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A treatment consisting of annealing in a moderately strong, <30 kOe, magnetic field was applied
to arc-melted ingots and compacted melt-spun alloys with composition MnsoBis0-x-y--MgxIn,Sb..
The high degree of texture of the magnetic a phase induced with annealing of the ingot samples
(except the Mn—Bi—Sb one) allowed for accurate determination of the phase anisotropy field.
Alloying was found to increase the anisotropy field from 45 kOe in the MnsoBiso alloy to 65 kOe
in the MnsoBissMg3Ino.sSbi.s alloy. In the compacted melt-spun alloys subjected to field
annealing, a higher degree of texture could be achieved after compaction which had involved
less heating, when a smaller fraction of the metastable f' phase had been converted into the o
phase; compaction at room temperature allowed for the highest degree of texture in the
MnsoBissMgslno sSbi.s magnet. The addition of indium was found to decrease the solidus
temperatures of the alloys, facilitating the development of the o phase during the field annealing
and modifying the properties of the resulting magnets. Introduction of indium resulted in a
higher coercivity Hc of the Mn—Bi—-Mg-In magnets and in a better texture of the Mn—-Bi-Mg—
Sn—In magnets. The former effect allowed, in particular, for a viable maximum energy product
(BH)max of 10 MGOe to be developed in the MnsoBiss.sMg3Ino s magnet through annealing in a
relatively low field of 15 kOe, whereas the latter effect allowed for an excellent combination of
(BH)max = 11.6 MGOe and H. = 8.5 kOe in the MnsoBissMg3Ino.sSbi.s magnet. The highest
(BH)max of 12 MGOe was realized in the MnsoBissMg3Ino.sSbo.s magnet.
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1. Introduction

Many experts consider the Mn-Bi alloys as one of the strongest candidates in the ongoing
search of new class of permanent magnets which do not contain the rare-earth elements while
being superior to the best Alnicos and hard ferrites [ 1-4]. The traditional — and still predominant
— approach to the development of practical anisotropic MnBi magnets relies on sintering of
single crystals of the purified a-MnB phase (the "low-temperature phase") [5—8]. Until now, the
calculated high maximum energy product (BH)max of the milled MnBi powders (up to 15 MGOe
when projected onto the full density [10—13]) could not be reproduced in the sintered magnets,
because of detrimental effects of the sintering such as the loss of the magnetic a phase and
decline of the coercivity Hc. In a recently proposed alternative method [14], made possible by
modifying the MnBi alloys with Mg and further improved by adding Sb, the Hc is developed
through melt-spinning, whereas the "purification" and crystallographic alignment of the o phase
are achieved via magnetic-field annealing done affer pressure-sintering at the low temperature of
150 °C. Avoiding the highly reactive single crystals has already allowed, despite the less-than-
perfect texture, for a (BH)max of 11.5 MGOe, which is almost 40% higher than that of the best
reported MnBi magnets sintered from milled powders. One problem with the new magnets is that
the room-temperature Hc of the best of them is rather low at =5.5 kOe. Because of that, even
though the positive dHc/dT ensures that the magnets remain operational up to at least 175 °C,
they are practically unusable below 5-10 °C. Increasing of the room-temperature H. is, therefore,
of a great importance for application prospects of this type of magnets; so far such increase could
only be achieved at the cost of a reduced texture and a significantly lower (BH)max. Another
problem is that the magnetic field of 30 kOe used to generate the texture in the new magnets,
although not as strong as the field typically used for processing of the Mn-Bi alloys in
laboratories [15-20], is still 2—3 times stronger than the field generated by conventional
electromagnets. Finally, understanding of the relationship between the fundamental properties of
the compound(s) and the microstructure always remains the key to the successful development of
the material. The initial report [14] linked the coercivity of the modified MnBi alloys to the fine
grains of the magnetic phases (the stable a phase and the metastable £' phase), but it left
unanswered the question of whether the alloying with Mg and Sb also affects the basic hard
magnetic properties of the phases. In this work, the authors attempted to address the above
challenges of the insufficiently high Hc and excessively strong field, as well as to shed more light
on the development of the microstructure and the major functional properties of the new
magnets.

The degrees of texture induced by the magnetic-field annealing in the arc-melted alloys
was found to be much higher than the texture developed in nanocrystalline melt-spun alloys.

This high degree of texture allowed for a more accurate determination of the basic hard magnetic
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properties, particularly the anisotropy field. Testing of a number of additional alloying elements
revealed that introduction of a small amount of In into the Mn-Bi-Mg[-Sb] alloys led to a better
combination of texture and H. in the magnets prepared from melt-spun alloys. Compaction of the
melt-spun alloys at 150 °C converts all the metastable 4" phase present in the ribbons into the
stable a phase [14], but the a crystallites formed before the magnetic-field annealing may be
more difficult to orient compared to those crystallizing under the effect of the applied field.
Therefore, in addition to 150 °C, the melt-spun alloys were compacted at 80 °C and, ultimately,

at room temperature.

2. Experiment

The alloys were prepared through arc-melting from elemental Mn (99.9%), Bi (99.99%),
Mg (99.9%), In (99.9%), and Sb (99.8%); 2 wt.% excesses of Bi and Mg were added to
compensate for the evaporation, and Mg was first melted with other elements than Mn [14].
Melt-spinning was done under argon by ejecting inductively molten alloys onto a copper wheel
rotating at a tangential velocity of 15 m/s through an orifice 0.10-0.18 mm in diameter. Melt-
spun "ribbons" were represented by relatively diverse fragments of 0.5 cm to 10 cm long, 0.5
mm to 1.0 mm wide and 10 pm to 30 um thick. They were crushed in air with a hand mortar to
less 2 mm, poured into a tungsten-carbide die and compacted under vacuum at 22, 80 and 150 °C
by applying a unidirectional pressure of 100-340 MPa for 85 min (25 min of heating followed by
60 min of holding if compacted at elevated temperatures). Blocks measured approximately 2.5
mm X 1.2 mm X 1.2 mm cut either from the as-prepared ingots or from the compacted melt-spun
alloys were magnetized with a pulsed field of 100 kOe and heated with 15 °C/min in the
vibrating sample magnetometer (VSM; a Quantum Design VersaLab instrument) to 300 °C.
Unless specified otherwise, the ingot samples were held at 300 °C for 60 min and the compacted
melt-spun alloys for 10 min. A magnetic field up to 30 kOe was applied along the long
dimension of the sample during the whole annealing experiment. Densities of the ingots and
compacted pellets were measured with the Archimedes method. Crystal structures were
determined for intact and powdered (mortar-ground) samples through X-ray diffraction (XRD)
with the CuKa radiation (a Rigaku Ultima IV instrument); the data were analyzed with Powder
Cell software [21]. Differential thermal analysis (DTA) was performed at a 10 °C/min rate in an
argon flow (a PerkinElmer Diamond TG/DTA instrument). Microstructures were characterized
with scanning electron microscopy (SEM; a JEOL JSM-6335F instrument). The magnetization
data recorded with the VSM were corrected for self-demagnetization [22]. Texture of the
samples was described with the "magnetic texture coefficient" (' - or')/ai!, where ot and or" are
the remanent magnetizations measured parallel and perpendicular to the [001] fiber texture of the

o-MnBi phase. Before the measurement perpendicular to the [001] texture, the samples were
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again magnetized with the 100 kOe pulsed field. Other details of the materials synthesis and

characterization can be found elsewhere [14].

3. Results and discussion
3.1. Magnetic-field annealing of ingots

In the as-prepared MnBi cast alloys, the a-MnBi compound is always found as the
minority phase alongside the Bi and Mn phases [9,23-25]. In the DTA data for the alloy ingots
presented in Fig. 1, the presence of the Bi phase is manifested by the prominent endothermic
event, melting of the (Bi)-MnBi eutectic at 262 °C (the two endothermic events observed at
higher temperatures correspond to the a — f transformation and decomposition of the S phase).
Replacement of part of Bi with Mg or (Mg,Sb) lowers the eutectic temperature by a few degrees,
to 257 °C and 254 °C, respectively. After the additional introduction of 0.5 at.% In, the above
(partial) melting temperature is decreased to 220-222 °C (when determined as the first detectible
deviation from the baseline [26]), and the alloy solidus is decreased even more —to 110 °C,

which matches the temperature of the binary eutectic between the Bi and Biln phases [27].
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Fig. 1. Heating DTA curves of selected ingot samples. The curves are displaced for clarity; arrows mark
eutectic transformation associated with In.

The as-prepared alloy MnsoBis7Mg3, which became the prototype of the new field-
annealed MnBi-based magnets [14], features not only the stable o phase, but also the metastable
/' phase [28] characterized by a reduced aspect ratio c¢/a (The powder XRD also detected the
usual Bi and a-Mn phases, as well as less than 2% of the a-Mg3Bi2 phase; Rietveld refinement of
the XRD data is shown in Fig. S1, Supplementary data). In the SEM micrograph Fig. 2(c), the



gray a + ' regions are situated between the black Mn dendrites and the light Bi regions. As Fig.
2(d) and Fig. 2(e) demonstrate, during the magnetic-field annealing at 300 °C the MnBi regions
expand in the direction of the field at the expense of the liquid Bi phase and the solid Mn phase.
This microstructure evolution is typical of the field-annealed Mn-Bi alloys [15—17]. The increase
of the alloy magnetization which begins at =257 °C, Fig. 2(b), apparently reflects three ongoing
processes: (1) transformation of the ' phase into the a phase with a higher saturation
magnetization [28], (ii) increase of the volume fraction of the magnetic phase(s) as evidenced by
the SEM data shown in Fig. 2 and the powder XRD data shown in Fig. 3(a) (the metastable /'
phase can no longer be found in the annealed alloys), and (iii) alignment of [001] easy
magnetization directions of the a crystallites along the applied field. The [001] texture of the a
phase after the field annealing is evident from the comparison of the XRD patterns for intact and
ground samples: the sample face parallel to the direction of the field [same as in Fig. 2(e)] is
characterized by enhanced (110) and (100) reflections, whereas (101) and (002) reflections are
completely suppressed. The XRD data for all annealed ingot samples (powdered) are shown in
Fig. 4(a). Magnetic characterization presented in Fig. 4(b) confirms that the alignment resulted in
a very high degree of texture in the parent MnsoBiso alloy and in the alloys modified with Mg
and/or In. Although in all cases the magnetic field had been applied in the direction of the
thermal gradient in the original arc-melted ingots, the absence of texture after the annealing in
zero field (Fig. S2, Supplementary data) rules out any effect of directional solidification, thus
leaving the magnetic field the only source of the [001] texture. A noticeably lower degree of this
texture found in the field-annealed alloy MnsoBias.sSbi.s alloy mirrors the earlier report about the
texture-inhibiting effect of Sb observed in the magnets prepared from melt-spun alloys [14]; this
effect still lacks satisfactory explanation.
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Fig. 2. Mns(Bis;Mgs ingot samples annealed in a field of 30 kOe: (a) temperature profiles, (b) evolution of
magnetization, (c¢) backscattered-electrons SEM micrograph before annealing, (d) micrograph of sample
cooled immediately after heating to 300 °C, (e) micrograph of sample held at 300 °C for 60 min. The

regions of different contrast correspond to Bi phase (light), o and f' phases (gray), and Mn phase (black);
"7" designates direction of the field.
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Fig. 3. XRD characterization of MnsoBis7Mgs ingot sample held at 300 °C for 60 min in a field of 30 kOe:
(a) sample ground into powder, (b) intact sample and (c) blank holder used to support the intact sample

(modelling clay). The intact sample was analyzed for the face parallel to the field H applied during the
annealing (see inset).
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Fig. 4. (a) XRD and (b) magnetic characterization of ingot samples annealed for 60 min at 300 °C under
30 kOe: (1) Ml’lsoBi50, (2) Ml’lsoBi4g,5In1_5, (3) MnsoBi4g_5Sb1,5, (4) Mn50Bi47Mg3, (5) Ml’lsoBi45.5Mg3Sb1.5, (6)
Ml’lsoBi46,5Mg3Il’lo.5, (7) Ml’lsoBi46Mg3Ino,5Sbo,5, and (8) MnsoBi45Mg3Ino,5Sb1,5. The XRD samples had been
ground into powders. Magnetization curves were recorded parallel (//) and perpendicular (L) to the
annealing-field direction.

Table 1 lists the anisotropy field values, Ha, associated with the magnetic a phase found
by extrapolating the data of Fig. 4(b). The 45.1 kOe value determined for the parent composition
is reasonably close to 43 kOe reported for a Mn-Bi alloy characterized using the same technique
after being synthesized in a field of 150 kOe [18]. Individual modifications with Mg, In and Sb
increase the Ha. Combined modifications, especially with (Mg,In), increase the Ha even more —
with the three MnsoBi46.5-Mn3Ino.sSb: alloys exhibiting a Ha of the a phase 40—45% higher than
that of the binary MnsoBiso alloy. The saturation magnetizations 4nMs of the field-annealed ingot

samples were determined by extrapolating the M vs. 1/H ? data (measured parallel to the
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annealing-field direction) to 1/H 2 = 0. Refinement of the XRD data presented in Fig. 4(a) made
it possible to estimate the 4nMs values of the magnetic a phase. The fact that the uncertainties of
the estimated values overlap suggests that, within the error of the method, alloying with Mg, In
and Sb has no effect on the magnetization of the a phase. This finding is not particularly
surprising as none of the modifications changed the fraction of the magnetic atoms (i.e., the Mn

atoms).

Table 1. Volume fraction of magnetic o phase, saturation magnetization 4ntMs and anisotropy

field Ha determined for magnetic-field annealed ingot samples.

Alloy Magnetic Magnetic
Alloy 4ntMs phase fraction phase 4nM;s ’
(kOe)
(kG) (vol. %) (kG)
MnsoBiso 5.67(6) 67.3(10) 8.43(22) 45.1(5)
MnsoBiass sIni s 6.34(6) 72.5(10) 8.75(20) 51.0(5)
MnsoBias sSbi.s - 58.0(10) - 52.8(30)
MnsoBissMgs 6.94(6) 80.7(10) 8.60(18) 58.8(5)
MnsoBi4s.sMg3Sbi s 6.16(6) 69.9(10) 8.81(22) 60.4(5)
MnsoBi46.5sMg3Ino.s 6.53(6) 75.8(10) 8.62(20) 63.0(5)
MnsoBissMgslnosSbos — 6.54(6) 78.3(10) 8.35(19) 63.4(5)
MnsoBi4sMgsInosSbis  6.15(6) 74.3(10) 8.28(19) 65.3(5)

3.2. Magnetic-field annealing of ribbons: Effect of compaction temperature

Compaction of the melt-spun MnsoBiso-x--2MgxIn,Sb: alloys at 80 °C resulted in bulk
samples with the same 99-100% relative density (compared to the ingot density) as the
compaction at 150 °C. One of the alloys, MnsoBiasMg3Ino.sSbi.s, was also compacted (under the
same high vacuum) at 22 °C, and such room-temperature compaction at 340 MPa resulted in
only slightly reduced relative density of 98%. The XRD data for the as-spun and compacted
ribbons of this alloy as well as the results of the Rietveld refinement are shown in Fig. 5. The as-
spun ribbons contain both the £' and a magnetic phases, but according to the XRD data any
compaction, even the one performed at room temperature, is accompanied by the ' — a
transformation. Spontaneous room-temperature transformations of the metastable f-like phases
into the stable a phase have been reported in Mn-Bi thin films [29] and melt-spun Mn-Bi-Sb
alloys [28]. The data in these earlier reports were consistent with continuous increase of the unit
cell aspect ratio (known to accompany the migration of the Mn atoms out of the B8 interstices

[30]). Notably, the room-temperature ' — o transformation observed in the compaction
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experiments is accelerated compared to earlier experiments not involving the application of a
pressure. Moreover, it apparently occurs via a different, two-phase mechanism, with the « phase,
characterized by the constant c¢/a ratio of 1.4285(25), growing at the expense of the £' phase with
the constant c/a ratio of 1.4025(25). After the compaction at 80 °C the transformation is still
incomplete, with the 4 fraction reduced to 12% from the initial 29%. None of the compaction
treatments was found to significantly affect the Bi and Mn phases. This is consistent with the
observations of the compositionally invariant transformations between the f and o phases in
experiments when the interphase diffusion was believed to be suppressed due to the low
temperature [28,31], even though the equilibrium S-Mni+sBi structure is known to be enriched
with Mn compared to the equilibrium a-MnBi [32]. The Biln phase, present in the ingot sample
[Fig. 4(a)], could not be detected in the as-spun or compacted ribbons, whereas the amount of the
a-Mg3Bi2 phase was too small for quantitative characterization. According to the magnetic
characterization (Fig. S3, Supplementary data), the f' — « transformation increases the
saturation and remanent magnetizations of the samples (the 4l increases from 1.9 kG after
compaction at 22 °C to 2.2 kG after 150 °C) while slightly decreases the very high Hc (from 16.6
kOe after compaction at 22 °C to 15.5 kG after 150 °C).
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Fig. 5. (a) XRD characterization of MnsoBissMgsIng sSb s alloy (1) immediately after melt-spinning and
after subsequent compaction (2) at room temperature, (3) at 80 °C and (4) at 150 °C; (b) fractions of
identified phases determined based on the XRD data. The XRD samples had been ground into powders.

Room-temperature magnetic characterization of the compacted MnsoBissMgsIno.sSbi s
samples after they were subsequently annealed under a magnetic field of different strength is
presented in Figs. S4—S6; the summary of the texture and permanent magnet properties is shown
in Fig. 6. It follows from the data that the compaction temperature exerts opposite effects on the
texture and on the coercivity by worsening the former and increasing the latter. These results
confirm the seemingly universal negative correlation between the texture and the coercivity
reported earlier for similar alloys [14]. The smaller amount of the ' phase transformed into the o
phase during compaction (when no magnetic field is applied) means that a larger amount of the a
phase is formed during the subsequent field annealing, i.e. under the effect of the magnetic field.
It seems likely that the higher degree of texture attained for a lower compaction temperature
reflects the predominance of the in-field crystallization. Because of the greater degree of texture,
the lower compaction temperatures tend to increase the (BH)max. However, the samples
compacted at room temperature were characterized by a slightly reduced density and one of them



also had an abnormally poor "rectangularity" in the demagnetization curve (Fig. S4,
Supplementary data). Thus, although these results confirm that the more economical cold
compaction of the melt-spun MnBi-based alloys [8,15] is feasible, the protocol for this
compaction may need to be further optimized. In the presented experiment, the most consistent

results and the highest (BH)max values were obtained for the compaction temperature of 80 °C.
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at the indicated magnetic field, on (a) magnetic texture coefficient, (b) intrinsic coercivity and (c)
maximum energy product. The data point marked with arrow was negatively affected by the step on the
demagnetization curve. RT = room temperature.

3.3. Magnetic-field annealing of ribbons: Effect of alloy composition

When the compacted melt-spun Mn-Bi-Mg alloys were heated in a magnetic field, their
magnetization was shown to change in two stages [14]: the first stage corresponded to the solid
state and the second one was associated with melting of the Bi phase. In Fig. 7, which juxtaposes
the thermal and thermomagnetic data, this behavior is exemplified in sample 2. In an earlier

report [14], the same alloy MnsoBis7Mgs was compacted at 150 °C, which is a sufficient
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temperature to complete the /' — « transformation. According to sub-section 3.2, the lower
compaction temperature of 80 °C preserves part of the f' phase. Consequently, the initial
increase of the magnetization correlates with the exothermic DTA event (marked with the dotted
arrow) believed to be the transformation of the metastable ' phase into the stable a.. On the other
hand, introduction of 0.5—-1.5 at.% In has a strong effect on the solidus temperature of the
compacted melt-spun alloys. Unlike the ingots, none of these alloys exhibits endothermic events
associated with the eutectic between the Bi and Biln phase [in agreement with the Biln phase
being absent in the XRD data, Fig. 5(a)], but the endothermic events associated with melting of
the Bi phase (marked with the solid arrows) appear in these alloys at significantly lower
temperatures. Correspondingly, after introduction of In the increase of the magnetization is also
shifted to the lower temperature (this may not be obvious for sample 1, but that Mg-free sample
did not originally contained the magnetic phases, and it was completely lacking the solid-state
stage of the magnetization development).

The degree of texture and the permanent magnetic properties of alloys annealed at
different values of magnetic field are compared in Fig. 8 based on the measurements presented in
Fig. S5 and Figs. S7-S11. Figure 9 and Table 2 summarize the magnetic data for the alloys
annealed at the strongest field of 30 kOe, including the MnsoBi4s sIni s alloy not featured in Fig. 8
(similarly to the MnsoBiso [14], this alloy lacks magnetic phases in the melt-spun state and it does
not develop the viable properties when subsequently annealed). Reducing the compaction
temperature for the MnsoBiss.sSbi s alloy as compared to an earlier report [14] did not
significantly change the properties; the degree of texture, which develops in this Mg-free alloy,
remains low thus limiting the attainable (BH)max. Addition of 0.5 at.% In to the MnsoBis7Mg3
alloy — characterized by a good texture but too low Hc — slightly improves both of these
properties; this small improvement leads, however, to a markedly higher (BH)max, 11.3 MGOe
compared to 8.9 MGOe. The most notable feature of the In-added MnsoBiss.sMg3Ino.s alloy is the
relatively low values of the annealing field sufficient for the development of practically useful
magnetic energy densities. The MnsoBi4s.sMg3Inos alloy attains a (BH)max of 10 MGOe after

being annealed at a magnetic field as low as 15 kOe.
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Fig. 7. (a) Heating DTA curves and (b) magnetizations recorded during annealing at 30 kOe for
compacted melt-spun alloys: (1) Ml’lsoBi4g,5Il’11,5, (2) Ml’lsoBi47Mg3, (3) MnsoBi4(,,5Mg3In0,5 and (4)
MnsoBissMgslng sSbi s. Sample 1 was compacted at 150 °C, samples 2—4 were compacted at 80 °C. The
DTA curves are displaced for clarity; arrows mark the transformations evident in both the thermal and

magnetic data.
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Addition of In is even more beneficial in the case of the Mn—Bi—-Mg—Sb alloys in which
this element improves the texture significantly. In the case of the MnsoBi4sMg3Ino.sSbo.s alloy
annealed at 30 kOe, the addition of In leads to a record-high (BH)max of 12.0 MGOe with a Hc of
7.1 kOe. The (BH)max of a similarly processed MnsoBiasMgsIno.sSbi.s alloy, which before the
addition of In showed a high H. but rather poor texture [14], is almost as high (11.6 MGOe), and
its Hc reaches 8.5 kOe.

Table 2. Magnetic texture coefficient and permanent magnet properties of melt-spun alloys
compacted at 80 °C and annealed at 30 kOe

Texture (BH)max

Alloy _ B: (kG) H. (kOe)

coefficient (MGOe)
MnsoBiss sIni s 0.67 5.8 1.03 3.8
MnsoBias sSbi 5" 0.28 4.9 7.17 5.4
MnsoBissMgs 0.72 7.0 2.92 8.9
MnsoBi4s sMg3Sbi s 0.59 6.5 6.94 9.5
MnsoBiss sMg3Ino s 0.77 7.3 3.74 11.3
MnsoBissMgslno.sSbo.s 0.70 7.1 7.08 12.0
MnsoBissMgslno sSbi.s 0.72 6.9 8.51 11.6

dcompacted at 150 °C
Yfield-annealed at 300 °C for 150 min

The strong effect of In on the degree of texture in the Mn—Bi—-Mg—In—Sb alloys is likely
to be linked to the lower solidus temperature, as alignment of the a crystallites is known to be
easier achieved in the semi-solid state [15]. The effect of the alloy composition on the H.
involves both the alloy microstructure and the magnetocrystalline anisotropy of the o phase. This
may be illustrated by comparison of three alloys, the grain structures of which (as seen on the
fractured surfaces) are shown in Fig. 10: MnsoBis7Mgs (Ha = 58.8 kOe, Hc = 2.9 kOe),
MnsoBiss.sMg3lnos (Ha = 63.0 kOe, He = 3.7 kOe) and MnsoBissMg3Ino.sSbi.s (Ha = 65.3 kOe, He
= 8.5 kOe). The increase of H. with the introduction of In and then also Sb occurs in the context
of increasing Ha and finer a grains. Clearly the very strong effect of the Sb addition on the H.
(increased from 3.7 kOe to 8.5 kOe) may have only a minor contribution from the Ha, which is
increased by less than 4%, leaving the principal contribution to the grain refinement and,

possibly, the difference in the microstructure/microchemistry at the grain boundaries.
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Fig. 10. SEM micrographs of fractured samples (a) MnsoBissMgs, (b) MnsoBiss sMgslng s and (c)
MnsoBissMgslng sSbi s compacted at 80 °C and annealed at 30 kOe.

The combination of high (BH)max and high H. achieved in the MnsoBissMg3Ino.sSbi s
alloy is important for the minimum operating temperature of the new magnet. A cold-compacted
and field-annealed sample of this alloy was characterized magnetically between -25 °C and 175
°C; the results of the magnetic characterization are presented in Fig. 11. The data show that the
magnet may remain operational down to -15 °C, at which temperature it still retains an H. of 3
kOe. Between -15 °C and 110 °C, the (BH)max of this magnet exceeds the value of 10 MGOe.

4. Conclusion

Alloying of the Mn—Bi—Mn—Sb alloys with small amount of In significantly improves the
texture and the maximum energy product of the magnetic-field-annealed magnets prepared from
compacted melt-spun ribbons. The resulting improvement in the stored magnetic energy density
and especially in the operating temperature range of the magnet may offset the high cost of the In
additive. As an additional cost-reducing factor, elevated compaction temperatures are found to be

unnecessary for successful manufacturing of the new rare-earth-free magnets.
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