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Abstract 
This study addresses the growing concern with the difficulty of 
obtaining Nd for NdFeB magnets. Mn-Al has the potential to be a 
substitute but it lacks the high coercivity and ferromagnetic phase 
stability. Indium and gallium help with coercivity and phase 
stability, respectively. Through a two-step heat annealing process, 
the quaternary alloy showed an increase in coercivity although a 
greater decrease in magnetization when compared to a sample of 
the same composition without indium. 

Background 

Rare Earth Element Supply and Demand Forecast 
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• NdFeB demand will greatly increase; non rare-earth 

elements can be used to create novel magnets 

• The magnetization depends on Mn atom magnetic 

moments being aligned - found only in this crystal 

structure 

• Ga and In can substitute for Al because of their 

Processing and Results 
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High Temperature, Quenched, then Low Temperature, 

Air Cooled 

450
°

C (0.75-24 hr) 

21
°
c 

Time (hours) 

Coercivity Plot 

The best order of heat treatments 

along with cooling methods is 

1100"C quenched then 450 °C air 

cooled. Two heat treatments need 

to be done to achieve the highest 

coercivity 

Time plays a role as a 4 hour heat 

treatment starts to show 

ferromagnetism while a 24 hour 

treatment decreases the coercivity. 
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Sample AR 300E, a Mn-Al-Ga-In alloy (55-36-6-3 at%) 
micrograph taken at 1 OX zoom. 
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EDS Llnescan across boundary precipitate 
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Scanning Electron Microscope 
EDS line Scan Across Precipitate 
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Through EDS analysis, the circular precipitate has a very high 
concentration of indium. This suggests that these precipitates act as 
a pin in the alloy thus increasing the coercivity of the alloy. 

Magnetization Comparisons 
Mn-Al-Ga-In 

(55-36-6-3 at%) 

Coercivity: 0.2 T 
Saturation Magnetization: 

15 kA/m 
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Conclusion: 

Mn-Al-Ga 

(55-39-6 at%) 

Coercivity: 0.06 T 
Saturation Magnetization: 

500 kA/m 

Indium increases the coercivity of the alloy 0.2 T to 0.06T 

in a non-indium alloy sample. However the 

magnetization is very low. 

2 Heat treatments need to be done in a specific order in 

order to maximize the coercivity and the magnetization 

of the alloy 

Future Works 
- If the composition is the same then test 

different temperatures with different times 
- If composition changes then repeat the best 

heat treatment course from here and compare 




