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ABSTRACT
The goal of this study was the investigation of the structural and magnetic characteristics of MnBi permanent magnets.
In this regard, the mechanical milling and annealing processes were used for the synthesis of MnssBisoMs (M= Sb, Ge,
B) samples. Based on the results, the best annealing temperature and time for the formation of the highest value of
MnBi ferromagnetic phase with optimum magnetic properties (Hc=1750 Oe and Ms= 12 emu/g) were recognized at 325
°C and 24 h, respectively. B, Ge, and Sb elements had a distractive effect on the stabilization of the MnBi ferromagnetic
phase. Consequently, the samples containing B, Ge, and Sb showed lower magnetic characteristics in comparison with

the MnsoBiso stoichiometric sample.

Keywords: MnBi Permanent Magnet; Magnetic Properties; Additives.

1. Introduction

Although manganese and its alloys have mostly
antiferromagnetic (AFM) order (due to half-filled
3d orbitals), intermetallic compounds, namely
MnBi and MnAl, are included in the group of
ferromagnetic compounds without rare earth
elements [1- 6]. The low-temperature composition
of MnBi formed from a peritectic reaction at low
temperature is a ferromagnetic phase that is stable
up to 355 °C, after which it turns into a high-
temperature paramagnetic phase [4]. This
combination is a suitable alternative, especially in
medium working temperatures, for the permanent
magnets of rare earth elements, such as samarium-
cobalt and neodymium-iron-boron [7]. Despite the
relatively extensive research that has been
presented on the effect of various additives on the
structural and phase characteristics of the MnBi
magnetic compound, there is no detailed
information on the effect of different elements on
its magnetic and structural characteristics. In this
research, an attempt has been made to evaluate the
structural and magnetic properties of MnBi
permanent magnets containing Sb, Ge, and B
additives.

*Corresponding author; mrlestarki@mut-es.ac.ir

2. Materials and Methods

Primary powders with high purity (99%) and
particle size of less than one micrometer was
used. Ball-milling was performed in a stainless-
steel chamber under argon gas atmosphere.
Annealing was done in vacuum chambers made of
quartz, in the temperature range of 300 to 400 °C
for different periods of time. X-ray diffraction
(XRD) test was performed using an X'Pert Pro
MPD device (Panalytical, Netherlands). The
microstructural investigations of the milled and
annealed samples were performed with a Mira 3-
XMU  field emission scanning electron
microscope (FESEM). The magnetic behavior of
the samples was examined using a vibrating
magnetometer.

3. Results and discussion

The XRD patterns corresponding to the
stoichiometric composition of MnBi after 10 h of
milling is presented in Figure 1.

As can be seen, the diffraction pattern only
includes the peaks related to the primary elements
and there is no sign of the reaction between these
two elements. Due to the failure of ball-milling to
create the MnBi ferromagnetic phase, an attempt
was made to test the effect of annealing in the
temperature range of 300-375 °C on the phase
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Figure 1. XRD patterns of mixture of manganese
and bismuth milled for a period of ten hours before
(a) and after annealing at temperatures of (b) 300,
(c) 325, (d) 350, and (e) 375 °C for 24 h.

structure of Mn and bismuth powder mixture. The
XRD patterns of the resulting samples after
annealing at different temperatures are presented
in Figure 1 (b-e). The striking point in this figure
is the reaction between manganese and bismuth
elements and the formation of the low-
temperature magnetic phase MnBi. The magnetic
residual rings of the powder mixture investigated
before and after annealing are summarized in
Figure 2. As can be seen, the sample obtained
from ball-milling showed paramagnetic behavior,
indicating that the reaction did not occur and the
regular magnetic MnBi hexagonal phase was
formed. In this case, the highest value of coercive
force as well as the square ratio is related to the
annealed sample at 325 °C. In this regard, the
samples were annealed at the optimum
temperature for different times from 12 to 48 h
and finally, magnetization was measured. The
corresponding magnetic residual loops showed
that the highest values of saturation magnetization
and coercive force were related to the sample
annealed for 24 h and with the increase of
annealing time from 24 to 48 h, the magnetic
properties decreased.

Figure 3 shows the XRD patterns of the
samples obtained after ball-milling and annealing
in the presence of three elements, namely
antimony, germanium, and boron. As it is known,
the patterns obtained from the investigated
samples are also similar to the sample without
alloy elements, including the peaks related to
manganese, bismuth, and MnBi phase peaks. The
magnetic remanence loop of the studied samples
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Figure 2. M/H Loop of powdered manganese and
bismuth milled for 10 h before (a) and after
annealing at temperatures of b) 300, c) 325, d) 350,
and e) 375 °C for 24 h.
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Figure 3. XRD patterns of MnsoBissXs compounds
(X=Sb, Ge, B) after ball-milling and annealing at
325 °C for 24 h, a) without additives and with
additives b) antimony, ¢) germanium and d) boron.

showed that the saturation magnetization value
and the coercive force in the sample without
additives have been reduced to lower values with
the addition of alloy elements. The reduction of
magnetic properties in the presence of additive
elements and the same particle morphology can be
attributed to the reduction of the magnetic phase
of MnBi in the presence of various elements,
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which can be justified according to the results of
XRD patterns.

4. Conclusions

—

. Various

. It is not possible to carry out the reaction

between manganese and bismuth elements
during the milling process, and a secondary
annealing step is needed to carry out the
reaction between these two elements.

. During the secondary annealing process, the

complete reaction between the two elements of
manganese and bismuth is not possible and
there are still signs of primary elements in the
powder mixture.

. The optimal temperature and time to reach the

highest magnetic properties in the MnBi
composition obtained from the milling process
(the values of coercive force and saturation
magnetization equal to 1750 Oe and 12 emu/g,
respectively) were identified at 325 °C and 24
h, respectively.

additive elements in the MnBi
magnetic composition had a negative effect on
the resulting saturation magnetization and
reduced the saturation magnetization from 12
emu/g in the composition without additive
elements to about 0.7 emu/g in the sample
containing B.
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