cooling to room temperature.
The magnetic properties of the samples were
measured  using an  ultra-high-temperature
measurement system (NIM—500C) developed
by the National Institute of Metrology of China
over a temperature range of 100—300 °C. Room
temperature magnetic properties and the initial
magnetisation curve were tested with a pulsed field
magnetometer system (PFM14). The microstructures
and elemental distribution of the samples were
examined using scanning electron microscopy (SEM,
FEI Nova Nano 200) and transmission electron
microscopy (TEM, JEM—2100F). The backscattered
electron (BSE) images and surface elemental
distribution were analysed with an electron
probe micro-analyzer (EPMA) equipped with a
wavelength-dispersive ~ X-ray detector (JEOL
JXA800). The magnetic domain and the process
of reverse magnetisation were studied using a
magneto-optical Kerr effect (MOKE) microscope
(BH-786IP-PK NEOARK CORP).

3 Results and discussion

3.1 Magnetic property

Figure 1(a) presents the demagnetisation curves
and Table 1 lists the magnetic parameters of the final
magnets [(100—x)wt.%A+xwt.%B] with x=0, 20, 30,
35, 40, 50 and 100. The results show considerable
variations in the magnetic properties of Sm(Co-
FeCuZr). magnets with varying compositions.

The magnet A, with high-Fe and low-Cu
composition, exhibits a higher B, (1.18 T) but a lower
H (1384 kA/m). In contrast, the magnet B, with
low-Fe and high-Cu composition, has a lower B:
(1.03 T) but considerably higher H.;j (3406.4 kA/m).
Furthermore, after sintering with the mixed powders,
the B: of the dual-alloy magnet decreases as the
mixing amount (x) increases. This reduction is
attributed to the addition of the alloy B (low-Fe and
high-Cu composition), which lowers the overall Fe
content in the magnet. However, compared with the
magnet A, the dual-alloy magnets demonstrate
considerably higher coercivity. Notably, the
magnetic properties improve substantially when
x=35 and 40, yielding dual-alloy magnets with
(BH)max > 240 kJ/m* and H.; > 2400 kA/m. The OMP
values reach 2939.2 and 2973.68, respectively,
meeting the magnetic performance criteria for high-
performance Sm(CoFeCuZr). magnets. Morover,
since the magnet exhibits better squareness at x=35,
this composition is considered to provide the best
overall performance.
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Fig.1 (a) Demagnetization curves for
(b) Comparison of magnetic properties (The blue star
represents the magnetic properties derived by combining
the He and (BH)max of the magnets A and B at a powder
mixing ratio of 65:35, while the red star represents the

magnetic properties of the magnet C)

magnets;
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Table 1 Magnetic properties of [(100—x)wt.%A+xwt.%B]
sintered magnets

Magnet BJ/T (kf_ i_l) Eﬁﬂ‘l“f?)/ (Hk(f“j)/ OMP
=0 118 13840 25552 641 1639.52
=20 116 1569.6 24248 445 1812.08
x=30 114 2337.6 23256 449 257016
x=35 113 26912 24800 645 293920
x=40 112 27312 24248 583  2973.68
=50 111 28224 231.12 498 3053.52
=100 1.03 34064 209.68 260 3616.08

Figure 1(b) compares magnetic characteristics
of the magnet A (x=0), the magnet B (x=100), the
magnet C (x=35) and other hybrid magnets. The
results show that compared with the expected
composite properties, the magnet C exhibits
significantly improved H¢j and (BH)max. Notably, the
coercivity of the magnet C increases from 2092 to
2691.2 kA/m, with a 28.6% enhancement, while its
OMP remains excellent.

3.2 Microstructure and element distribution

A considerable improvement in the OMP is
attributed to structural modifications introduced by
the dual-alloy process. To analyse these effects, the
microstructures and elemental distributions of the
magnets A, B and C are examined, as shown in
Fig. 2. The line distribution of Cu across GBs in the

magnet A is shown in Fig. S3 in SM. The results
indicate that the magnet A develops a well-defined
and clear GB structure, with a relatively uniform
distribution of Sm, Fe and Zr. However, a minor Cu-
lean phenomenon is observed at certain GB regions,
as highlighted by the white line in the Cu elemental
distribution shown in Fig. 2(a). In the magnet B, the
elemental distribution within the grains remains
relatively uniform, but the Cu elemental distribution
along the GBs differ notably from that within the
grains, exhibiting a clear Cu-lean phenomenon,
as indicated by the blue arrow in Fig. 2(c). The
pronounced Cu-lean phenomenon leads to low
squareness ratio of Hi/H.j (26.0%) for the magnet B,
along with a reduced knee point (Hx), both of which
limit the OMP of the magnet B.

In contrast, the elemental distribution in the
magnet C, as shown in Fig. 2(b), reveals no
observable Cu-lean phenomenon along GBs at the
microscale. Instead, all clements are uniformly
distributed. According to the EPMA results, the
dual-alloy process promotes uniform elemental
distribution of the various components within both
the grains and GBs of the magnet, mitigates GB
defects and ultimately leads to a homogeneous
microstructure. A uniform microstructure enhances
the coercivity and squareness of the magnet, thereby
improving its OMP [10,16].

To further investigate the improvement in
magnetic properties at the nanoscale, the micro-
structure and microchemistry of the magnets A and C

25000 40000 20 57 90wt% 6 18

30wt% 2 6
Fig. 2 BSE images and EPMA eclement distribution: (a) Magnet A; (b) Magnet C; (c) Magnet B

Iwt% 10 48 86 wt.%
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are examined. Figure 3 shows the TEM results of the
magnets A and C along the [001]-2:17R zone-axis,
and the TEM—-EDS results for the selected cell
boundary phases and cell phases in Fig.3 are
provided in Table 2. The results indicate that both
magnets exhibit typical nanocellular structures, with
the average cellular size being ~107.2 and ~99.9 nm,
as shown in Figs. 3(a, c), respectively. Furthermore,
the magnet A exhibits uneven cellular size
distribution, with some individual cellular structures
developing abnormally, reaching a maximum size of
~243.5 nm, while the cellular structures in the
magnet C are relatively small and uniform.
Figures 3(b, d) show the bright field TEM images
of the GBs in the two magnets, respectively. It can
be observed that distinct GBs are present in the
magnet C, with complete cellular structures
surrounding them. In contrast, some GBs in the
magnet A exhibit incomplete structures, as indicated
by red area in Fig. 3(b). The Cu-lean phenomenon
along the GBs in the A magnet (shown in Fig. 2(a))
leads to the formation of incomplete cellular
structures around these boundaries. This also
suggests that the dual-alloy magnet contains a higher
volume fraction of the cell boundary phase, which

contributes to a significant increase in coercivity [17].
Furthermore, the results in Table 2 show that the
composition distribution of the cell boundary and
cell phases in different regions of the magnet A
varies considerably. In the magnet A, the Cu
concentration at Points 2 and 4 (Fig. 3(a)) of the cell
boundary phases is 32.4 and 20.1 at.%, respectively.
Additionally, these points still contain a higher
Fe concentration, suggesting that the spinodal
decomposition is incomplete and uneven [18—20].
However, during the sintering process of the dual-
alloy mixed powder, the Cu content is indirectly
increased. As the Cu element fully diffuses into the
grain and GB, the Cu concentration in both the cell
boundary and cell phases is considerably enhanced.
Moreover, the Cu element is uniformly distributed in
both the cell boundary phase and cell phase across
various regions. For instance, the Cu concentration
at Points 6 and 8 of the cell boundary phases is 35.2
and 36.1 at.%, respectively. Additionally, the Cu
concentration at Points 5 and 7 (Fig. 3(c)) of the cell
phases is 5.2 and 4.9 at.%, respectively.
Additionally, to compare the differences in
phase content between the two magnets, the Rietveld
fitting of the XRD patterns for both magnets is
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Fig. 3 TEM images of final magnets along [001]-2:17R zone-axis, showing bright field TEM images of cellular structure

and grain boundaries (GBs) of (a, b) magnet A and (c, d) magnet C (The insets in (a) and (c) show the corresponding

selected area electron diffraction patterns); Rietveld refinement of step-scanned XRD profiles for magnets A (e) and C (f)

(The black line represents the experimental XRD pattern (Exp.), the red line represents the simulated XRD pattern (Sim.),

the green line shows the difference between the experimental and simulated patterns (Dif.), and the vertical lines indicate

the characteristic Bragg positions of the corresponding phases)
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Table 2 TEM-EDS results of selected cell boundary and
cell phases in Fig. 3 (at.%)

Magnet Region  Sm Co Fe Cu Zr
1 112 56.7 252 5.6 1.3
154 343 162 324 1.7

A 2
3 129 577 245 29 20
4 16.1 463 157 20.1 1.8
5 1.5 564 258 52 1.1
6 163 332 141 352 1.2
¢ 7 11.9 558 262 49 1.2
8 16.8 33.1 127 361 13

shown in Fig. 3(e), revealing the phase fractions. The
mass fractions of different phases determined by
Rietveld analysis, along with the R factors, are listed
in Table 3. It can be observed that both magnets are
primarily composed of a 1:5 phase and a 2:17R
phase [21]. However, the phase content differs, as
indicated in Table 3. The A magnet contains
7.66 wt.% of the 1:5 phase and 92.34 wt.% of the
2:17R phase, while the C magnet contains
10.47 wt.% of the 1:5 phase and 89.53 wt.% of the
2:17R phase. Based on the element distribution at the
micrometre scale (Fig. 2), it can be concluded that
the dual-alloy magnet has a higher Cu content, with
a larger Cu gradient between the cell boundary phase
and the intracellular phase (Fig. 3 and Table 2) [22].
Additionally, the relatively high content of the 1:5
phase in the dual-alloy magnet contributes to an
increased pinning field strength, which considerably
enhances its coercivity [23,24].

Table 3 Mass fractions of different phases evaluated by
Rietveld analysis and R factors for magnet powders in
Fig. 3(e)

Mass fraction/% R factor
Magnet
1:5 2:17R Rp pr Rexp
A 7.66 92.34 1.15 2.34 1.30
C 10.47 89.53 1.22 2.51 1.45

3.3 Coercivity mechanism

The initial magnetisation curves of the three
magnets are shown in Fig. 4(a). All three curves
exhibit a typical ‘S’ shape, indicating that as the
external field is applied from 0 T, the magnetisation
gradually increases. However, once the external field
exceeds a certain threshold, the magnetisation

rapidly increases to saturation. This behaviour
suggests that the coercivity mechanism of all three
magnets is dominated by domain wall pinning.
Additionally, the results indicate that the saturation
magnetisation (M) for the three magnets are 1.24,
1.14 and 1.2 T, respectively. This suggests that the
dual-alloy mixed powder sintering process has
diluted and reduced the Fe concentration in the
magnets, leading to a decline in Ms and B;[25].
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Fig. 4 (a) Initial magnetisation curves of magnets A, B and

C and (b) first derivative curves of initial magnetisation

curves

Furthermore, the first derivative curves of the
initial magnetisation curves of the magnets are
shown in Fig. 4(b). These curves indicate that the
magnets A, B and C have maximum pinning fields
of 1384, 3408 and 2696 kA/m, respectively. These
values are in close agreement with the coercivity
values obtained from the demagnetisation curves
(Fig. 1). The findings demonstrate that when dual-
alloy magnet composition is 65wt.%A+35wt.%B,
the coercivity mechanism remains unchanged,
maintaining a domain wall pinning behaviour.
However, the pinning field strength is considerably
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improved by 94.8% compared to the single-alloy
magnet A.

3.4 Magnetic domain structure and magnetisation
reversal process

To better understand the relationship between
magnetic properties and the microscopic domain
structure of the magnets A, B and C, magnetic
domain patterns are observed using MOKE in a
thermally demagnetised state, as shown in Fig. 5.
Detailed information on the magnetic domains is
provided in Table 4. The observation surface is
oriented perpendicular to the c-axis of the magnet.

Fig. 5 MOKE results of sintered magnets, with
observation surface perpendicular to c-axis: (a) Magnet A;
(b) Magnet B; (c) Magnet C

Table 4 Magnetic domain widths of magnets A, B and C

Domain width Average domain

Magnet range/pum width/pm
A 0.6-3.6 1.6
B 0.2-1.2 0.6
C 0.4-1.9 1.1

Figure 5 shows that all three magnets exhibit
‘maze-like’ domain patterns, although their domain
widths vary significantly. The domain width of the
magnet A (Fig. 5(a)) ranges from 0.6 to 3.6 pm, with
an average domain width of 1.6 pm. In contrast, the
B magnet domain has a smaller and more uniform
domain width, ranging from 0.2 to 1.2 um (Fig. 5(b)),
with an average domain width of 0.6 pm. The magnet
C (Fig. 5(c)) exhibits a domain width of 0.4—1.9 pm,
with an average domain width of approximately
1.1 um. Notably, the magnet A, with the lowest
coercivity, exhibits the highest domain width, while
the magnet B, with ultra-high coercivity, has the
smallest domain width. These results suggest that
when sintered magnets are prepared using the dual-
alloy process, the average domain width decreases as
coercivity increases. This inverse relationship
between domain width and coercivity aligns with
findings reported in the literature [25—27].

To further clarify the demagnetisation
mechanism and its correlation with the enhancement
of coercivity and squareness, the magnetisation
reversal process of the magnets A, B and C is
observed using MOKE, as shown in Fig. 6. Before
MOKE analysis, all magnets are first magnetised to
a saturation state using an external magnetic field of
10 T. Under a maximum external field of 1.5 T, all
three magnets exhibit a single-domain state. As the
external magnetic field decreases to 0.9 T, reverse
domains with dark contrast appear at certain GBs of
the magnet A, indicating the onset of domain reversal
(as indicated by the white arrows in Fig. 6). As the
applied external field further decreases to O T, the
magnet A exhibits distinct reversal domains at GBs
(as indicated by the red arrows in Fig. 6), while a few
black reversal domains begin to emerge at individual
GBs in the magnet B. When the applied magnetic
field is reduced to —0.4 T, a few ‘cloud-like’ reverse
domains appear within the grains of the magnet A,
while previously formed reversal domains at the GBs
begin to expand into the grain interior. At this stage,
reverse domains also start to appear at the GBs of the
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Fig. 6 Magnetic domain evolution of magnets A, B and C during demagnetisation process

magnet C. As the reverse magnetic field decreases
to —0.7T and below, the ‘cloud-like’ reverse
domains in the magnet A expand further into the
grain interior, leading to an increased magnetisation
reversal. In contrast, for the magnets B and C, even
at an applied external magnetic field of —1.5T,
reverse domains remain confined to the GBs,
without expansion into the grains. These results

indicate that the C magnet, prepared using the dual-
alloy process, achieves a uniform elemental
distribution and a complete cellular structure near the
GBs, considerably enhancing the pinning field [28].
Therefore, the GBs in the magnet C exhibit a
significant pinning effect, preventing the expansion
of reverse domains, even under large external
fields.
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3.5 High-temperature magnetic properties

The demagnetisation curves of the magnet C at
temperatures of 20, 100, 150, 200 and 300 °C are
shown in Fig. 7, with the corresponding magnetic
performance parameters listed in Table 5. The results
indicate that as the test temperature increases, Hj,
B: and (BH)max of the magnet C all decrease. At
300 °C, the magnet exhibits the following magnetic
properties: B=1.01 T, H;=1066.4kA/m and
(BH)max=184.24 kJ/m3. Calculations reveal that the
remanence temperature coefficient (ao-300°c) is
—0.20% °C™!. Based on these high-temperature
performance results, the dual-alloy magnet
demonstrates strong thermal stability and remains
suitable for applications at temperatures up to
300 °C [29].
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Magnetization/T
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-3200
Fig. 7 Demagnetization curves of magnet C (20—300 °C)

Table 5 Magnetic properties of magnet C (20—300 °C)

Test orr  Hil  (BHDual

temperature/°C " (kA-m") kIm?3) kA'm)
20 1.13 2691.2  248.00 1735.2
100 1.09 2200.0 222.72 13832
150 1.06 1740.8  204.48 1131.2
200 1.04 1375.2 195.68  924.8
300 1.01 1066.4 184.24 734.4

3.6 Effect of preparation process on magnetic

properties and microstructure

Based on the aforementioned findings, the
magnet C prepared using the dual-alloy process
exhibits the optimal OMP when x=35. At this
composition, (BH)max and He; exceed 240 kJ/m? and
2400 kA/m, respectively, while the OMP reaches
2939.2. The calculated composition of the C magnet
is SmysCosoFe17CusZr, (wt.%). For comparison, a

single-alloy process is used to prepare a magnet with
the same nominal composition as the magnet C. The
demagnetisation curves and magnetic properties of
this magnet are presented in Fig. 8 and Table 6,
respectively. The results indicate that while the B:
values of two magnets prepared using different
processes are not significantly different, notable
differences are observed in H and Hi/H, which
consequently influence the (BH)max. Notably, the
coercivity, (BH)max and squareness of magnets
produced by the single-alloy process are lower
compared to those made using dual-alloy process.
These results highlights the clear advantage of the
dual-alloy process for achieving high-performance
magnets over the single-alloy process.

Dual-alloy magnet
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(e
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o
)

Single-alloy magnet

<o
o)

Magnetization/T
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Fig. 8 Demagnetization curves of final magnets obtained

through different preparation processes

To further examine these differences, BSE
morphology and EPMA elemental analysis were
performed on both magnets, with results shown in
Fig. 9. The white dashed lines indicate GBs. Both
magnets exhibit well-developed and distinct GBs.
However, the magnet produced by the single-alloy
process shows a pronounced Cu-lean phenomenon at
the GBs, as indicated by the black arrow in the Cu
elemental distribution map (Fig. 9(a)). In contrast,
the Cu elemental distribution within the grains
remains uniform. Conversely, for the dual-alloy
magnet, no considerable Cu-lean phenomenon is
observed at the GBs, with Cu distributing uniformly
within the grains (Fig. 9(b)). Previous studies
[28—31] have shown that Cu depletion at the GBs can
lead to an uneven elemental distribution around the
GBs, influencing the formation of the cellular
structure and weaking the pinning effect at the
GBs, thereby resulting in decreased coercivity and
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Table 6 Magnetic properties of final magnets obtained using different preparation processes

Magnet BJT Hy/kAm™")  (BH)m/(kJm?®)  HJKAm')  (Hd/He)/% OMP
Single-alloy 1.13 2388.0 239.04 1405.6 54.4 2627.04
Dual-alloy 1.13 2691.2 248.00 1735.2 64.5 2939.20

25000
Fig. 9 BSE images and EPMA results: (a) Single-alloy magnet; (b) Dual-alloy magnet

40000

squareness. Based on these findings, we can
conclude that the significant Cu-lean phenomenon
observed at GBs in single-alloy magnets restricts
improvements in squareness and coercivity [30,31],
resulting in lower OMPs compared with dual-alloy
magnets. Therefore, the preparation process plays a
crucial role in determining the microstructure and
magnetic properties of a magnet.

4 Conclusions

(1) As the proportion of low-iron, high-copper
alloy powder increases, the dual-alloy magnet
develops a uniform microstructure with a
homogeneous composition at the micrometre scale,
which promotes the formation of small, uniform
nanoscale cellular structures.

(2) A complete cellular structure is formed near
the GBs of the dual-alloy magnets, significantly
improving the pinning strength and enhancing the
coercivity. When x=35 and 40, coercivity increases

substantially, yielding dual-alloy magnets with
(BH)max > 240 kJ/m?® and H.; > 2400 kA/m. The OMP
values reach as high as 2939.2 and 2973.68,
respectively.

(3) Compared with the single-alloy magnets,
the dual-alloy magnets exhibit a more uniform Cu
elemental distribution, with no notable Cu-lean
phenomenon observed at the GBs. This
homogeneous  microstructure  contributes  to
enhanced magnetic properties, particularly the
formation of complete nanocellular structures, which
are essential for achieving high-performance 2:17-
type Sm—Co magnets.
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