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Magnetic properties of Mn54AI46C2_44/Sm2Fe17N3 and Mn54AI46C2_44/Fe65C035
composites
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Ferromagnetic 7-phase MnssAlssCa 44 particles were synthesized, and its composites with com-
mercial SmaFe;7N3 and synthesized FegsCoss powders were fabricated. Smaller grain size than the
single domain size of the Mns4Als6C2.44 without obvious grain boundaries and secondary phases
is the origin for the low intrinsic coercivity. It was confirmed that the magnetic properties of the
Mns4AlyeCa.44 can be enhanced by magnetic exchange coupling with the hard magnetic SmaFe17N3
and soft magnetic FegsCoss. The high degrees of the exchange coupling were verified by calculat-
ing first derivative curves. Thermo-magnetic stabilities of the composites from 100 to 400 K were
measured and compared. It was demonstrated that the MnssAlsgCs.44 based composites containing
SmsyFe17N3 and FegsCoss could be promising candidates for future permanent magnetic materials
with the proper control of purity, magnetic properties, etc.
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I. INTRODUCTION

Theoretically, ferromagnetic 7-phase MnAl has mag-
netic moment of 2.4up/f.u. [1,2] and magnetocrystalline
anisotropy constant (K) of 1.5 x 106 J/m3 [1,2]. The
theoretical magnetic moment is lower than that of the
low temperature phase MnBi of 3.63up/f.u., while the
K is close to the experimental results of 1.3 x 10° J/m?
[3], which was measured at 300 K. Nevertheless, the ex-
perimental intrinsic coercivity (H;) of high purity Mn-Al
is much lower than Mn-Bi [2,4]. On the other hand, low
purity Mn-Al with high percentage of secondary phases,
such as equilibrium ~»- and 8 phases, exhibit much in-
creased H,; [5] because the secondary phases act as pin-
ning sites for magnetic domain walls. In order to achieve
both high saturation magnetization (os) and H,;, mag-
netic materials must have not only single domain sized
grains, but also highly oriented magnetic domains at zero
applied magnetic field, i.e., anisotropic magnetic grains.
Highly textured/anisotropic magnetic grains of Mn-Al
were obtained by Matsushita Electric Industrial Co.,
Ltd., in 1970s [6-10], and their best maximum energy
product [(BH)myax] achieved was 9.2 MGOe [8]. How-
ever, no works has been reported that has obtained such
a high (BH)pax after their results.

Another way to improve magnetic properties is to re-
alize magnetic exchange coupling between two or more
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phases [11]. Tt is noted that the exchange coupling makes
use of the high magnetization from soft phase and the
coercivity from hard phase. Therefore, it is possible to
achieve large (BH )max with the rare-earth free or re-
duced rare-earth permanent magnetic materials by the
exchange coupling. Magnetic exchange coupling between
two phases has been extensively studied by producing
composite magnets or depositing multi-phase thin films
[12-20]. However, the results of the most composite mag-
nets exhibit only partial exchange coupling, and the re-
ports on Mn Al C based composite magnets are very rare.
Therefore, in this paper, we report the magnetic prop-
erties and thermo-magnetic stabilities of Mns4Aly5Co. 44
based composites with hard magnetic SmsFe 7N3 and
soft magnetic Feg;Coss for permanent magnet applica-
tion.

II. EXPERIMENTAL PROCEDURE

The Mn-Al-C ingot was produced using high-
frequency vacuum induction furnace in argon environ-
ment (purity 99.999%). High-purity manganese (Mn)
and aluminum (Al) pieces and carbon (C) powder were
melted and casted in an alumina mould. The composi-
tion of the Mn-Al-C was controlled to be Mng4Aly6Cs 44,
and the compositional deviation due to the volatility of
Mn was minimized by melting and casting in less than
3 minutes. The produced alloy was then gas-atomized

(©2018 The Korean Physical Society
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Fig. 1. (Color online) XRD patterns of the as-gas-atomized
and annealed Mns4AlyCa 44 particles.

using nitrogen gas at a pressure of 70 bar. The ob-
tained powders were annealed at 500 °C for 20 minutes
in argon environment to convert the hexagonal closed-
packed paramagnetic e-phase to tetragonal ferromag-
netic T-phase.

Fegs Coss spherical chains were synthesized by reduc-
ing Fe?* and Co?t. Stoichiometric FeCly-4H,O to
CoCly-6H2 0 ratio of 65 to 35 were dissolved in de ionized
water, namely the solution A, followed by adding NaBH,
dissolved solution, i.e., the solution B, to the solution A.
While the solution B was dropped into the solution A,
the solution was magnetically stirred to produce uniform
particle size and shape. Thereby, Fe and Co salts were
reduced to crystalize a-phase FegsCoss metallic alloyed
particles. The synthesized slush-like Feg;Coss powder
was washed with ethanol and collected by a permanent
magnet for multiple times to remove residues. The black
slush-like product was dried in a glove box.

The Mn54A14ﬁCg,44/Sm2Fel7N3 and Mn54Al4602_44/
FegsCoss composites were prepared by ultra-sonicating
the mixtures of the powders in ethanol, followed by man-
ual grinding in a mortar and pestle. The weight percent
of the Mns4Aly6Cs .44 powder was fixed to 70 wt.%, and
SmyFe 7N3 or FegsCoss powder weight percent is con-
trolled to 30 wt.%. It is noted that the SmyFe7N3 pow-
der was purchased from Sumitomo Corporation Japan.

The crystalline phases of the MnsqAlyCo 44,
SmyFe7N3, and FegsCoss powders and their com-
posites were identified with X-ray diffraction (XRD)
with Cu-K« radiation. A physical property measure-
ment system (PPMS) was used to characterize their
magnetic properties. The particle size and size dis-
tribution were determined using transmission electron
microscopy (TEM) and scanning electron microscope
(SEM).
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Fig. 2. (a) SEM image and (b) TEM micrograph of the
synthesized Mns4AlsgCo 44 particles.

III. RESULTS AND DISCUSSION

The XRD patterns of the as-gas-atomized and an-
nealed Mnz4AlyCs 44 powders are shown in Fig. 1. Ma-
jority of the as-gas-atomized MnsqAlygCo.44 powders
appears to be the high temperature hexagonal closed-
packed paramagnetic e-phase, while small amount of sec-
ondary phase, y2-phase, still exist. The XRD pattern of
the annealed powder exhibits mostly metastable 7 phase
and small amount of v9- and S phases. Figure 2 shows
the morphology and microstructure of the obtained -
phase MnsyAlsCo 44 particles. Figure 2(a) indicates
that the particle sizes of the 7-phase Mns4Al45Co 44 are
from 0.25 to 5 pm, and their grain sizes ranges from 10
to 200 nm as seen in Fig. 2(b).

Based on the XRD patterns in Fig. 1, we have calcu-
lated the average grain size using the Scherrer equation.
The Scherrer equation is written as [21]:

KA
T Bcost’

where 7 is the mean size of the grains, K is a dimen-
sionless shape factor, A is the X-ray wavelength, [ is the
line broadening at half the maximum intensity (FWHM),
and 0 is the Bragg angle. K varies with the shape of the
crystallite; 0.89 for spherical and 0.94 for cubic particles,
but its typical value is about 0.9 for unknown shape. We
have used the XRD with Cu-K « radiation, therefore, the
A is 0.154 nm. Our calculations lead to the 7 of 35.6 nm
for as-gas-atomized powder and 37.7 nm for annealed
powder. This result proves that the annealing at 500 °C
for 20 min does not increase the mean size of the or-
dered domains/grain sizes. In order to achieve high H;,
the grain size must be close to the single domain size of
about 710 nm [22], and grains must be separated from
each other. The synthesized T-phase Mng4AlygCo 44 par-
ticles, however, consist of numerous grains mostly rang-
ing from 10 nm to 200 nm, and the grains have direct
contact with neighboring grains as seen in Fig. 2(b). It
is noted that the slightly prolonged annealing of the 7
phase Mns4AlyCo 44 may possibly cause the increased
grain size and minor decomposition into the equilibrium
~v2- and [ phases, i.e., enhanced H, but at the same
time, results in decreased magnetization.
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Fig. 3. (Color online) Magnetic hysteresis loops
of the MnssAlysCa.aa, 1\/[1154Al46CQ,44/SI1’12F617Ng7 and
Mns4AlieCoa.44 /Fee5 Coss composites.

By producing composites of two or more magnetic
materials, it is possible to optimize the oy and H
[20], i.e., (BH)max- We have fabricated composites of
Mns4Al46Co 44 with hard magnetic SmoFe;7N3 and soft
magnetic FegsCoss, and measured magnetic hysteresis
loops for oy, remanent magnetization (o), and H¢;. The
exchange coupling between two phases occurs only if the
thickness of soft phase is thinner than twice of the hard
phase’s domain wall thickness (2d,,) [11]. The exper-
imental d,, of Mn-Al is 15 nm [23]. The particle size
of the SmyFe 7N3 varies from 100 nm to 1 wum and the
diameter of the synthesized FegsCoss particle is 40 nm
in average, which are greater than 24,, (30 nm) of 7-
phase Mn-Al. Since the SmsFe 7N3 or Fegs Coss particles
can be compacted between the MnssAlysCo 44 particles,
the maximum range of magnetic exchange coupling is
60 nm in theory. Therefore, it can be estimated that
the SmyFe ;N3 particles are only partially involved in
exchange coupling, while the Feg;Coss particles are fully
involved in exchange coupling in ideal case.

The magnetic hysteresis loops of the MnsqAly6Co 44,
MnsyAlyeCo.4a/SmoFei7N3, and  MnssAlyeCo.aa/
Fegs Cogs composites are shown in Fig. 3. The maximum
magnetic applied field was 4 T for all the measure-
ments. The oy, 0., and H; of the MnssAlygCo 44 were
measured to be 78.9 emu/g, 27.4 emu/g, and 1792 Oe,
respectively, and those of the composites were changed
according to the magnetic properties of the SmyFe;7N3
and Feg5Coszs. The oy of the single phase SmyFe;7N3
and FegsCozs were 144.7 emu/g and 104.2 emu/g,
respectively, while the H. were 4540 Oe and 350 Oe.
It is noted that the oy of the synthesized FegsCoss
is much lower than 240 emu/g of its bulk value [24].
This is attributed to the thermal agitation of magnetic
spins on the surface of the particles, slight oxidation of
FegsCoss particle or incomplete reduction of Fe- and
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Fig. 4. (Color online) First derivatives of the magnetic
hysteresis loops for the (a) MnssAlssCa2.44/SmoFei17N3 and
(b) Mns4AlsyCa.44/Fegs Coss composites.

Co-salts. Since the og of the SmsFe17N3 and FegsCoss
are higher than the Mns4AlysCs 44, the og of the com-
posites were increased to 103.1 emu/g and 86.9 emu/g,
respectively, from 78.9 emu/g. However, the o, of
the MnsyAlysCo a4/FegsCoss composite was  slightly
decreased to 26.0 emu/g from 27.4 emu/g, while it was
increased to 55.2 emu/g for Mn54A146C2,44/Sm2Fel7N3
composite. The H; of the MnssAlygCo 44/SmoFe 7N3
and Mngs4AlyCa 44 /FegsCogs composites were 3014 Oe
and 1092 Oe, respectively.

In order to confirm the levels of the exchange coupling
for the composites, first derivative curves in Fig. 4 were
calculated from the magnetic hysteresis loops in Fig. 3. A
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Fig. 5. (Color online) Temperature dependence of

(a) saturation magnetization (os), (b) remanent mag-
netization (o,), and (c) intrinsic coercivity (Hc) of
the Mn54Al4602,44/Sm2F617N3 and Mn54A146CQ<44/F665C035
composites from 100 to 400 K. For comparison os, o, and
H,; of the single phase Mns4AlysC2.44 at 300 K is also shown.
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kink in the demagnetization curve of magnetic hysteresis
loop indicates decoupling between the two phases. How-
ever, it is very difficult to observe a kink with naked
eyes in many cases unless the kink is obvious. The
derivative curves of the demagnetization curves, such as
Fig. 4, can clearly demonstrate the no existence of a kink.
Based on Fig. 4, both MnssAlysCo 44/SmaoFe;7N3 and
Mn;s4Aly6Ca 44/FegsCoss composites are well exchange
coupled without a kink in both derivative curves of the
1st and 2nd quadrants and 3"¢ and 4" quadrants.
Thermo-magnetic stabilities of the MngssAlysCo g/
SmQFe17N3 and Mn54A146C2,44/Fe65C035 composites
were verified by measuring temperature dependence
of magnetic hysteresis loops from 100 to 400 K, and
their oy, 0., and Hg are plotted in Figs. 5(a), (b),
and (¢). The og, o,, and H. of the composites are
107.4 emu/g, 55.4 emu/g, and 3222 Oe, respectively, for
Mns4AlysCa 44/SmaFe ;N3 and 93.9 emu/g, 32.3 emu/g,
and 1349 Oe for Mn54Al46C2,44/Fe65C035 at 100 K.
These values gradually decrease by increasing temper-
ature, therefore, reaching 94.5 emu/g, 48.2 emu/g, and
2417 Oe for MI]54A14602.44/SH12F€17N3 and 78.4 emu/g,
21.3 emu/g, and 963 Oe for MD54A14602A44/F8650035 at
400 K. The temperature coefficients of oy, o, and H,
i.e., ag = Aog/os, ay = Ao, /o, and 8 = AHg/He,
are —0.040, —0.043, and —0.083%/K, respectively, for
MIl54A14602.44/SIH2F€17N3 and 70055, 70114, and
—0.095%/K for Mns4AlysCso 44/FegsCoss. One interest-
ing point is that the Or of the MII54A146CQ,44/SIH2F617N3
slightly increases at 200 K due to the enhanced square-
ness in the demagnetization curve as seen in Fig. 5 (b).

IV. CONCLUSION

We  have synthesized ferromagnetic  7-phase
Mns4Al6Co 44 particles using gas atomization pro-
cess, and fabricated its composites with commercial
SmoFe;7N3 and chemically synthesized FegsCoss pow-
ders. The first derivative curves of the demagnetization
curves prove that the magnetic exchange coupling was
well occurred between the two phases. The satura-
tion magnetizations and intrinsic coercivities of the
composites monotonically decrease with increasing
temperature, while the remanent magnetization initially
increases until 200 K due to enhanced squareness in the
demagnetization curve.
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