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Coercivity mechanism of rare-earth free MnBi hard magnetic alloys
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Departamento de Materiales Metálicos y Ceŕamicos, Instituto de Investigaciones en Materiales,

Universidad Nacional Autónoma de Ḿexico, Ḿexico D.F. 04510.
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In this work, we present and discuss results concerning the hard magnetic behavior of rare earth-free MnBi alloys obtained by suction casting
technique. The physics of coercivity for these type of alloys is based on the nucleation process of reverse domains, which in turn is determined
by the alloy microstructure features such as phase distribution, morphology, grain size and in particular, defects, which are characteristic of
real materials. The microstructure of the as-cast alloy presented here comprises the formation of the Low Temperature Intermetallic Phase
(LTIP)-MnBi, interspersed within Bi- and Mn-rich areas. A considerable intrinsic coercivity field of 238 kA/m together with a saturation
magnetization of 0.04 T were observed. The nucleation controlled mechanism of this alloy was described in terms of the Kronmüller equa-
tion, which incorporates the detrimental effect of microstructure defects through fitting parameters associated to reduced intrinsic magnetic
properties at grain size boundaries, interfaces and local demagnetizing fields. A notorious switching of coercivity mechanism associated with
domain wall pinning was found to be produced upon annealing of the alloy at 583 K for 24 hrs, yielding a drastic reduction of coercivity
(down to 16 kA/m). The key microstructural feature determining the switching of coercivity mechanism is the formation/suppression of
Bi-rich areas, which promotes the nucleation and growth of LTIP.
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1. Introduction

MnBi-based alloys are considered an attractive alternative as
precursor materials for designing permanent magnets due to
the formation of the Low Temperature Intermetallic Phase
(LTIP)-MnBi, which is a ferromagnetic phase with a NiAs-
type hexagonal structure and spatial group P63/mmc. The
uniaxial magnetocrystalline anisotropy of this phase pos-
sesses a magnetocrystalline anisotropy constant (K1) as high
as0.90 × 106 J/m3 together with a saturation magnetization
(µ0Ms) of 0.73 T [1-2] as well as a positive temperature coef-
ficient of coercivity [3-6], which enables these alloys for po-
tential applications in permanent magnets capable to operate
at high temperatures [7]. An additional feature of these MnBi
alloys is their rare-earth free content, which will represent a
competitive advantage in terms of cost for production relative
to the well established Nd-Fe-B alloys for supermagnets pro-
duction. However, preparation of a single phase LTIP-MnBi
alloy is not easy because its characteristic peritectic reaction,
which promotes the formation of secondary phases [8-12].

In order to develop high coercivity magnets with opti-
mum performance, the key issue from the theoretical point
of view is the physical understanding of the coercivity mech-
anism driving the magnetic hardening of the material. There
are two main theoretical approaches for describing the coer-
civity (Hc) of magnetic materials: nucleation controlled pro-
cess and pinning of magnetic domain walls. For nucleation
process, the development of high coercivities relies on the
nucleation fieldHN necessary for the onset of magnetization
reversal taking place at the interface of non-magnetic grains,
defects or significant misalignment between magnetic grains.
According to Kronm̈uller [13,14], in order to incorporate the

detrimental influence of microstructural defects in real mate-
rials (point defects, grain boundaries, non-magnetic phases)
the proper equation forHc is given by

Hc = HNαK −Neff(µ0MS) (1)

Where HN stands for the nucleation field
(HN=K1/MS), αK is a microstructural parameter repre-
senting the reduction ofK1 at the surface interfaces with
non-magnetic regions andNeff is an average effective demag-
netization factor describing the internal stray fields acting on
the grains.

On the other hand, pinning of magnetic domain walls
depends on the size and morphology of the phases present
within the material’s microstructure. The critical lengthLcrit

for the formation of magnetic domains is given by [13]

Lcrit =
72

µ0M2
S

√
AK1 (2)

WhereA corresponds to the exchange constant of the
material. If the magnetic phase has a characteristic length
L > Lcrit, magnetic domains will appear as part of the mag-
netic structure in order to decrease the magnetostatic energy
of the material. The concomitant formation of magnetic do-
main walls will promote a coercivity mechanism by means of
their pinning at the defects of the materials’ microstructure,
such as inclusions, secondary non-magnetic phases, vacan-
cies, grain boundaries or interfaces, for which the intrinsic
magnetic properties (such asK1, A or Ms) are usually re-
duced or even vanished. For pinning mechanism, the prop-
agation fieldHp associated to the coercivity of the material
can be calculated as follows [15]:
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Hp =
γw

µ0MSR0
(3)

Whereγw stands for the energy of the domain wall, and
R0 corresponds to the radius of the inclusion.

In this work, we discuss the phase constitution and its in-
fluence on the coercivity mechanism of MnBi alloys obtained
by suction casting technique

2. Experimental Techniques

Master ingots of composition Mn0.5Bi0.5 were prepared by
arc-melting technique of elemental constituents under Ar at-
mosphere. From the master ingots, cylindrical rods (3 mm
diameter and 30 mm length) were obtained by suction cast-
ing technique. A subsequent annealing was applied for se-
lected samples at 583 K for 24 h, followed by quenching
process in water. Phase distribution and microstructural anal-
ysis was performed by means of Field Emission Scanning
Electron Microscopy. Magnetic measurements were carried
out at room temperature using a Vibrating Sample Magne-
tometer with maximum applied fields within the range 1500
- 2500 kA/m.

3. Results

Figure 1 shows a Scanning Electron Microscopy (SEM) mi-
crograph for the as-cast MnBi alloy, for which three differ-
ent regions are evident: Black zones dispersed over a dom-
inant light gray region, together with dark gray areas. En-
ergy Dispersive Spectroscopy (EDS) composition analysis
showed that such regions correspond to pure Mn and Bi, and,
the LTIP-MnBi respectively. LTIP is observed throughout the
sample with undissolved Mn particles embedded in a diamag-
netic Bi-rich matrix. According to the inset showing further

FIGURE 1. SEM micrograph for the as-cast MnBi alloy with a
magnification of 1000x. Inset: LTIP-MnBi zones are visible along-
side segregated Mn- and Bi-pure phases.

FIGURE 2. SEM micrographs for the annealed MnBi alloy with
a magnification of 1000x. LTIP MnBi phase is the predominant
phase (gray color). Rounded-like grains (in black) of pure Mn com-
position with average size of 1.41µm± 0.6 are embedded within
the main LTIP matrix.

microstructural details, the MnBi areas exhibit variable sizes,
with characteristic lengths between 2.0 and 6.0 microns with
no inner inclusions of secondary phases, whereas the Mn and
Bi zones display lengths between 5.0 and 3.0 microns, re-
spectively. Few inclusions with darkest contrast within Mn
zones correspond to the (Mn,Bi)-oxide. The precipitation of
the secondary phases can be explained in terms of the ten-
dency of Bi to nucleate from subcooled liquid before the for-
mation of the peritectic phase LTIP-MnBi [16-21]. On the
other hand, segregation of Mn is favored by the presence of
Mn-Bi + liquid area during the peritectic reaction.

On the other hand, the microstructure of the annealed al-
loy displayed in Fig. 2 clearly shows the suppression of pure
Bi zones, whereas rounded-like grains of manganese are still
present embedded within a majority LTIP-MnBi areas with
average length of 1.41µm ±0.6. Annealing temperature
below 613 K promotes the diffusion of more Mn atoms into

FIGURE 3. Hysteresis curve for the as-cast MnBi alloy (in red, left
hand side scale) and the annealed alloy (in black, right hand side
scale).
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FIGURE 4. Initial magnetization curve for the as-cast MnBi alloy.

bismuth lattice sites and hence, the formation of MnBi
phase [22]. Such MnBi areas exhibited a noticeable growth,
with uniformly distributed lengths ranging from 30 to 50 mi-
crons, as observed in Fig. 4. Some few (Bi, Mn)-oxide areas
were also identified. Concerning magnetic properties, hys-
teresis curves measured at room temperature for the as-cast
and annealed alloys are shown in Fig. 3. The as-cast al-
loy exhibited hard magnetic properties characterized by an
Hc of 238 kA/m andµ0Ms of 0.04 T. The presence of non-
magnetic Bi-rich zones interspersed between the magnetic
MnBi phase causes a dilution effect on the magnetic moment
of the alloy, causing the rather lowµ0Ms. After annealing,
a marked decrease forHc (down to 16 kA/m), alongside an
enhancement ofµ0Ms (up to 0.47 T) were observed. The
increment ofµ0Ms can be associated to the significant rise
of the volume fraction of ferromagnetic LTIP, as indicated by
SEM results already presented.

Within the frame of the nucleation-controlled mechanism
for coercivity, for the as-cast MnBi alloy the onset of magne-
tization occurs at the interface between magnetic LTIP phase
and non-magnetic Bi surrounding areas since at such inter-
faces, the reduction of the magnetocrystalline constantK1 fa-
cilitates the nucleation of reversed domains. The Kronmüller
equation, stated previously as Eq. 1, has been used to explain
coercivity of an ample diversity of materials obtained by very
different techniques, such as Ba-hexaferrites [23], nanosized
polycrystalline Nd-Fe-B, Sm-Co, Sm-Fe-Ga-C and Sm-Fe-N
alloys [13] and even for similar polycrystalline MnBi alloys
obtained by powder metallurgy technique [24]. Since both
αK , Neff parameters are not temperature dependent, it is fea-
sible to use them as fitting factors in Eq. 1. Taking into ac-
count that the reported variation ofαK , Neff parameters for
hard magnetic alloys with similar microstructural character-
istics lies between 0.89 -0.93 and 1.0 -5.0, respectively [25],
we useαK = 0.90 andNeff = 1.5 to obtainHc = 238 kA/m,
which coincides with the experimental coercivity. This result
suggests the nucleation controlled mechanism as the origin of
coercivity for our as-cast MnBi alloy. In addition, the initial
magnetization curve for this same alloy is displayed in Fig. 4,

FIGURE 5. Initial magnetization curve for the annealed MnBi al-
loy. Inset: amplification of the onset of the curve showing lower
magnetic susceptibility, relative to as-cast alloys.

for which the steep slope at the onset of the curve, associ-
ated to the initial magnetic susceptibility, strongly suggests
easy displacement of domain walls within the magnetic LTIP
zones due to the absence of pining centers, such as described
in Fig. 1 for the microstructure of the MnBi as-cast alloy.
This feature gives further support to the nucleation of reverse
domains (after saturation) as the coercivity mechanism for
this alloy.

For the annealed alloy, the significant variation of mag-
netic properties is indicative of a switching of coercivity
mechanism causing a magnetic softening of the alloy. Specif-
ically, the reduction ofHc can be ascribed to the formation
of extensive areas of ferromagnetic LTIP (of up to 50 mi-
crons, see Fig. 2), favoring the formation of magnetic do-
main walls, which in turn, switches the coercivity mechanism
from nucleation to pinning process, and hence, to lower Hc
values. The formation of magnetic domains for structures
above 0.86µm is feasible since the critical length Lcrit given
by Eq. (2) for MnBi alloys yieldsLcrit = 0.864 µm (using
A = 2.86 × 10−11 J/m [13]). Upon the formation of mag-
netic domains, the secondary Mn grains (with significantly
reduced magnetic properties relative to LTIP-MnBi) act as
inclusions to pinning of domain walls. Therefore, the prop-
agation fieldHp (and hence, the coercivity fieldHc) given
by Eq. (3) can be calculated for the MnBi wall energy of
γw = 4

√
AK1 = 2.03 × 10−2 J/m2, µ0Ms = 0.73 T (for

the LTIP phase) andR0 = 1.41 µm (corresponding to the
average value of the Mn grains) asHp = 19.7 kA/m, which
is very close to the experimental coercivity. Complementary,
the initial magnetization curve for this annealed alloy is dis-
played in Fig. 5, for which the slope at the onset of the curve,
associated to the initial magnetic susceptibility, is much less
pronounced compared with the as-cast alloy, which reflects
the constrained displacement of domain walls due to their
pinning at the Mn inclusions described for Fig. 2. This fea-
ture gives further support to the pinning of domain walls as
the coercivity mechanism for this alloy.
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4. Conclusions

The coercivity mechanism of MnBi alloys is strongly depen-
dent on phase constitution and microstructural features. For
MnBi alloys obtained by suction casting technique, the mod-
ulation of Bi-rich zones surrounding the ferromagnetic LTIP
is critical to achieve high coercivity values by means of nu-
cleation controlled reversal mode for LTIP zones not exceed-
ing 6 microns, whereas for extended MnBi over 10 microns,
coercivity mechanism switched to pinning of domain walls

promoted by the formation Mn-based inclusions embedded
within extensive LTIP areas.
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