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Abstract:

We investigated the post-sinter annealing process in SmsFe77TisVsAlz (Cu-free) and
SmsFe765TisVsAl2Cuos (Cu-doped) magnets to explore the possibility of achieving
high coercivity in the SmFei2-based sintered magnets. We found that optimal annealing
of the Cu-doped magnet resulted in a significant increase in coercivity from 0.9 T to
1.5 T, the highest coercivity ever reported for a SmFei2-based magnet. This represents
a 67% improvement, compared to a 13% increase in the Cu-free system. Combined
with a larger remanence due to the minimization of the FexTi phase, a good combination
of extrinsic magnetic properties, a remanence of 0.71 T, a coercivity of 1.5 T and the
maximum energy product of 84 kJ/m® were obtained. The optimum post-sinter
annealing temperature was found to be 1100 °C, where a continuous Sm-rich
intergranular phase is formed due to the phase equilibrium with the ThMni2-type
Sm(Fe,V,Ti)12 phase. The underlying mechanisms for the coercivity enhancement
revealed by this work provide insights for the development of high-performance

SmFei2-based magnets for practical applications.
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1. Introduction

In recent years, the study of Fe-rich SmFei2-based (1:12) compounds has been
revived due to their excellent intrinsic magnetic properties, minimal rare earth content,
and the potential as an alternative to Nd-Fe-B type magnets [1-8]. It is well-known that

the SmFei2binary phase is thermodynamically unstable in the bulk form [9]. Therefore,
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additives such as Ti, V, Mo, Al, Ga, Cr, Mn, W, and Si are essential to stabilize the
ThMniz2-type structure in bulk materials, but at the expense of the saturation
magnetization, uoMs, of the magnets [10-16]. Among them, Ti is efficient in achieving
a stable ThMni2-type crystal structure due to its minimum doping amount [17-19],
while V is crucial to realize large coercivity in bulk by forming Sm-rich intergranular
phases [20]. Recent developments in anisotropic sintered SmFei2-based magnets have
demonstrated a coercivity of 0.8 - 1.0 T, which is attributed to the formation of a Sm-
rich intergranular phase due to the equilibrium between the V-containing main phase
and the Sm-rich phase [21-23]. A further increase in coercivity to 1.4 T has been
achieved by microalloying with Cu in Ti-rich SmsFe735TisVsAl2Cuos composition,
which improves the wettability of the Sm-rich intergranular phase (IGP) [24]. A similar
effect of Cu on the microstructure and coercivity has also been reported in SmFei2 thin
film infiltrated by Cu [25] and Sm(Fe,V)i2-based nanocrystalline alloys with Cu
addition [26, 27]. Therefore, achieving continuous intergranular phase is crucial for
enhancing coercivity. However, the most important mechanism behind the formation
of continuous intergranular phases through Cu addition remains elusive, particularly
with respect to when and where this formation occurs. Understanding this process is
essential for controlling the microstructure to achieve high coercivity in SmFei2-based
sintered magnets. In addition, the low remanent magnetization of 0.6 T in the fabricated
magnets due to the presence of excessive stabilizing elements remains a major
bottleneck for practical applications. Although a remanent magnetization of 0.79 T was
previously achieved in Ti-lean SmsFe765TisVsAl2Gaos, it came at the cost of low
coercivity (0.6 T) due to strong exchange coupling between matrix phase [23]. In this
work, we demonstrate that adding Cu to a Ti-lean composition significantly enhances
coercivity while minimizing the loss of remanence.

In Nd-Fe-B-based sintered magnets, the formation of intergranular phase (IGP) is
induced by a low-temperature (~ 480-750 °C) post-sinter annealing process, in which
the low-melting-point Nd-Cu eutectic infiltrates from triple junctions into the grain

boundaries via the capillary effect [28-33]. This results in the formation of a continuous



IGP that envelops the Nd2Fe14B grains, weakening the intergranular exchange coupling
and thereby increasing the coercivity without reducing the remanence. This raises the
question of whether such an approach can be applied to the SmFei2-based system.
Although coercivity enhancement by Cu doping has been reported in previous work on
SmFei2-based sintered magnets, a clear understanding of the role of Cu in
microstructure and coercivity during the annealing process has not been disclosed.
Therefore, comprehensive studies on the influence of Cu and the annealing process on
microstructure and coercivity are needed for further improvements. To the best of our
knowledge, the effects of post-sinter annealing have not yet been studied in SmFei2-
based sintered magnets. Our findings provide valuable guidance for microstructure
engineering in this emerging class of hard magnetic materials.

In this work, we have systematically compared the microstructure evolution during
the annealing process for Cu-doped and Cu-free Sm(Fe,Ti,V,Al)i2-based sintered
magnets. This study reveals the role of Cu in suppressing the unwanted SmFe> phase
and shows that the formation of continuous IGP in Cu-doped magnets results from the
equilibrium between the SmFei2-based main phase and the Sm-rich phase at 1100°C,
which is different from the mechanism proposed for Nd-Fe-B-based sintered magnets.
In addition, based on our previous work [23], we focused on Ti-lean compositions to
minimize the Fe2Ti phase for higher remanence. Our efforts have resulted in a notable
enhancement in coercivity from 0.6 T [23] to 1.5 T in the present Cu-doped Ti-lean

composition, while simultaneously improving remanence from 0.6 T [24] to 0.71 T.

2. Experimental

The magnets investigated in this study with nominal compositions of
SmsFe77TisVsAl: (denoted as Cu-free) and SmsFe76.5TisVsAl2Cuos (denoted as Cu-
doped), respectively were produced by conventional powder metallurgy method,

including induction melting, strip-casting followed by homogenizing annealing at
1100 °C for 12 hours to eliminate the undesired secondary phases, hydrogen
decrepitation (HD), jet-milling by N2 gas under a pressure of 0.8-1.0 MPa for obtaining
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powder with the mean particle sizes around 3 pm, green compacting after orientating
under a magnetic field of 5 T and liquid phase sintering at 1100 °C for 1.5 hours in Ar
atmosphere. The selected two Ti-lean compositions is aiming to achieve high
remanence by minimizing the Fe2Ti phase and Cu addition is expected to facilitate the
formation of Sm-rich intergranular phase as reported in our previous publications [23,
24]. The optimized Cu content of 0.5 at.% was determined based on systematic
investigation of sintered SmsFe77xTisVsAlCux with x = 0, 0.5, 1.0, and 1.5 (see Fig.
S1). Increasing Cu content above 0.5 at.% resulted in the formation of undesired a-Fe
phase. The as-sintered magnets then underwent the post-sinter heat-treatment at 500-
1100 °C for 0 - 3 hours in Ar atmosphere to study the effect of post-sinter annealing
(PSA) on the microstructure and magnetic properties. To minimize Sm loss during
annealing, Sm metal was put into the annealing chamber to create a Sm-rich atmosphere.
Additionally, the surfaces of all annealed samples were carefully polished prior to
characterization.

The hard magnetic properties of the sintered magnets were evaluated by using a
vibrating sample magnetometer (VSM) equipped in the physical property measurement
system (Quantum Design DynaCool-14T). The constituent phases in the samples were
characterized by Rigaku MiniFlex X-ray diffractometer with A= 229 A (Cr-Ka
radiation). The general microstructures were characterized by scanning electron
microscope (SEM, Carl Zeiss Cross-Beam 1540EsB) after focused ion beam (FIB)
polishing. Detailed microstructural investigations were performed on a Titan G2 80-
200 transmission electron microscope (TEM) with a probe aberration corrector.
Magnetic domain observation was performed in the Lorentz-Fresnel mode in the TEM.
All specimens for TEM observation were prepared using lift-out technique in a FEI

Helios G4-UX FIB system.

3. Results
3.1. Magnetic properties

Fig. 1a and lc shows coercivity (uoHc) and the change (AuoHc) in coercivity as a



function of post-sinter annealing temperature for Cu-doped and Cu-free magnets. In the
case of Cu-doped sample, a significant increase in coercivity from 0.9 T to 1.5 T was
observed after optimal annealing at 1100°C for 1.5 hours. The coercivity obtained is
the highest reported so far for the anisotropic SmFei2-based sintered magnets. In
contrast, the improvement of the coercivity on Cu-free magnets upon post-sinter
annealing is very limited even at the optimal annealing temperature, increasing only
from 0.93 T to 1.05 T. Unexpectedly, a decrease of the coercivity was observed at the
annealing temperature lower than 800°C. The hysteresis loops of the magnets annealed
at various temperatures are shown in Supplementary Figure S2. The selected the
hysteresis loops for optimally annealed magnets are shown in Fig. 1b and 1d. The as-
sintered Cu-free and Cu-doped magnets exhibit similar values of coercivity poHe., 0.93
T and 0.9 T, respectively. The remanent magnetization (poMr) and maximum energy
product ((BH)max) were measured for the post-sinter annealed samples (at 1100°C for
1.5 hours) to be 0.69 T and 77 kJ/m? for the Cu-free sample, and 0.71 T and 84 kJ/m?
for the Cu-doped sample, respectively. Compared to previously reported
SmsFe76.5TisVsAl2Gaos sintered magnets, the Cu-doped magnets in this study exhibit
the best combination of remanence and coercivity [23, 24]. Note that the optimal
annealing temperature for SmFei2-based magnet is 1100 °C, which is much higher than
that (~480 - 750 °C) for Nd-Fe-B sintered magnet [31]. Further increase of the annealing
temperature results in a sudden drop of the coercivity as shown in Figure S2. The kink
observed in the hysteresis loop suggests the formation of an inhomogeneous
microstructure likely caused by overheating. The question is: what microstructural
features contribute to the coercivity enhancement in SmFei2-based magnets, which may
differ from those in Nd-Fe-B magnets? To answer this question, we conducted detailed

microstructural investigations on the samples.
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Fig. 1. a), c) Post-sinter annealing temperature dependent of coercivity uoH. and coercivity
increment, AuoH., for SmgFe77TisVsAl, (Cu-free) and SmgFess.5TisVsAl,Cug s (Cu-doped) sintered
magnets, the black horizontal line denotes the coercivity of as-sintered magnet. b), d) Hysteresis
loops of Cu-free and Cu-doped magnets of as-sintered and post-sinter annealed at 1100 °C for 1.5

h.

3.2. Phase constituents and Overall microstructure

Fig. 2 shows the XRD profiles of both Cu-free and Cu-doped samples in the as-
sintered state and after post-sinter annealing at different temperatures for a fixed period
of 1.5 hours. To improve the resolution of the minor secondary phases, the annealed
samples were pulverized into powders before the XRD measurements. The XRD
patterns show that all samples contain the primary ThMni2-type phase (hereafter
denoted as 1:12 phase), along with metallic Sm and SmO phases. In the Cu-free samples,

the SmFe2 phase with MgCuz crystal structure was detected across all the annealing



conditions. Under the low temperature annealing condition, we observe the increase in
the number density of the SmFe> phase as shown in Figure S4 and the coercivity
decrease observed after low-temperature annealing in the Cu-free sample requires
further investigation. In contrast, Fig. 2b suggests that the formation of SmFe> phase

was effectively suppressed by Cu addition.
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Fig. 2. XRD profiles of as-sintered and post-sinter annealed (a) Cu-free and (b) Cu-doped magnets.

XRD was conducted on sintered magnets after pulverization to powder.



a as- smtered Cu-free b PSA Cu-free @ 1100 °C-1.5h

¥ Shorichich ".
VA e
S

Fig. 3. Backscattered electron (BSE) and In-Lens secondary electron (IL-SE) SEM images of the as
sintered (a) Cu-free and (c) Cu-doped magnet, (b) Cu-free magnet and (d) Cu-doped magnet after
post-sinter annealing at 1100 °C for 1.5 h. SmFe; and SmCu phases are pointed out by arrows in

cyan and orange color.



a as-sintered Cu-free b PSA Cu-free @1100 °C-1.5h

Fig. 4. High magnification backscattered electron (BSE) SEM images of the as sintered
(a) Cu-free and (c) Cu-doped magnet, (b) Cu-free magnet and (d) Cu-doped magnet

after post-sinter annealing at 1100 °C for 1.5 h.

The distribution of secondary phases was examined by SEM. Fig. 3 shows the
overall microstructure of the as-sintered and post-sinter annealed (1100°C for 1.5 h)
Cu-free and Cu-doped magnets. To specifically illustrate the evolution of the grain
boundary structure, the high-magnification BSE images of the corresponding samples
are showing in Fig. 4. The average grains size was determined by measuring all grain
sizes in the low magnification SEM images. We found the grain size of the 1:12 phase
is slightly increased from 4.6 um and 4.1 um for the as-sintered Cu-free and Cu-doped
magnets to 5.1 um and 4.8 um after post-sinter annealing, respectively. This suggests
that the addition of Cu does not change the grain size, and there is no distinct grain

coarsening during post-sinter annealing at 1100 °C for 1.5 h. In the annealed Cu-free
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sample shown in Figs. 3b and 4b, the intergranular phase (IGP) is visible in some areas,
but it exhibits a weak contrast and limited coverage on the 1:12 phase grains. In contrast,
the Cu-doped sample shows the formation of a continuous IGP with bright contrast in
the SEM images, surrounding the 1:12 phase as shown in Figs. 3d and 4d. This could
be attributed to the improved wettability of the Sm-rich phase in the Cu-doped sample.
Therefore, we focused on identifying the various types of Sm-rich phases to understand
the role of Cu in the formation of a continuous IGP.

The combination of back scattered electron (BSE) and in-lens secondary electron
(IL-SE) imaging was conducted to identify different types of Sm-rich intergranular
phases based on the phase contrast. This method has been used for identification of
rare-earth (RE)-rich phases in different systems such as SmFei> type or Nd-Fe-B type
sintered magnets [22-24, 34-36]. Generally, all four magnets share three types of phases:
main 1:12 phase with dark grey contrast, SmO phase, and SmOx phase. Note that both
types of Sm oxides appear with bright contrast in the BSE images, but the SmO phase
shows darker contrast than the SmOx phase in the IL-SE images. In the Cu-free magnet,
a gray contrast phase, indicated by cyan arrows, is brighter than the dark 1:12 phase in
both BSE and IL-SE images, which could be the MgCuz-type SmFe: phase and is
present in both as-sintered and optimally annealed magnets. This is also confirmed by
the XRD results as shown in Figure 2. In contrast, in the Cu-doped sample, we also
detect the gray contrast phase indicated by orange arrows in both BSE and IL-SE
images. However, the XRD results in Fig. 2 indicate that there is no SmFe2 phase in the
Cu-doped magnet. For a better clarity, we further analyzed the structure and chemical
compositions of the secondary phases using TEM.

Fig. 5 shows the comparison of the microstructure of the Cu-doped magnets
annealed at 1100 °C for different times. Increasing the annealing time from 1.5hto 3 h
leads to remarkable grain growth. In addition, the Sm-rich IGP seems to be expelled
from the thin intergranular region into the triple junctions. Hence, the weaker contrast
is observed from the IGPs and the coercivity is reduced from 1.5 T for 1.5 hto 1.03 T

for 3 h.
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Fig. 5. Backscattered electron (BSE) SEM and In-Lens secondary electron (IL-SE) images of Cu-

doped samples (a) in as-sintered condition and post-sinter annealed at 1100 °C for (b) 1.5 h and (c)

3h

3.3. Structure and chemical composition of Sm-rich phase

The distribution and compositions of the Sm-rich phases in the as-sintered and
post-sinter annealed (at 1100°C for 1.5 h) Cu-doped samples were investigated by SEM,
STEM-EDS and are summarized in Table 1. As shown in Fig. 6a for the as-sintered Cu-

doped sample, the intergranular phases, Sm-Fe-Cu phase and Sm-rich phase, were
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mostly found in the triple junction. The grain boundaries are invisible and discontinuous.
After the post-sinter annealing, Sm-Cu-rich IGP not only forms at the triple junction
but also infiltrates into the grain boundaries, as presented in Fig. 6a and 6b. The Sm-
rich layer at thin grain boundary becomes well-defined, very smooth and continuous.
In the STEM-EDS maps of Sm, Fe, Ti, Cu, and O, shown in Fig. 6b, five different Sm-
rich phases were identified in both magnets: the SmO phase, the SmOx phase, the
metallic Sm phase, the Sm-Fe-Cu phase, and the Sm-Cu-rich phase. The nanobeam
electron diffraction (NBED) patterns of these Sm-rich phases are shown in Fig. 6¢. In
regions [ and A, where the Sm and O contents are 48.4 at.% and 46.2 at.%, respectively
(see Table 1), the phase is identified as the fcc, Fm3m, NaCl-type SmO phase. The
metallic Sm phase, marked as III and C in Fig. 6b, has a high concentration of Sm and
a trace amount of Fe (~4 at.% - 7 at.%), indicating its non-ferromagnetic nature. The
NBED patterns for this phase can be indexed to a hexagonal close-packed Mg-type
crystal structure (P63/mmc). The Sm-rich phases with a high Cu content are mainly
located at the triple junctions in both magnets, such as regions IV and V in the as-
sintered magnet and D and E in the post-sinter annealed magnet. Based on the
compositions shown in Table 1, the phases with different Cu concentrations correspond
to the metallic Sm-Fe-Cu phase and Sm-Cu phase, respectively. These phases are likely
to appear as gray contrast in both BSE and in-lens images in Figs. 2¢ and 2d. Further
NBED analysis reveals that the Sm-Fe-Cu phase and Sm-Cu phase can be indexed as
fecc and CsCl-type structures, respectively. Note that Sepehri-Amin et al. [36] and
Sasaki et al. [34] have reported similar metallic Nd-Co-Cu-rich and Nd-Cu-rich triple
junction phases in as-sintered and optimally annealed Nd-Fe-B sintered magnets, which
agrees with the structures of the Sm-Fe-Cu and Sm-Cu phases observed in the SmFei»-
based sintered magnets. In addition, the EDS results in Table 1 show that the metallic
Sm-Fe-Cu phase contains ~20 at.% of Fe, while the Sm-Cu phase has a very low Fe
content of ~2 at.% - 3 at.%, suggesting that these are likely to be non-ferromagnetic
phases. In contrast to the as-sintered magnet, the Sm-Cu phase in the annealed magnet

extends from the triple junctions to form a thin Sm and Cu enriching intergranular phase
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(IGP), as marked by red arrows in Fig. 6b, effectively smooth the grain interfaces and
isolating the 1:12 grains. Compared to the microstructure of the Cu-free magnet, the
primary effect of Cu is to suppress the formation of SmFe> and promote the formation
of Fe-lean Sm-Cu phases with good wettability. It should be noted that while the
composition of the Cu-rich phase at triple junctions does not significantly change upon
annealing shown in Table 1, a notable increase in Cu content is observed in the thin
intergranular phases—increasing from almost 0 at.% (region marked by yellow
arrowhead in Fig. 6b)in the as-sintered state to approximately 3.4 at.% (region marked
by red arrowhead in Fig. 6b) after optimal annealing, which is evident in STEM-EDS
maps shown in Fig. 6b. More detailed information on the composition of thin IGP will
be investigated using High-resolution HAADF-STEM.

Table 1 Chemical composition (at.%) of the marked phases in Fig. 5(a) and 5(b) for Cu-doped

magnets.
As-sintered 1100 °C-1.5h
Area STEM-EDS composition (at.%) Phase Area STEM-EDS composition (at.%) Phase

I Smus 40462Fe18Ti03Vo4Al25Cuo.4 SmO A Smas.7047.7Fe19T104Vo5Al22Cu16 SmO

I Smes.1027.6Fe2.6Tio.4Vo.sAlzs 3Cuo.s SmOx B Smss.3023.7Fe11.8Ti0.7V0.5A17.4Cuo.6 SmOx

111 Sm7o.6Fes.4Ti0.6Vo.8Als.1Cu10.20s53 Metallic Sm C Sm79.sFe43Ti0.1VosAl2sCu28096  Metallic Sm
v Smuag sFe23 1Cu11.5Ti04Vo.sAls60s.8 Sm-Fe-Cu D Smss2Fei67Cu12.0Ti1.3Vi10A187051  Sm-Fe-Cu
\Y% Smue 4Cuasr.1Fes2Tio6Vo.7Al6.601.4 Sm-Cu E Smue.1Cuss.sFe27Ti04Vo03Al66054 Sm-Cu

13



As-sintered Cu-doped PSA Cu-doped @ 1100 °C-1.5h

I, A NaCl-type SmO Il, B NaCl-type SmOx
[1102]

® o
1120 1221

° . ®
1101

[0oo1], . [111]

e o
. e o L
1700 2110 20z 224
s O o e ®
1010 022

Fig. 6. (a) High magnification backscattered electron (BSE) SEM images, (b) STEM-
EDS maps of Sm, Fe and Ti, Cu, O; (c) the sets of nano-beam electron diffraction
patterns obtained from the different regions in the maps for as-sintered Cu-doped

magnet and post-sinter annealed Cu-doped magnet under 1100 °C for 1.5 h.

In this section, we discuss why only a small coercivity increase is achieved in the

Cu-free magnet upon annealing. Fig. 7 shows the TEM analysis of the intergranular
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region, the triple junction phases and the magnetic domain for the optimally annealed
Cu-free magnet. As shown in Fig. 7a, the formation of Sm-rich intergranular phase
along the grain boundary was confirmed. However, the STEM-EDS map for this thin
IGP reveals its discontinuity, as also observed by SEM image in Fig. 2b. The
compositional analysis from the discontinuous region (marked by arrow) indicates that
a considerably high Fe concentration of around 70 at. % in this region shown in Fig. 7a.
In the Sm+Fe EDS map of Fig. 7b, the region in the white solid-lined box with Fe+Al
concentration of around 64 at.% could be the SmFe: phase. This is further supported by
nano-beam electron diffraction (NBED) patterns obtained from the selected region in
Fig. 7b. It should be noted that the formation of the SmFe2 phase consumes the excess
Sm needed for the formation of Sm-rich IGP and causes the discontinuity of the IGP in
the Cu-free sample, even after optimal annealing. To investigate whether the SmFe2
phase itself exhibits any magnetization or not; we observed magnetic domain wall in
the SmFe: phase using Lorentz TEM (L-TEM). A domain wall within the SmFe> phase
is clearly visible in Lorentz Fresnel mode as shown in Fig. 7c. This domain wall
traverses the interface between the SmFe2 phase and the 1:12 phase and connects
directly to the 1:12 matrix phase. Upon application of an external magnetic field, the
domain wall within the SmFe2 phase moves while that in the 1:12 matrix phase remains
relatively stable. This suggests that the ferromagnetic nature of the SmFe2 phase, which
could be a weak point during the magnetization reversal process, results in limited

coercivity enhancement in the Cu-free magnet after an optimal annealing process.
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Fig. 7. (a) Low magnification STEM-EDS map of Sm and Fe, high-resolution HAADF-STEM
image super-imposed with EDS map for thin intergranular phase, and the compostional profile
across the thin intergranular phase; (b) STEM-EDS map of Sm and Fe, and the composition in
atomic percent and the nano-beam electron diffraction pattern obtained from the selected region
(white box) in the EDS map; (c) Magnified Lorentz TEM images super-imposed with EDS map,
Lorentz TEM images at various magnetic fields for Cu-free magnet after post-sinter annealing at

1100 °C for 1.5 h.

The most obvious microstructural difference upon annealing is the formation of
continuous IGP enveloping the 1:12 phase grains in the Cu-doped magnet. Here, we
compare the morphology of the grain interfaces and the chemical composition of the
IGP phase in the as-sintered and the optimally annealed Cu-doped magnets. Fig. 8
shows the high-resolution HADDF-STEM images, the superimposed STEM-EDS
maps, and the corresponding compositional line profiles. As shown in Fig. 8a, 8b and
8c, 8d. The thin IGP layers with thickness of about ~2-3 nm were observed in both
magnets. However, the IGPs shown in Figs. 8c and 8d for the annealed sample is
extremely smooth and regular. In addition, the thin layers contain much lower Fe

content, much higher Cu content and much enriched with Sm compared to those of the
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as-sintered sample. The ferromagnetic Fe content of ~10 at.% in c-plane IGP and ~35
at.% in side-plane IGP for the annealed Cu-doped sample, which is in agreement with
the previously report for the SmsFe73 sTisVsAl2Cuo.s magnet [24], dramatically reduces
the magnetic coupling between the adjacent 1:12 phases. In contrast, the Fe content in
IGPs for the as-sintered Cu-doped magnet is too high, ~55 at.% in c-plane and ~70 at.%
in side-plane IGPs, respectively, indicating stronger exchange coupling by
ferromagnetic IGPs. Furthermore, Cu concentration in the IGP layers increases from
~4 at.% to ~7.5 at.% in the c-plane IGP and from ~1.5 at.% to ~5 at.% in the side-plane
IGP. This indicates an infiltration of Sm-Cu-rich IGP into the grain boundaries. The Cu
enrichment in the Sm-rich IGP not only reduces Fe content within the IGP but also
enhances its wettability, enabling smoother and more continuous interfaces resulting in

a larger coercivity.
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Fig. 8. High-resolution HAADF-STEM images super-imposed with EDS maps of Sm and Fe, and
the corresponding composition line profiles obtained from c-plane and side-plane IGPs for (a), (b)

as-sintered and ¢), d) post-sinter annealed Cu-doped magnets.
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4. Discussion

In this work, we investigated the effect of annealing process on the microstructure
and coercivity of the Cu-free and Cu-doped Sm(Fe,Ti,V)12-based sintered magnets by
detailed microstructure analysis. In the Cu-free system, the annealing process only
brings about a minor coercivity increase of 0.1 T. In contrast, the coercivity of the Cu-
doped Sm(Fe,Ti,V)12 sintered magnet increase from 0.9 T to ~1.5 T, reaching the
highest value reported so far. This enhancement is due to the formation of continuous
Fe-lean IGP that weaken the exchange-coupling between the main phases, similar to
the well-investigated Nd-Fe-B system [33, 37, 38]. In the Cu-free magnets, the SmFe>
phase is distributed throughout the microstructure as a triple junction phase (shown in
Fig. 3 and Fig. 7), which is consistent with the observations in the sintered Sm(Fe,V)i2
magnet [21]. The XRD profiles shown in Fig. 2a clearly demonstrate the presence of
the SmFe> phase in all the Cu-free samples, regardless of the annealing conditions.
Interestingly, the negative effect of the ferromagnetic SmFe. phase on coercivity is not
apparent in the as-sintered magnets, likely due to strong exchange coupling between
grains through the continuous Fe-rich intergranular phase. It should be noted that the
SmFe: phase is a ferromagnetic phase with a low anisotropy field, uoH. of 1.2 T, the
saturation magnetization, uoMs, of ~0.56 T at 300 K and Curie temperature 7c of ~670
K [40-42]. These intrinsic magnetic properties make the SmFe> phase being a
nucleation site and facilitate the magnetization reversal process. The domain wall in the
SmFe: phase easily displaced under the application of a small external field, as shown
in Fig. 7c. In addition, the formation of the SmFe> phase consumes too much of the Sm
required for the formation of Sm-rich IGPs, similar to the effect of CeFez phase in the
Ce2Fe14B magnet [43]. This may be one of the reasons for the observed discontinuity
of the IGP covering the matrix phase (Fig. 7). In this work, we show that the detrimental
SmkFe: phase can be suppressed by the addition of Cu as shown in Fig. 7b. Instead, the
Sm-Cu-based phases are formed in the microstructure of Cu-doped samples as shown
in the SEM images in Fig. 3c-d and the TEM results in Fig. 6. Based on the results

obtained from Differential Thermal Analysis (DTA) measurements on both the as-
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sintered and optimally annealed magnets for the Cu-free and Cu-doped samples, as
shown in Fig. S5, the endothermic peak associated with the Sm-rich phase becomes
pronounced and shifts to a lower temperature—by approximately 100 °C—after Cu
addition. This indicates that Cu effectively lowers the melting point of the Sm-rich
phase, leading to form Sm-Cu-based phases with high diffusivity and good wettability
on surface of SmFeiz2-based grains, and contributes to the formation of continuous Fe-
lean, Cu-rich IGPs during the optimal annealing process (see Figs. 4d 6b, and 8d).
HRTEM observations of the grain boundaries in the post-sinter annealed Cu-containing
magnet, as shown in Fig. 8, the annealed sample exhibits a Cu-rich, Fe-lean
composition in the IGP, with Cu concentrations of ~7.5 at.% in the c-plane and ~5 at.%
in the side-plane IGP. These changes indicate enhanced wettability due to microalloying
with Cu. These result in a high coercivity of 1.5 T in the Cu-doped sintered magnet.
Therefore, further reduction of Fe concentration at the side-plane IGP is expected to
further increase in the coercivity. From this perspective, composition optimization by
trace addition of Ga, Zn, and GBs modification by two-alloy method or infiltration of
low-melting eutectic alloys such as Cu-Ga, Sm-Cu, Sm-Al-Cu should be potential to
achieve desired microstructure and higher coercivity.

Another interesting observation in this work is the required high optimal annealing
temperature of 1100 °C, which is much higher than that (~480 - 750 °C) for the Nd-Fe-
B sintered magnets. This indicates a different mechanism for the formation of Sm-rich
IGPs. In the Nd-Fe-B system, as proposed by Sepehri-Amin et al. [32], the low eutectic
point Nd-Cu based alloys in the triple junction infiltrate into the thin IGP during the
annealing process to achieve better magnetic isolation among the 2:14:1 phase grains
and thereby increase the coercivity. In the case of Nd-Fe-B sintered magnets, Nd-rich
intergranular phases (IGPs) are typically present in the as-sintered state. Post-sinter
annealing near the Nd-Cu eutectic temperature promotes wetting and homogenization
of these IGPs, leading to well-defined grain boundaries and high coercivity [33]. In
contrast, in SmFei>-based magnets, particularly those doped with Cu, the Sm-Cu IGPs

are rarely observed at interfaces between matrix phase (mainly locates at triple
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junctions) immediately after sintering. The formation of IGPs that isolates matrix grains
requires a reaction between the SmFe.-based matrix, residual metallic Sm, and a Sm—
Fe—Cu ternary phase. This reaction only occurs at elevated temperatures (~1100 °C),
where the Sm-rich liquid phase is in equilibrium with the ThMni2-type main phase [44,
45]. This temperature is well above the Sm—Cu eutectic point (~600—650 °C) [46] ,
suggesting that high-temperature annealing is essential for effective formation and
redistribution of the Sm-Cu IGP. Furthermore, annealing at ~1100 °C ensures sufficient
diffusion of Sm and Cu to the grain boundary regions, which is critical for forming a
continuous IGP network. These observations explain why the optimal post-sinter
annealing temperature remains unchanged even after Cu addition—both composition
and heat treatment should be tailored to achieve desirable IGP formation and high
coercivity. Therefore, designing the optimum post-sinter annealing condition based on
different compositions is also crucial for achieving higher coercivity in the SmFei2-
based sintered magnets.

Based on the above discussion, Fig. 9 schematically illustrates the microstructure
evolution for the Cu-free and Cu-doped Sm(Fe,Ti,V)i2-based sintered magnet by post-
sinter annealing. In the as-sintered Cu-free magnet shown in Fig. 9a, the ferromagnetic
SmFe: phase is distributed in the microstructure as a triple-junction phase. In addition,
due to the presence of Fe-rich IGP, the 1:12 grains are exchange coupled even after
post-sintering annealing, resulting in low coercivity. In contrast, when Cu is alloyed
into the magnet, the formation of the SmFe: phase is suppressed. Instead, Sm-rich
phases, including metallic Sm, Sm-Fe-Cu and Sm-Cu are formed at triple junction
shown in Fig. 9b. Upon post-sinter annealing, the Sm-rich phases, which are in
equilibrium with the 1:12 phase, form in the grain boundary region. The addition of Cu
also improves the wettability of Sm-rich phase, leading to the formation of a continuous,
Fe-lean IGP that envelops the matrix phase. This is the major reason for the achieved

high coercivity in the post-sinter annealed Cu-doped magnet.
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Fig. 9. Schematic illustrations for the microstructure evolution for (a) Cu-free and (b) Cu-doped

sintered SmFe;,-based magnets by post-sinter annealing.

5. Conclusions

In this work, we demonstrated a significant increase in coercivity (uoHc) from 0.9
T to 1.5 T in Cu-doped Sm(Fe,Ti,V)i2-based sintered magnets through post-sinter
annealing. The Cu-doped magnet also exhibits larger remanence (poM:) of 0.71 T and
maximum energy product ((BH)max) of 84 kJ/m?®. Detailed characterization using
FIB/SEM, Lorentz TEM, and STEM/EDS revealed the microstructural origins of this
improvement. The high optimum annealing temperature of 1100 °C for both Cu-free
and Cu-doped magnets confirms the importance of maintaining equilibrium between
the Sm-rich phase and the SmFei2-based main phase in promoting the formation of Sm-

rich intergranular phases (IGPs). Additionally, further analysis shows that the formation
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of continuous IGPs is influenced not only by the annealing temperature but also by the
composition of the magnet.

We identified two key roles of Cu in enhancing the coercivity: (1) the addition of
Cu effectively suppresses the formation of the ferromagnetic SmFe> phase, which could
serve as a nucleation site for magnetization reversal, thereby improving the coercivity.
(2) Cu doping promotes the formation of the desirable Mg-type Sm-rich phase and the
CsCl-type SmCu phase with improved wettability. This leads to the formation of thick,
continuous, Fe-lean IGPs during optimal annealing process, which decouple the
SmFei2-based matrix grains and play a key role in the substantial increase in coercivity
in the Cu-doped magnets.

This study establishes a clear process-dependent relationship between
microstructure and coercivity in the SmFe2-based sintered magnets, thus providing
guidelines for the design and development of high-performance SmFei2-based

anisotropic bulk magnets for practical applications.
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of the Cu-free magnets at as sintered state and after post-sintered annealing at 700 °C for 1.5
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Fig. S5. Differential Thermal Analysis (DTA) curves indicating phase transformation

temperature for Cu-free and Cu-doped magnets at as sintered status and optimal post-sinter
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