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Abstract. A microwave furnace combining the power of 2,000-2,500 W from 4 commercial 

magnetrons is demonstrated as an apparatus for melting alloys. Under an argon atmosphere, 

the microwave heating was transferred to pieces of broken bismuth (Bi) ingots and 

manganese (Mn) flakes via a silicon carbide plate for 1 h. Field-emission scanning electron 

microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDS) revealed 

inhomogeneous composition and morphology, similar to MnBi alloyed in arc-melting and 

induction furnaces. Due to the peritectic reaction, the product contained mixed phases of Mn, 

Bi, Bi2O3, and MnBi with particle size ranging from 100 nm to over 1 m. Bulky cubic-like 

particles were unreacted Mn clusters, whereas fine particles were Bi and Bi2O3. 

Homogeneous regions among Mn-rich and Bi-rich particles were characterized as the MnBi 

phase. Areas with a balanced composition between Mn and Bi were increasingly observed 

after annealing at 280C under the pressure of 60 psi for 12 h. 
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Introduction 

 

The applications of alloys are rapidly extended from traditional uses to advanced 

functions. Numerous combinations and compositions of metals are increasingly investigated 

for their mechanical and physical properties. Various alloying techniques using arc-melting, 

melt-spinning, and electromagnetic induction furnaces have been improved and modified to 

meet new demands regarding each functional alloy [1-3]. Microwave heating is ubiquitous in 

household, drying of agricultural products as well as chemical processes. Compared to other 

forms of heating, the microwave furnace is economical in terms of energy and time, resulting 

in extensive implementation with dielectric materials [3,4]. However, its use in alloy 

processing is somewhat limited since the microwave cannot directly heat bulk metals. Only 

microwave sintering of metallic powders is widely used because microwave does not reflect 

from powders [5,6].  

 

In this work, a microwave furnace was developed as an alternative for alloying 

functional materials and tested in alloying manganese-bismuth (MnBi). This ferromagnetic 

alloy has been investigated for its positive temperature coefficients of coercivity [7] and 

magnetooptical properties [8]. The challenge in developing this rare-earth-free magnet is to 

synthesize the low-temperature phase (LTP) MnBi from precursors of highly different 

melting temperatures, i.e., 1246 °C for Mn and 271.4 °C Bi. Moreover, Mn tends to segregate 

from Bi by the peritectic reaction during the solidification resulting in mixed phases of MnBi, 

Mn-rich, and Bi-rich clusters in common melt products [7,9]. Field-emission scanning 

electron microscopy (FESEM), equipped with energy-dispersive X-ray spectroscopy (EDS), 

is principally used to investigate both morphology and elemental composition of the product 

alloyed in this microwave furnace. The variations in elemental compositions can be used to 

explain the partial formation of the LTP MnBi observed by X-ray diffractometry (XRD) and 

differential thermal analysis (DTA). The phase segregation is also observed in FESEM 

images. 

 

 

Materials and Methods 

 

Four commercial magnetrons (LCEL001B) were combined to raise microwave power 

to 2,000-2,500 W for the alloying in a stainless-steel cubic cavity (282828 cm3). The 

microwave irradiation through 2.17-3.30 GHz waveguides assembled on 4 sides of the cavity 

was converted into heat by a silicon carbide (SiC) plate. Metals can then be melted in an 

alumina crucible placed on the SiC heating plate, as depicted in Figure 1. To reduce the 

oxidation on the surface of alloys, the air was evacuated and the microwave cavity was then   

by argon gas before the alloying. 
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Figure 1. Alloying MnBi in microwave furnace and characterization by FESEM/EDS 

 

The lab-made microwave furnace was tested by alloying Mn flakes (99.9%) and 

broken Bi ingot (99.99%) in the atomic ratio of 2:1. The melting was carried out at the 

average temperature of 1,300C for 1 h. Then, magnetrons were switched off, allowing the 

alloyed product to cool down to room temperature before it was ground into powders. 

Thermal properties were measured by DTA (PerkinElmer DTA7) at the rate of 5C/min. The 

other sample was prepared by annealing the as-melt sample at 280C under the pressure of 60 

psi for 12 h in a lab-made apparatus described in [10]. The morphology of ground products 

was visualized by the FESEM (Zeiss Merlin Compact). The elemental compositions on 

selected areas were probed by EDS (Oxford Aztec) attached to the FESEM, as shown in 

Figure 1. For the phase characterization, the single-crystal X-ray crystallography (Rigaku 

Oxford Diffraction-XtaLAB SuperNova) was operated in the micro powder mode using a Cu 

microfocus X-ray source and a HyPix 3000 detector. 

 

 

Results and Discussion 

 

A DTA curve in Figure 2 shows the absorption and release of heat, related to changes 

in structure and phase of the alloyed product. The broad endothermic peak under 100C 

signifies water removal. The sharp endothermic peak at 274C corresponds to the melting of 

Bi. A broad exothermic peak present below 400C, consistent with the literature [11], is 

attributed to the formation of LTP MnBi. The LTP to high-temperature phase (HTP) and 

other endothermic transitions are observed as the temperature increases. Besides endothermic 

transitions, the crystallization results in a broad exothermic peak slightly below 1000C. 

These thermal properties can confirm the characterizations by XRD and EDS. 



Chitnarong Sirisathitkul et al. Malaysian Journal of Microscopy Vol. 17 No.2 (2021), Page 1-8 

 

4 
 

 
 

Figure 2.  DTA curve of MnBi alloyed in the microwave furnace for 1 h. 

 

EDS spectra from three regions compared in Figure 3 indicate that the alloyed product 

is highly inhomogeneous. The first exemplified region has the elemental Mn:Bi ratio of 

28.82. By contrast, the light region has a much higher Bi composition than that of Mn, 

confirming the segregation between Mn and Bi. Finally, there are also somewhat 

homogeneous regions, but the Mn composition is still higher than Bi. By arc-melting Mn and 

Bi, the ratios of Mn:Bi were similarly varied [9]. The products previously obtained from arc-

melting [12] and vacuum sintering [13] were also classified into three regions. Significant 

detections of oxygen and carbon can be attributed to the chamber environment [14]. 

Moreover, Mn is highly susceptible to oxidation. 

 

 
Figure 3.  EDS spectra of the MnBi after melting in the microwave furnace for 1 h. 
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The XRD pattern of the product alloyed for 1 h displayed in Figure 4a exhibits the 

mixed phases of Mn, Bi, Bi2O3, C, and most importantly, MnBi. The strongest peak is 

indexed to Bi at 27.2(012). Other peaks are also matched with the Bi standard (ICSD 

Reference: 01-085-1329). The peaks assigned to Mn are clearly displayed. In the previous 

reports, MnO peaks were not clearly observed by XRD [15] but detected by synchrotron X-

ray absorption [16]. For the LTP MnBi phase, the peaks reveal at 28.1(101), 23.9(100), 

29.2(002), 38.0(102), 42.1(110), 51.2(103), 51.4(201), 52.1(112), 58.1(202), and 

68.6(211) (NIST Reference: 03-065-8164). 

 

The phase distribution can be concluded from EDS and XRD results and matched 

with the morphology in the FESEM image. In Figure 4b, clusters of nanoparticles with 

irregular shapes and lighter appearance are Bi and Bi2O3. Darker granules of 0.5 -1 m in 

size are Mn-rich. Their larger size and planar facets distinguish them from Bi-rich clusters. 

The MnBi phase is not clearly observed and has no distinct morphology. This inhomogeneity 

is attributed to the difference in melting temperature, and the peritectic reaction as the Mn 

tends to form solid clusters in the melted Bi matrix. Such phase segregations were similarly 

reported in the products from arc-melting [9,14,17], melt-spinning [18] and induction 

furnaces [19]. It was demonstrated that MnBi alloys could be homogenized by repeating the 

melting a few times [9,11,12]. 

 

    
 

(a)                                                      (b)    

Figure 4. (a) XRD spectrum and (b) FESEM image of the MnBi after melting in the 

microwave furnace for 1 h. 
 

After the pressing-annealing for 12 h, the spatial distribution in the elemental 

composition of the product is exemplified by three EDS spectra in Figure 5. Whereas either 

large Mn or Bi composition over the other is still obtained, the Mn:Bi ratio is closer to 1 in 

some regions. The diffraction peaks in Figure 6a are present at the same positions, but 

characteristic MnBi peaks become stronger after the annealing. The crystallite size, 

calculated with the Scherrer equation, is around 22 nm for both before and after the 

annealing. The balanced Mn and Bi regions were obviously enhanced after the annealing, 

represented by the uniform surface on the FESEM image in Figure 6b. Bi-rich clusters of 

nanoparticle and Mn-rich granules still exist, but their segregation is reduced. The annealing 

effect on MnBi morphology is comparable to arc-melted products after the annealing at               

300 C [9]. During the annealing below the LTP-HTP transition point, reactions between Bi 

and Mn clusters enhance the LTP MnBi formation [7,14,18,20]. However, the annealing at a 

higher temperature of 500 C for 48 h was detrimental to the LTP MnBi [8]. 
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Figure 5. EDS spectra of the MnBi obtained after annealing at 280C, 60 psi for 12 h. 

 

 

 
 

(a)                                                      (b)    

Figure 6. (a) XRD spectrum and (b) FESEM image of the MnBi obtained after 

annealing at 280C, 60 psi for 12 h. 
 

 

Conclusion 

 

Four commercial magnetrons were combined to raise the temperature in the 

microwave furnace to over the melting point of Mn. According to characterizations by 

FESEM and EDS, the melting of Mn with Bi, whose melting temperature was much lower, 

resulted in a highly inhomogeneous alloyed product. The annealing at 280 C under the 

pressure of 60 psi for 12 h homogenized the alloys. The balanced Mn and Bi regions shown 

by EDS and uniform morphology shown by FESEM were enlarged. In addition to the 

investigation of phase segregation by electron microscopy, this microwave heating was 

successful in producing alloyed products from metals with highly different melting points and 

can be extended to manufacture several other alloys.   
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