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Phase evolution During extraction anD recovery of Pure nd from magnet

Liquid Metal extraction process using molten Mg was carried out to obtain Nd-Mg alloys from Nd based permanent magnets 
at 900oC for 24 h. with a magnet to magnesium mass ratio of 1:10. Nd was successfully extracted from magnet into Mg resulting 
in ~4 wt.% Nd-Mg alloy. Nd was recovered from the obtained Nd-Mg alloys based on the difference in their vapor pressures us-
ing vacuum distillation. Vacuum distillation experiments were carried out at 800oC under vacuum of 2.67 Pa at various times for 
the recovery of high purity Nd. Nd having a purity of more than 99% was recovered at distillation time of 120 min and above. 
The phase transformations of the Nd-Mg alloy during the process, from Mg12Nd to α-Nd, were confirmed as per the phase diagram 
at different distillation times. Pure Nd was recovered as a result of two step recycling process; Liquid Metal extraction followed 
by Vacuum distillation. 
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1. introduction

Nd based rare earth (re) permanent magnets are high-
performance magnets which are used in many applications 
where compactness and high performance are required. Besides 
being key components of renewable energy technologies such 
as wind turbine, NdFeB magnets are used in hybrid electric 
Vehicles (heV), electronic equipment like hard disk drives, 
 Cd-lens actuator, loudspeakers and LCd-screens etc. [1-3]. 
These applications have made them indispensable in the transi-
tion to a green and sustainable economy. 

The biased distribution of re reserves combined with the 
increasing demand create supply-demand risks and threat of price 
volatility. Moreover, conventional re mining techniques cause 
significant environmental damages, and when ‘value of nature’ 
is taken into account re recycling becomes a more feasible op-
tion than mining [4-6]. Therefore, recycling becomes of much 
importance, and the rising levels of res present around the world 
in the form of end-of-life products need to be tapped on to reduce 
the dependency on mining. in fact, the amount of minor metals 
accumulated in a developed country is said to be comparable 
to that in any major, one-resource-rich country in the world [7].

Liquid Metal extraction (LMe) is an environmental friendly 
recycling process with the ability to extract clean materials with 

low carbon, nitrogen impurities and contamination of unwanted 
metallic from a wide variety of scrap feed materials i.e. from 
swarf to ingots. LMe has been studied in detail in previous 
studies [8-11], in which Nd was selectively diffused into liquid 
Mg forming Mg-Nd alloys. however, further separation of Nd 
from Mg was not studied in detail. Therefore, this study covers 
a two-step recycling process of Nd from NdFeB magnets using 
LMe followed by vacuum distillation (Vd) where Vd is of 
primary focus. 

2. experimental

Magnets having ~30 wt.%Nd-FeB were obtained from 
JAhWA electronics Co. Ltd. for LMe experiment. Mg of 99% 
purity was procured from JC korea. LMe was carried out in 
a high frequency induction furnace at a temperature of 900oC 
for 24 h where the magnet to magnesium ratio was kept at 1:10 
for optimizing extraction efficiency [11]. Vacuum was achieved 
inside the induction furnace up to a level of 2.67 Pa before high 
purity Ar gas was introduced in the chamber for providing inert 
environment. The Mg-Nd alloy was mechanically separated from 
the unreacted Fe-B system, and several pieces were cut from the 
Mg-Nd alloy by jaw cutter. 
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in the second step, Vd experiments were carried out on the 
cut samples at 800oC, vacuum condition of 2.67 Pa for times of 
10 min to 6 h. The resultant samples, both from LMe and Vd 
experiments, were polished and characterized by techniques such 
as Fe-seM, Xrd, XrF and iCP-oes. 

3. results and discussion

An Mg-Nd alloy of 8.32 kg of was obtained as a result of 
the LMe reaction. 20 pieces, each weighing ~10 g, were cut from 

the same region for homogeneity. The average Nd composition 
in the samples was 4 wt.% as per the XrF results. This paper 
does not cover the details of the LMe process as they have been 
covered by other researchers. The seM images and the eds 
mapping results of the LMe samples is given in Fig. 1. The 
corresponding Xrd pattern is shown in Fig. 2.

Two distinct regions, black and grey, can be observed from 
the microstructure of the LMe sample. The eds analysis of 
the sample showed that the grey region was concentrated with 
Nd while the black phase was rich with Mg. The black phase 
was identified as Mg-rich phase whereas the grey phase was 

Fig. 1. (a) Microstructure of the Nd-Mg alloy obtained after the LMe experiment, (b) magnified image of the Mg12Nd-α-Mg region, and (c) EDS 
mapping of the microstructure identifying Mg and Nd rich zones

Fig. 2. Xrd pattern of the Nd-Mg alloy after LMe reaction at 900oC 
for 24 h

identified as Mg12Nd phase by Xrd. Mg was the dominant 
phase in all specimens. These results indicate that Nd success-
fully diffused from the magnet into liquid magnesium forming 
intermetallic phases. 

The objective of this research was to recycle Nd from magnet 
while observe the phase evolution during the process. Most recent 
results agree that the Mg-Nd system consists of the liquid, the 
terminal solid solutions: hcp (Mg solid solution), bcc and dhcp 
(high and low temperature Nd solid solution, respectively) and the 
intermetallic compounds Mg12Nd, Mg41Nd5, Mg3Nd, Mg2Nd and 
MgNd [12-15].The most cited phase diagram of the Nd-Mg alloy 
is the one calculated by s. delifion et al. [12] which investigated 
the phase relationship between Nd-Mg and reported the sequence 
of transformation from low Nd to high Nd concentration in this 
order: Mg12Nd → Nd5Mg41 → Mg3Nd → MgNd → α-Nd.

Vd was selected to separate Nd from Mg-Nd alloy based 
on the significant difference of the vapor pressure between Nd 
and Mg. Vapor pressure of Nd is extremely low compared to 
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of 20 min, 40 min, 60 min, 90 min and 120 min, and 180 min 
are shown in Fig. 3.

After 40 min of distillation time, a white region started to 
appear in the resultant Mg-Nd alloy which has been highlighted 
in Fig. 3(b). As can be seen in the figure, the white region 
increased with increasing distillation time until it became the 
dominant phase at distillation times of 120 min and above. The 
proportion of the dark region, which was preciously identifies 
as α-Mg phase, decreased with increasing time. Moreover, the 
dark region is replaced with light grey and grey region as time 
proceeds. eds point id analysis was carried out to identify the 
phases at different distillation times. The selected regions for 
eds point id after 20 min, 40 min, 60 min, 90 min, 120 min, 
and 180 min are shown in Fig. 3(j)-(l), respectively. The corre-
sponding average values of the elements obtained by the analysis 
of the designated regions are shown in Table 1. 

Fig. 3. seM-Bse images of the resultant alloys after Vd time of (a) 20 mins, (b) 40 mins, (c) 60 mins, (d) 90 mins, (e) 120 min, (f) 180 mins, and 
high magnification seM-Bse images for eds point-id analysis at distillation time of (g) 20 min, (h) 40 min, (i) 60 min, (j) 90 min, (k) 120 min, 
(l) 180 min

Mg even at 1000oC i.e. approximately 0.1 Pa compared to Mg’s 
vapor pressure of 73967.3 Pa 0.73 at the same temperature. 
This implies that liquid Mg has weak intermolecular forces 
and evaporates easily as compared to Nd [16]. The distillation 
temperature needs to be above the melting point and below the 
boiling point of the metal with higher vapor pressure (in this 
case Mg) so that it can melt and subsequently evaporate. it is 
not necessary for it to be much greater than the melting point of 
magnesium (650oC), therefore, a temperature of 800oC was set 
as temperature for Vd experiments. 

Although Mg evaporation did take place even on 5 min 
of distillation time, there was no change in the morphology as 
compared to that of the LMe sample, and Mg remained the 
dominant phase. Mg evaporation increased from 5 min onwards 
but no change in the microstructure was observed till 20 min. The 
microstructure of the resultant samples after distillation times 
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Phases were assigned to each region from the compositional 
analysis by point id in accordance with the phase diagram. The 
white region which started to appear at 40 min was identified 
as Nd-rich phase with Nd concentration of more than 96%. 
The other two phases remained the same as that of the original 
alloy which were α-Mg and Mg12Nd. After 60 min of distilla-
tion time the α-Mg phase could not be identified any longer as 
it was replaced by Mg41Nd5 phase. of the intermetallic phases 
found in the Mg-Nd system, the Mg41Nd5 phase is the richest in 
Mg. Consequently, α-Mg transformed into Mg41Nd5 phase. The 
phases detected in the resultant alloy after 60 mins of evapora-
tion time were α-Nd, Mg41Nd5, and Mg12Nd phase. This trend 
of transformation can be directly associated with the decrease in 
Mg content with increasing distillation time. similarly, at 90 min, 
with further decrease in Mg content, Mg41Nd5 and Mg12Nd were 
replaced with phases of higher Nd concentrations which were 
MgNd and Mg3Nd. however, Mg2Nd Phase could not be de-
tected as Mg2Nd decomposes at 660oC into MgNd and Mg3Nd as 
indicated by delfino et al. [ref.]. Although at 120 min, the result-
ant alloy was mainly composed of α-Nd phase but two regions 
were still observed. Both regions were α-Nd but one region had 
traces of Mg in it (avg. Nd 96.02 wt.%, avg. Mg. 3.12 wt.%). 
At 180 min the regions identified in the sample had Mg con-
centration as low as 0.01 wt.% indicating the recovery of pure 
Nd. in order to confirm these findings, iCP-oes of the samples 
at six mentioned distillation times was carried to check the Nd 
recovery in wt.% with increasing distillation times. The results 
are shown in Fig. 4.

As expected, the Nd concentration increased with increasing 
distillation times, and the Mg concentration decreased. Between 
evaporation time of 20-40 min Nd was found to be in higher con-
centrations than Mg. Nd of more than 99 % purity was achieved 
for distillation times of 120 min and above. 

The expected phenomena behind the phase transformation 
during the recovery process can be explained by the evaporation 

of Mg with increasing distillation times. At 800oC, the alloy 
changed into Mg-Nd liquid solution, and only Mg evaporates 
because of the high vapor pressure. When heating is turned 
off, the remaining magnesium re-reacts with Nd to form new 
phases. however, due to reduced amount of Mg, the phases 
formed have higher concentration of Nd hence we observe the 
phase transformation in accordance with the phase diagram. 
The reason why Nd-rich phase starts to appear after 40 min 
can be explained by the difference of density between Nd and 
Mg. Nd has a density of 7 g cm–3, whereas, Mg has a density 
of 1.74 g cm–3. This leads to the settling of Nd at the bottom of 
the crucible which results in some of the Nd not reacting with 
Mg hence Nd-rich phase is formed. subsequently, at distillation 
times of 120 min and above, almost all Mg evaporates leaving 
behind only Nd.

Fig. 4. iCP-oes results of Vd experiments showing the concentration 
of Nd and Mg (wt.%) against different distillation times

TABLe 1

Average values of the results of eds point id analysis at different distillation time of the selected regions shown in Fig. 3(g)-(l)

Distillation time region nd (wt. %) mg (wt. %) o (wt. %) Probable Phases

20 mins. 
1 30.52 68.8 0.69 Mg12Nd
2 1 98.8 0.2 α-Mg

40 mins.
1 96.96 0.64 2.4 α-Nd
2 35.4 62.75 1.85 Mg12Nd
3 0.7 97.3 2.02 α-Mg

60 mins.
1 98.02 0.34 1.64 α-Nd
2 53.22 45.23 1.56 Mg41Nd
3 28.38 70.25 1.38 Mg12Nd

90 mins.
1 98.02 0.35 0.72 α-Nd
2 79.91 19.12 0.97 MgNd
3 67.15 32.29 0.56 Mg3Nd

120 mins.
1 97.67 0 2.33 α-Nd
2 96.02 3.12 0.86 α-Nd

180 mins.
1 99.99 0.01 0 α-Nd
2 97.9 0.03 2.07 α-Nd
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4. conclusion

A two-steps procedure was utilized to recycle Nd from 
NdFeB magnet. Nd was successfully extracted in liquid Mg 
during the first step using LMe process resulting in a 4 wt.% 
Nd-Mg alloy. Mg selectively reacted with Nd to form Nd-Mg 
alloy leaving behind Fe-B. Vd was carried out at different 
times to recover Nd from Nd-Mg alloy. The iCP-oes results 
confirmed that Nd of 99% purity was recovered at distillation 
times of 120 min and above. Mg of 99% purity was collected in 
some instances. Phase evolution was observed with the progress 
of Vd. The initial sample (from LMe) consisted of Mg12Nd and 
α-Mg phase. Nd-rich phase started to appear after 40 min. After 
60 min no α-Mg phase was identified and the microstructure was 
predominantly composed of Mg-Nd phases. As Mg concentra-
tion further depleted, Mg-Nd phases were completely replaced 
by  Nd-rich phases. The results indicate that Vd is an efficient 
method for separation of Nd from Mg after LMe. Therefore, 
it should be applied to other solvent metals as well e.g. Bi. 
installation of a collection mechanism for Mg, and inclusion of 
dy are two important future aspects for this study. 
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