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Abstract
In the present work, Mn47Bi50Cr3 ribbons were synthesised employing melt spinning at different wheel speeds ranging from 
16 to 28 m/s, to study the effect of quenching rate on the microstructure, morphology and magnetic properties of rapidly 
solidified alloy. X-ray diffraction studies indicate that the FWHM of diffraction peaks for MnBi increases with the increase 
in wheel speed, leading to a concurrent decrease in the mean grain size. This could be attributed to the high cooling rate 
causing homogeneous nucleation leading to refined grain size. The maximum value of coercivity of 11.9 kOe and saturation 
magnetisation of 54.2 emu/g was obtained for the alloy melt spun at 20 m/s, indicating dependence of coercivity on the grain 
size, and its orientation, which is largely controlled by the wheel speed. Also, XRD pattern confirms that the MnBi phase 
fraction is found to be maximum at this wheel speed. Therefore, high-performance nanocrystalline Mn47Bi50Cr3 magnetic 
material has been synthesised by adjusting the wheel speed and thereby tuning the quench rate. In addition, the phase trans-
formation and variation with respect to temperature and time were studied using thermal analysis technique. Stability of 
magnetic properties of the alloy with respect to time was also studied after the ageing process.
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1  Introduction

Research worldwide in the area of permanent magnet is pri-
marily centred around the development of rare-earth free 
permanent magnet materials due to the environmental and 
the economical issues hovering over the rare-earth metals 
[1–3]. The intermetallic alloy MnBi in its low-temperature 
phase (LTP) has long been a material of interest as it exhib-
its hard ferromagnetic properties. At high temperatures, 
LTP-MnBi displays high coercivity, which is comparable to 
that of Nd2Fe14B magnet, thus making it an ideal candidate 
for high-temperature applications [4]. However, there are 
issues concerning this material; for example, upon heating 
beyond 628 K, LTP-MnBi decomposes into high-temper-
ature Mn1.08Bi phase and liquid Bi. Also, MnBi is highly 
susceptible to oxygen and moisture [5]. In addition to that, 

it is difficult to prepare single-phase MnBi by conventional 
synthesis techniques such as arc melting, melt spinning and 
sintering, because of the peritectic reaction that occurs at a 
relatively low temperature. It has been reported that synthe-
sis of more than 90% of LTP-MnBi phase has been possible 
only by melt spinning method [6]. Kim et al. most recently 
reported ~ 98% pure LTP phase for an annealed partially 
amorphous off-stoichiometric Mn55Bi45 alloy synthesised 
via melt spinning technique [7].

Melt spinning is a widely used technique, primarily 
employed to produce high-performance permanent mag-
nets by rapid quenching. In this method, rapid cooling of 
the material occurs during solidification process [8, 9]. The 
thermal energy dissipated during cooling comprises of both 
superheat and latent heat. The contact time of liquid metal 
to the water-cooled rotating wheel is less than a millisecond, 
leading to a rapid solidification process [10]. Several factors, 
such as atmosphere inside melt spinning chamber, gas ejec-
tion pressure, speed of the rotating wheel, distance between 
wheel surface and crucible slit, melt superheat, shape and 
width of crucible slit and the temperature and cooling con-
ditions of copper wheel, influence the cooling behaviour, 
structure and properties of the rapidly quenched ribbons [10, 
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11]. Among all these parameters, the wheel speed is the 
most crucial parameter. Experimentally, the challenge is to 
thoroughly understand the processing parameters to obtain a 
homogeneous microstructure and desired properties.

It is a known fact that magnetic properties of MnBi-based 
materials are strongly dependent on the microstructure, 
especially grain size and phase distribution [12]. Rama Rao 
et al. reported an increase in coercivity of MnBi alloy due to 
decrease in particle size achieved via jet milling [13]. Simi-
lar studies have been done by processing the melt at different 
wheel speeds, giving rise to different cooling rates, thereby 
resulting in different ribbon thicknesses. This leads to the 
alterations in the microstructure of the as-spun ribbons and 
consequently influences the magnetic properties of material 
[14]. Melt spinning offers a plethora of advantages, but the 
complexity with this technique lies in the narrow process-
ing window at an optimum wheel speed. Thus, a thorough 
understanding of melt spinning process parameters and a 
thoughtful optimisation are necessary to utilise it to its full 
potential.

The potential of melt spinning and the scope of optimising 
various process parameters associated have been explored in 
the present work. The effect of the wheel speed was studied 
for the alloy of composition Mn47Bi50Cr3. As reported in our 
previous work, Cr-doped MnBi leads to the decoupling of 
structural and magnetic transformation temperature, lead-
ing to the formation of a more stable LTP-MnBi [15]. An 
attempt has been made to understand qualitatively the effect 
of melt spinning parameters, specifically wheel speed on the 
structural, microstructural, thermal and magnetic properties 
of Mn47Bi50Cr3 alloy. It was established that the optimised 
wheel speed is essential to obtain a desired phase structure 
that promotes high coercivity and a high magnetisation 
thereby leading to a high figure of merit (BHmax).

Additionally, since MnBi alloys are prone to oxygen and 
moisture, a detailed investigation has been carried out to 
study the degradation and evolution of LTP-MnBi phase. 
This is an important study as the oxygen sensitivity as well 
as the thermal and time stability of LTP-MnBi could be 
next hindrance for real application of this permanent mag-
net material.

2 � Experimental details

An alloy of composition Mn47Bi50Cr3 was prepared by arc 
melting, where the constituent elements of purity better 
than 99.99% were weighed in the stoichiometric ratios and 
were arc-melted in a mini-arc melter (MAM-1, Edmund 
Buhler GmbH). The ingots were flipped and re-melted sev-
eral times to ensure homogeneity. The arcmelted ingots 
were then melt spun at various wheel speeds in the range 
of 16 to 28 m/s using melt spinning unit (Melt Spinner HV, 

Edmund Buhler GmbH) in order to form nanocrystalline 
ribbons, keeping rest all the parameters same.

The thickness of the ribbons thus obtained is meas-
ured with the digital micrometer (Mitutoyo, least count: 
0.001 mm). Structural characterisation was done by X-ray 
diffraction (XRD) measurement performed in a Rigaku 
diffractometer using Cu-kα radiation to determine the 
phase formation. Thermal analysis was carried out using 
differential scanning calorimeter (DSC, 404 F3 Pegasus, 
Netzsch), to determine the phase transformation tem-
peratures. The microstructure of the alloy was studied by 
scanning electron microscope (SEM, EVO MA10). The 
magnetic properties were measured by the vibrating sam-
ple magnetometer (VSM, Lakeshore VSM-7410), up to a 
maximum field of 2 T.

3 � Results and discussion

3.1 � Effect of wheel speed on ribbon thickness

The average thickness of as-melt-spun ribbon as a function 
of varying wheel speed is shown in Fig. 1. The thickness 
of the ribbon decreases from 59 to 39 µm for the ribbon 
melt spun at 16 m/s to 28 m/s. The regression analysis was 
performed to fit the curve with a correlation factor (R2) of 
0.986, which emphasises that the ribbon thickness var-
ies inversely with the wheel speed. The increasing wheel 
speed leads to the increase in centrifugal force, resulting 
in the formation of thinner ribbons [16, 17]. Since cool-
ing rate is directly proportional to wheel speed, it can be 
concluded that ribbon thickness decreases with cooling 
rate [18].

The rate of cooling is given by the equation:

Fig. 1   Effect of variation of wheel speed in melt spinning technique 
on the thickness of the ribbons of Mn47Bi50Cr3
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 where n is the form factor, h represents the heat transfer 
coefficient, T is the melting temperature, Tw is the tempera-
ture of copper wheel, Cp is the latent heat per unit mass, ρ 
is the density of the material and d is the thickness of the 
ribbon. This clearly implies that thickness of the ribbon is 
inversely proportional to the cooling rate and in turn the 
wheel speed.

3.2 � Thermal analysis and effect of ageing

DSC curve for the samples melt spun at different wheel 
speed is shown in Fig. 2a. As can be seen from the fig-
ure, peak at 144 °C is the ferrimagnetic reorganisation tem-
perature, which depicts the small fraction of ferrimagnetic 
MnBi present in the sample. Peak at 267 °C corresponds 
to the melting point of bismuth and is due to the reaction 
from αMnBi + Bi solid, melting to Bi-rich liquid and αMnBi 
[19. The third endothermic peak at 359 °C is the LTP-HTP 
transformation temperature, wherein conversion of αMnBi 
to βMnBi and the separation of Bi-rich liquid occur. And, 
finally the peak at 457 °C corresponds to the peritectic reac-
tion of MnBi, where βMnBi transforms to αMn and Bi-rich 
liquid [20]. A point worth emphasising is that the onset tem-
perature of LTP-HTP transition for all the ribbons is same, 
which supports the uniformity of phase composition for all 
ribbons. The difference lies in the enthalpy of crystallisa-
tion (ΔH) calculated from the area under the curve, which 
was observed to increase with the increasing wheel speed. 
ΔH values for sample melt spun at 16, 20, 24 and 28 m/s 
was determined to be 1.829, 2.569, 3.681 and 3.71 J/g, 

(1)R =

nh
(

T − Tw
)

cp�d

respectively. This clearly implies that the enthalpy of crys-
tallisation depends upon the rate of cooling, and optimised 
wheel speed is therefore necessary for the formation of a 
stable alloy [21].

To study the effect of ageing, thermal analysis was carried 
out on samples kept at ambient conditions for 12 months 
as shown in Fig. 2b. The effect of oxidation is observed on 
normalised heat flow curves on all the samples except for 
sample melt spun at 20 m/s. After ageing in air, only the 
melting of Bi-rich liquid (at 267 °C) stays well preserved in 
all the samples, contrary to the MnBi transformations. The 
broad peak around 222 °C can be regarded as the reaction 
of thermally unstable oxides, like MnO2 [22]. The missing 
LTP-HTP conversion peak indicates the degradation of the 
majority of LTP-MnBi. Similar effect has been described in 
[5], where the impact of oxidation on the sample prepared 
in Ar atmosphere has been studied. Another interesting fea-
ture worth emphasising is that the DSC curves of sample 
melt spun at 20 m/s indicate an absence of oxidation peak 
at 222 °C, even after 12 months of ageing. The presence of 
LTP-HTP peak implies that the LTP-MnBi is still preserved. 
This clearly indicates that the sample melt spun at 20 m/s 
is more stable than its counterparts and exhibits superior 
properties.

3.3 � Phase analysis

Figure 3a shows the X-ray diffraction pattern of Mn47Bi50Cr3 
melt spun at different wheel speed of 16 m/s, 20 m/s, 24 m/s 
and 28 m/s. LTP-MnBi phase with the 100% peak intensity 
at 28.3 degrees decreases with the increasing wheel speed, 
except for the sample melt spun at 20 m/s. This further 
establishes that the most stable LTP-MnBi was formed at 
a wheel speed of 20 m/s. Figure 3b shows the XRD pattern 

Fig. 2   DSC micrograph of Mn47Bi50Cr3 melt-spun ribbons at various wheel speeds of 16 m/s, 20 m/s, 24 m/s 28 m/s: a as-prepared sample, b 
sample aged for 12 months, measured under the similar conditions
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of the samples aged for 12-month duration. There is preva-
lence of MnO2 peaks, and the intensity of LTP-MnBi peak 
has decreased drastically, in agreement with the DSC data. 
As can be seen from Fig. 3b, the LTP-MnBi peak is well 
preserved for the sample melt spun at 20 m/s, implying that 
this is the optimum wheel speed for the formation of a sta-
ble LTP-MnBi alloy. Rietveld refinement of Mn47Bi50Cr3 
ribbon, melt spun at an optimised wheel speed of 20 m/s, 
was also carried out to confirm the phase formation. Riet-
veld analysis was done taking into consideration two phases, 
namely MnBi (space group: P63/mmc) and Bi (space group: 
R-3 m), as shown in Fig. 3c.

The crystallite size as obtained from the Scherrer’s 
formula also decreases with the increasing wheel speed 
(Fig. 3d). The grain size decreases from 80 to 32 nm for 
the ribbons melt spun at 16 m/s and 28 m/s, respectively. 
As can be seen from the figure, grain size decreases with 
the increasing wheel speed, due to higher rate of cooling 
induced on the melt. Also, the strain as calculated from 
Williamson–Hall plot suggests that, with increasing wheel 
speed, more strain is introduced in the alloy (Fig. 3d). The 

average strains of the ribbons with the spinning speeds of 
16, 20, 24 and 28 m/s were found to be 0.38%, 0.55%, 0.84% 
and 0.98%, respectively. For lower wheel speed, i.e. under-
quenched condition, there is a formation of inhomogeneous 
microstructure. On the other hand, for higher wheel speed, 
i.e. over-quenched condition, larger fractions of amorphous 
phase are observed [23].

3.4 � Morphological characterisation

SEM images of Mn47Bi50Cr3 melt-spun ribbons at various 
wheel speeds of 16 m/s, 20 m/s, 24 m/s and 28 m/s show 
the variation of grain size with respect to the changing 
wheel speed (Fig. 4). Sample melt spun at 16 m/s consists 
of coarse as well as fine-grained microstructure. Whereas, 
at wheel speed of 20 m/s and above, grain size was found 
to decrease, in addition, some flaky particles were also 
observed. It can also be noticed that faster quenched 
ribbons have less thickness and a fine grain structure. 
At higher wheel speed, rapid solidification resulting 
from the water-cooled copper wheel interface generates 

Fig. 3   X-ray diffraction curve of Mn47Bi50Cr3: a as-melt-spun 
ribbons, b after ageing for 12  months, at various wheel speeds 
of 16  m/s, 20  m/s, 24  m/s and 28  m/s. c Rietveld refinement of 

Mn47Bi50Cr3 ribbon, melt spun at a wheel speed of 20 m/s. d Vari-
ation of strain and the crystallite size with respect to the changing 
wheel speed for as-melt-spun ribbon
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ultra-fine-grained structures with equiaxed grain mor-
phology [24]. As evident from Fig. 4, a decrease in par-
ticle size is observed with the increasing wheel speed. 
This essentially indicates that finer grains are formed at 
a higher solidification rate. This is in accordance with the 
previous reports, which states that the grain size varies 
inversely with the cooling rate and the wheel speed. This 
is because of the fact that during undercooling, the initial 
grain size of the ribbon depends on crystal growth rate, 
heterogeneous nucleation frequency and the time taken 
for solidification on the surface [25].

3.5 � Magnetic characterisation

To study the effect of rate of cooling on the magnetic proper-
ties, room-temperature M–H curve was recorded at a maxi-
mum applied field of 2 T. As can be seen from Fig. 5a, an 
increase in magnetisation and coercivity is observed with the 
increase in wheel speed from 16 m/s to 28 m/s. The maxi-
mum increase in coercivity and magnetisation and thereby 
(BH)max is observed for the sample melt spun at 20 m/s. 
The value of coercivity and magnetisation for Mn47Bi50Cr3 
melt spun at 20 m/s is found to be 11.9 kOe and 54.2 emu/g, 
respectively, with a (BH)max of 5.1 MGOe. This could be 
attributed to the optimised cooling rate causing considerable 

Fig. 4   SEM images of 
Mn47Bi50Cr3 melt-spun rib-
bons at various wheel speeds 
of 16 m/s, 20 m/s, 24 m/s and 
28 m/s, showing the effect of 
varying wheel speed on particle 
size and morphology

Fig. 5   Room-temperature M–H curve of Mn47Bi50Cr3 melt-spun ribbons at various wheel speeds of 16 m/s, 20 m/s, 24 m/s and 28 m/s: a as-
prepared, b aged 12 months, measured under similar conditions
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nucleation leading to fine-grained crystalline microstructure, 
leading to high value of coercivity.

A high value of coercivity achieved can be attributed 
to the reduction in grain sizes as seen from SEM images. 
A decrease in grain size leads to an increase in number of 
grain boundaries and in turn pinning sites. Also, refinement 
of grain sizes hinders the nucleation of reverse domains at 
the grain boundaries and reduces the local demagnetising 
stray fields. As the grain size approaches single magnetic 
domain, there is a change in reversal of magnetic domains 
from domain wall motion to the coherent rotation state. As 
a consequence of this, a large enhancement in coercivity 
is observed, due to magnetic isolation of individual grains. 
This clearly implies that the wheel speed has a significant 
effect on the microstructure and therefore the magnetic prop-
erties. High wheel speed although resulted in higher cooling 
rates but led to the dominance of undesired phase (such as 
ferrimagnetic MnBi). On the other hand, lower wheel speeds 
resulted in very low cooling rates and relatively high grain 
size in the melt-spun ribbons, resulting in inferior magnetic 
properties [26]. Thus, optimised wheel speed is therefore 
essential for obtaining the fine-grained microstructure along 
with desired magnetic phases.

The evolution and degradation of Mn47Bi50Cr3 sample, 
aged over 12 months, were also reflected in M–H measure-
ments. As can be seen from Fig. 5b, a decrease in mag-
netisation and coercivity is observed, due to the oxidation 
of the samples, as is evident from the DSC curve as well. 
However, the optimised sample melt spun at 20 m/s and aged 
for 12 months shows only marginal decrease in its magnetic 
properties as compared to the other samples.

To further understand the effect of wheel speed on Curie 
temperature (TC), magnetisation versus temperature curves 
were obtained for all four conditions, up to a temperature of 
450 °C (Inset of Fig. 6). To precisely determine the value 
of TC, derivative of magnetization (dM/dT) was plotted as 
a function of temperature, for all the four wheel speeds, as 
shown in Fig. 6. Only a minor change in TC was observed 
for samples melt spun at different wheel speeds. The mar-
ginal decrease in TC with the increasing wheel speed may be 
attributed to the effect of exchange field penetration of the 
nanocrystalline phase formed during melt spinning, varying 
with changing wheel speed [27,28].

4 � Conclusion

In the current study, the advantages of rapid solidifica-
tion were utilised to synthesise a more stable Cr-doped 
MnBi hexagonal phase by optimising the quenching rates, 
which were controlled by the careful tuning of speed of the 
water-cooled copper wheel during melt spinning. It was 

found that the composition Mn47Bi50Cr3 melt spun at an 
optimised wheel speed of 20 m/s displays high magnetic 
properties with coercivity 11.9 kOe and magnetisation of 
54.2 emu/g. This is attributed to various phenomena such 
as refined grain structure as studied from SEM images and 
stable phase formation as deduced from XRD and DSC 
analysis. In addition to that, the evolution and degrada-
tion of the stable LTP-MnBi phase thus formed were also 
studied through the process of ageing. The samples which 
were aged for 12 months showed degradation of magnetic 
properties due to the oxidation of the samples leading to 
the formation of MnO2. DSC analysis confirmed the oxida-
tion of samples, except for the sample melt spun at 20 m/s, 
which further emphasised a more stable phase formation. 
This study is important from the perspective that melt 
spinning is a complex yet useful technique which offers 
maximum solid solubility. And hence, understanding the 
technique and the optimisation of process parameters is 
necessary to utilise it to its full potential to enhance the 
magnetic properties of Cr-doped MnBi alloy. Also, optimi-
sation of melt spinning parameters helps in the direct for-
mation of a stable LTP-MnBi phase, through a single-step 
reaction, eliminating the need for further annealing. This 
could serve as a benefit for the production of MnBi-based 
alloys, which are the ideal candidate for rare-earth free 
permanent magnet materials.
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Fig. 6   Determination of Curie temperature of Mn47Bi50Cr3 melt-
spun ribbons at various wheel speeds of 16 m/s, 20 m/s, 24 m/s and 
28 m/s. Inset: magnetisation versus temperature curve carried out at a 
constant applied field of 1 kOe
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