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The ball-milling and incorporating of cobalt (Co) are demonstrated as viable routes to 

produce exchange coupled hard/soft magnets from arc-melted manganese bismuth (MnBi) 

ingots. Properties of MnBi/Co magnets aligned by magnetic field parallel and 

perpendicular to the sample’s plane are comparable but strongly influenced by the Mn:Bi 

ratio and heat treatments on the ball-milled MnBi powders. By annealing 290 C for 40 h, 

the powder with Mn:Bi ratio of 2:1 leads to the highest coercivity and magnetization. In 

the case of MnBi sintered at 1,000 C for 20 min, the formation of Bi2O3 nanowires 

enhances the coercivity but the magnetization is reduced with the decrease in the MnBi 

phase. 
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1. Introduction 
 

Exchange coupled hard/soft magnets are under research and development for their 

potential applications as rare-earth free magnets [1]. By incorporating hard magnets with soft 

magnetic nanostructures, the coercivity and energy product are enhanced because the soft 

magnetic phase impedes the magnetization reversal process of the hard magnetic phase resulting in 

characteristically large coercivity for permanent magnets. In [2], milling hard magnetic MnBi 

alloys with cobalt nanowires in liquid nitrogen gave rise to MnBi/Co nanocomposite magnets with 

enhanced coercivity and energy product. Magnetic properties of MnBi/Co and MnBi/Fe65Co35 

nanocomposite magnets were studied by micro-magnetic simulation [3]. 

The low temperature phase (LTP) MnBi is a prime candidate for the hard phase in the 

exchange coupled hard/soft magnets with potential applications at elevated temperature due to a 

large positive temperature coefficient of coercivity. Its NiAs-type hexagonal crystal structure leads 

to high uniaxial magnetic anisotropy. This ferromagnetic phase can be converted from the 

paramagnetic high temperature phase (HTP) MnBi around 355 C. However, the single-phase LTP 

MnBi alloy is not obtained in practice [4,5]. The peritectic solidification results in the mixed phase 

of MnBi, Mn and Bi. Furthermore, both Mn and Bi are susceptible to the oxidation. To produce 

bulk magnets, MnBi have to undergo several processing steps including grinding into powders, 

annealing, compacting and aligning in magnetic field [6]. The increase of the LTP was 

demonstrated by the annealing up to 25 h [7] and dependent on the temperature [8]. In [9], large 

magnetic field was applied in the solid-state reaction sintering to produce highly anisotropic MnBi 

magnets. The ball milling has received a great deal of attention as a pathway to refine MnBi 

alloyed powders. The powder refinement increases the coercivity [10, 11]. However, the prolong 

milling reduces the value of magnetization due to the surface oxidation [12] and Bi decomposition 

[13]. To prevent excessive particle agglomerations, either oleic acid as surfactants [14] or CaO as 

dispersants [15, 16] were included in the ball milling.   

In this work, the effects of Mn:Bi ratio and heat treatment on ball-milled MnBi were 

demonstrated. The Mn:Bi ratio of 2:1 and 3:1 were tested to compensate the resulting segregation 
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and unbalanced composition due to the large difference in melting points of Mn and Bi [4,5]. The 

MnBi powders were then used to produce MnBi/Co magnets and their magnetic properties were 

compared. 

 

 
2. Experimental 
 
2.1. Fabrication of MnBi and MnBi/Co magnets  

Arc-melted MnBi ingots were ground and then equally separated in two portions.  For the 

first set of samples, the temperature was increased from the room temperature to 1,000 C with the 

heating rate of 60 C/min and the samples were sintered for 20 min. After that, it was cooled down 

to 270 C with the same rate and held for 20 h for the annealing. Finally, the temperature was 

brought down to the room temperature. The other set of sample was only annealed at 290 C for 

40 h by using the same heating and cooling rates. In addition to the different heat treatments, the 

effect of composition was also investigated by using ingots with varying Mn:Bi atomic ratio as 2:1 

and 3:1.    

After the heat treatment, the samples were milled to obtain fine MnBi powders by 

operating a ball-milling machine (Retsch PM100) at a speed of 200 rpm for 2 h. Stainless steel 

balls of 3, 4 and 5 mm in diameter were used with a balls-to-powder weight ratio of 20:1. To 

fabricate bulk MnBi/Co magnets, the MnBi powders were mixed with Co powders (2 m particle 

size, 99.8, Aldrich) in a weight ratio of 85:15. The powders were pressed under 2500 psi uniaxial 

pressure for 10 min. These compacted MnBi/Co pellets were heated at 300 C for 30 min, and then 

aligned in 7 kOe magnetic field for 10 min to obtain the bulk MnBi/Co magnets. Two magnetic 

field directions were tested, i.e. parallel to the sample’s plane (y-axis) and perpendicular to the 

sample’s plane (z-axis).  

 

 

2.2. Characterization of MnBi powders and MnBi/Co magnets 

Phase, morphology and magnetic properties of MnBi/Co nanocomposites were 

characterized. The morphology was investigated using a field emission scanning electron 

microscope (FESEM: Zeiss Merlin Compact). The elemental compositions were tracked by energy 

dispersive spectrometry (EDS: Oxford Aztec connected Zeiss Merlin Compact). The phase 

compositions were examined by an X-ray powder diffractometry (XRD: X'Pert MPD, Philips) 

with Cu-K radiation. The magnetic properties were measured by the vibrating sample 

magnetometer (VSM) up to ±10 kOe. The maximum magnetization in 10kOe is denoted as Mmax 

and the magnetization in zero field is referred to as Mr. 

 

 

3. Results and discussion 
 

3.1. Phase and magnetic properties of ball-milled MnBi 

From XRD patterns of annealed samples in Fig. 1a), the peaks at 28.14, 38.14, 42.20, 

51.13, 51.49, 68.68, 52.14 and 29.21 respectively correspond to the (101), (102), (110), (103), 

(201), (211), (112) and (002) diffraction planes of MnBi (Reference: 03-065-8164 bismuth 

manganese). However, the single phase MnBi is not obtained and the Mn, Bi as well as impurity 

phases are also formed similar to the literature [4,5]. By comparing samples with Mn:Bi of 2:1 and 

3:1, the XRD peaks are located at the same positions but relative peak intensities are different. The 

sintered samples in Fig. 1b) exhibit higher Bi peak at 27.16, 39.62, 48.70, 64.51 and 62.18 

(Reference: 01-085-1329 bismuth) at the expense of the MnBi phase.  

From hysteresis loops of ball-milled MnBi shown in Fig. 2, magnetic parameters can be 

listed. The coercivity and remanent magnetization summarized in Table 1 are much lower than 

those reported in literature in the past few years [10, 11, 16-18]. Nevertheless, the effects of heat 

treatment and composition are demonstrated in this work. The largest magnetization (6.1 emu/g) is 

obtained after milling in the case of annealed powders with Mn:Bi ratio of 2:1 but this sample does 
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not exhibit the largest coercivity. Interestingly, the larger value (538.5 Oe) is obtained in the 

sintered powders with Mn:Bi ratio of 3:1 which is likely attributed to the increased in Bi phase 

impeding the magnetization reversal process of MnBi. EDS spectra, not shown here, also suggest 

the existence of Bi2O3 phase which is not clearly detected by XRD. The sintering at 1,000 C 

apparently leads to the segregation and oxidation of Bi. 
          

    
       (a)       (b) 

 
Fig. 1. XRD patterns of (a) annealed and (b) sintered samples prepared with Mn:Bi ratio  

of 2:1 and 3:1 after the ball-milling. 

 

 

                 
       (a)       (b) 

 
Fig. 2. M-H curves of (a) annealed and (b) sintered samples prepared with Mn:Bi ratio of  

2:1 and 3:1 after the ball-milling. Insets are magnified portions at low fields up to ±400 Oe. 

 

 

3.2. Morphology and magnetic properties of MnBi/Co magnets 
FESEM images of bulk MnBi/Co magnets prepared by using annealed and sintered 

powders with Mn:Bi ratio of 2:1 and 3:1 are shown in Fig. 3. All samples have compact 

morphology with some pores between microclusters.  The ball-milling reduces the grain size of 

annealed and sintered MnBi and these fine powders form agglomerates with Co powders into 

microclusters due to magnetic interaction. Moreover, Figs. 3c) and 3d) reveal needle-like feature 

in magnets prepared with sintered powders.  These nanowires are likely due to the segregation and 

oxidation of Bi. Similar Bi2O3 nanowires were reported in [19]. 
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    (a)       (b) 

 

      
    (c)       (d) 

 
Fig. 3. FESEM images of MnBi/Co magnets from annealed samples prepared with Mn:Bi 

 ratio of a) 2:1 and b) 3:1; sintered samples prepared with Mn:Bi ratio of c) 2:1, d) 3:1. 

 

 

Fig. 4 and Table 1 compare magnetic properties of MnBi/Co magnets using different ball-

milled MnBi powders and directions of magnetic alignment. Overall, the magnetic properties of 

MnBi/Co magnets exhibit small variations with the direction of magnetic alignment. Importantly, 

the coercivity and magnetization of magnets become less sensitive to the composition and heat 

treatment. The difference in magnetization of MnBi/Co magnets is reduced compared to those 

among the MnBi powders. The varying coercivity of 146.1-256.5 Oe in the MnBi/Co magnets is in 

a much smaller range than 45.3-538.5 Oe in the ball-milled powders. The result implies that the 

effect of Bi2O3 nanowires is more significant than that of Co. The magnets prepared from annealed 

powders with Mn:Bi ratio of 2:1 have the highest coercivity and magnetization. The reduction in 

magnetization in the case of sintered powders is attributed to the reduction in MnBi phase 

observed by XRD. Nevertheless, the Bi and Bi2O3 phases observed by XRD, EDS and FESEM in 

the case of sintered powders may impede the magnetization reversal process resulting in 

considerable coercivity.  
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      (a)       (b) 

 

     
      (c)       (d) 

 
Fig. 4. M-H curves of MnBi/Co magnets prepared by using a) annealed and b) sintered powders with Mn:Bi 

ratio of 2:1 and 3:1 and aligned in magnetic field parallel to the sample’s plane (y-axis); c) annealed and d) 

sintered powders with Mn:Bi ratio of 2:1 and 3:1 and aligned in magnetic field perpendicular to the 

sample’s plane (z-axis). Insets are magnified portions at low fields up to ±400 Oe. 

Table 1.  Magnetic properties of ball-milled MnBi and MnBi/Co magnets. 

 

 

Sample 
Hc (Oe) Mr (emu/g) Mmax (emu/g) 

Mn:Bi 2:1 Mn:Bi 3:1 Mn:Bi 2:1 Mn:Bi 3:1 Mn:Bi 2:1 Mn:Bi 3:1 

Milled MnBi 
-annealed powder  

-sintered powder  

 

246.9 

193.2 

 

45.3 

538.5 

 

6.1 

2.0 

 

1.9 

2.7 

 

31.7 

17.4 

 

28.2 

11.5 

MnBi/Co  

Aligned in y-axis 

-annealed powder                

-sintered powder 

 

 

256.5 

233.5 

 

 

146.1 

254.2 

 

 

2.4 

2.0 

 

 

1.6 

2.2 

 

 

20.9 

19.5 

 

 

21.3 

19.5 

MnBi/Co  

Aligned in z-axis 

-annealed powder                

-sintered powder 

 

 

228.0 

228.2 

 

 

147.0 

246.1 

 

 

2.0 

1.7 

 

 

1.7 

1.9 

 

 

21.0 

18.3 

 

 

21.6 

18.4 

 
 

4. Conclusions 
 

The Mn:Bi ratio and heat treatments strongly affected coercivity and magnetization of 

ball-mill MnBi powders. However, the difference in magnetic properties were less marked in 

MnBi/Co magnets. The MnBi/Co magnets prepared from annealed MnBi powders with Mn:Bi 

ratio of 2:1 exhibited the largest coercivity and magnetization. The use of sintered powders 

decreased the magnetization due to the formation of Bi and Bi2O3 phases at the expense of LTP 
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MnBi. On the other hand, the coercivity tended to increase by the inclusion of Bi2O3 nanowires. 

These magnetic properties showed small variations with the direction of magnetic alignment. 
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