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Recycling rare-earth magnets poses a metallurgical challenge due to their high reactivity and the diffi-
culty in separating individual rare-earth elements. These challenges are compounded when considering 
magnet machining sludge, which is more heavily oxidized and contains more contaminants than typical 
end-of-life magnets. If recycled, these materials are sent back to the primary smelter, where they are 
separated and purified to make new feedstocks which are often re-mixed into a new magnet. Here, a 
thermodynamic study is presented, assessing the oxidation behavior of rare-earth magnets. The theoretical 
minimum energy to reduce the whole magnet sludge, without separation and purification, is also pre-
sented. A comprehensive model including 25 elements is provided, using a hybrid CALPHAD-classical 
method. Oxygen distribution in a rare-earth magnet, with a total O content ranging between 0.09% to 
5.4 wt%, is assessed. The results predict a final distribution of 40 wt% rare-earth in the oxide phase, with 
60 wt% still remaining in the metallic phase. The model performance with respect to published experi-
mental data is used to shed light into the possible processing methods for recycling.

KEY WORDS: rare-earth magnets; recycling; thermodynamic modeling; oxidation; reduction; magnet 
sludge.

1. Introduction

Rare-earth magnets of the Fe–R–B type (iron, rare-earth, 
boron) are becoming increasingly popular for their use in 
everything from small electronics to turbines. The rare-
earth elements in these magnets are alloyed to achieve a 
composition of more than 60% iron, producing an iron-rich 
microstructure not unlike that of hypoeutectoid steel. In 
place of pearlite, the large grains are an Fe–R–B compound 
phase, called the 2-14 phase for its stoichiometry: Fe14R2B. 
The 2-14 grains are separated not by ferrite, but by a metal-
lic rare-earth rich solid-solution grain boundary phase.1,2) 
Figure 1 shows a schematic of the typical microstructure 
found in an Fe–R–B type magnet. Unlike pearlitic steel, 
this alloy must be rapidly quenched for this microstructure 
to appear: at low temperature an iron solution is favored 
over the Fe14R2B compound. If processed correctly, this 
iron-based alloy has demonstrated unique bulk magnetic 
performances, creating the opportunity to miniaturize mag-
nets for extremely powerful magnetic fields. Figure 2 gives 
an overview of the main processing steps involved in Fe–
R–B magnet manufacturing. Ultimately, the cast alloy is jet 
milled into a fine powder and sintered into its final form. 
Magnet production, therefore, incorporates many areas of 

ferrous metallurgical knowledge, from casting to powder 
metallurgy. At the core of this process is the composition of 
the cast alloy. This composition dictates the elemental distri-
bution in the final microstructure, and in turn, the magnetic 
performance. As in high-end steel production, elemental 
compositions are controlled below a fraction of a weight 
percent at casting and problematic impurities like Si and P 
are kept to an absolute minimum.

In its methods of casting, powder metallurgy, and impu-
rity control, the magnet manufacturing industry drew inspi-

Fig. 1. Schematic of a typical Fe–R–B magnet microstructure 
showing the magnetic 2-14 grains separated by a rare-
earth rich “other metallic phase” at the grain boundaries.
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ration from the technology of the steel industry to improve 
and expand. At the same time, the demand increased for 
rare-earth metals, which have a supply pipeline and market 
very different from steel because primary production occurs 
mostly in one country, China. Because most rare-earth 
mines and smelters are concentrated in this single country, 
the market is exposed to the political, environmental, and 
social risks that arise from not having sufficient alternative 
sources readily available in other regions of the world.3,4) 
In addition to the geographical limitations of mining and 
processing rare-earths, their chemistry provides other 
challenges. The rare-earths are f-block metals, and can be 
divided into two subgroups: light rare-earths (lanthanum 
through samarium) and heavy rare-earths (europium through 
lutetium). Elements within these subgroups are known 
for their chemical similarity- a trait that makes separating 
these elements difficult. Producing purified rare-earths in a 
primary smelter is expensive, energy intensive, and creates 
radioactive and acidic waste that require extensive treatment 
to mitigate their environmental impact.4) Downstream from 
primary production, the development of ever newer, smaller, 
and faster electronics pushes for more virgin material to 
be mined and processed. Considering these circumstances, 
magnet recycling is essential in order to decouple primary 
rare-earth mining from the production of rare-earth magnets.

Most efforts for magnet recycling focus on bulk magnet 
waste, which comes from large decommissioned equipment 
such as turbines. Typically still in one piece, their contami-

nation is often limited to their surface and they have not 
reacted much with oxygen. Beyond the traditional hydro-
metallurgical recycling methods, hydrogen reduction,5,6) 
chlorination,7) metallothermic reduction with calcium (Ca)8) 
and phase separation with liquid magnesium (Mg)9) have 
been proposed, among others.3) Magnet sludge created 
when manufacturing smaller magnets is more difficult to 
treat. This is the highly oxidized factory waste produced 
during jet milling, machining, and grinding magnets down 
to their final sellable form (Fig. 2). Magnet sludge is differ-
ent from bulk end-of-life magnets. It has higher levels of 
oxygen alongside other contaminants from machining, such 
as carbon from lubrication. If magnet sludge is recycled, its 
high levels of oxygen and other impurities mean it is treated 
similarly to a mined rare-earth ore. Figure 3 outlines this 
commercial recycling process. The sludge is first cleaned 
with acid before being sent back to primary rare-earth 
smelters where it is mixed with mined ore prior to solvent 
extraction. Ultimately, pure rare-earth metals are obtained 
via molten salt electrolysis.3) During the leaching step, all 
of the sludge is oxidized, including portions that may have 
originally still been metallic. Additional energy is required 
to re-reduce these metals to create suitable rare-earth metal 
or alloy feedstock. Despite the challenge of being highly 
contaminated, efforts have been made to develop a recycling 
process targeted specifically at magnet sludge. Research into 
these new methods mostly focus on Ca reduction because of 
the sludge’s high oxygen levels.8,10–13)

Recycling sludge by mixing with primary feed aims at 
recovering the rare-earth metal value, and the end goal is 
to obtain a purified product that can be sold to downstream 
production companies like magnet manufacturers. This 
strategy may be criticized with two sustainability arguments. 
First, if the goal of recycling is to avoid the environmental 

Fig. 2. Overview of main processing steps in Fe–R–B magnet 
production. Highly oxidized waste such as magnet sludge 
is produced mainly during the jet milling and machining 
steps.

Fig. 3. Overview of the current magnet sludge recycling process. 
Commercial magnet sludge recycling occurs at the pri-
mary rare-earth smelter.
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and economic costs of primary rare-earth production, treat-
ing sludge alongside primary feed will link the secondary 
rare-earth content value to the primary rare-earth value. This 
is analogous to the connection between scrap steel price and 
primary steel price. Second, the rare-earth sludge is treated 
as a type of rare-earth ore, when in fact, at greater than 60 
wt% Fe, the sludge is closer in elemental composition to a 
heavily oxidized scrap iron alloy.13,14)

With these two arguments in mind, we consider sludge and 
magnet manufacturing wastes as iron-based materials with 
essentially the correct metal composition needed to produce 
a magnet. We herein model the underlying chemical ther-
modynamics aiming producing a magnet directly from such 
wastes. In order to explore this iron-based perspective of 
sludge recycling, a comprehensive thermodynamic assess-
ment is proposed. First, we modeled the reaction of magnet 
sludge with oxygen and second, we estimated the reduction 
energy needed to remove this oxygen and return the magnet 
back to its original composition. Although magnet sludge is 
also contaminated by cutting media and lubricant, studies 
dedicated to sludge recycling have shown promising results 
in cleaning away these impurities, which are not typically 
chemically bonded to the magnet.11,13) Since oxygen chemi-
cally reacts with the metals in the magnet, it poses a true 
chemical metallurgy challenge to recycling. Thus, treating 
oxygen is the focus of this work.

A popular modeling approach is to use the CALPHAD 
(CALculation of PHAse Diagrams) method. This would 
require optimized databases of Gibbs energy of the relevant 
elements in their pure form, as well as in the solution phase 
(known as a solution model). The more data fed into the 
optimization software, the more “robust” the database will 
be, and the more accurate its predictions. As of today, rare-
earth magnet systems do not have a completed solution 

database that has been published. This is in contrast to most 
iron alloys, which have detailed solution models developed 
specifically by and for the steel industry. Although build-
ing a CALPHAD model for the rare-earth magnet system 
is ongoing,15–21) so far published models are limited to 
specific cases, such as Fe–Pr–B or Fe–Nd–B, with limited 
integration of multiple rare-earth elements alongside iron 
and boron. The case is further complicated by a lack of a 
solution model able to accommodate both additives (e.g. Al, 
Ga, Nb) as well as impurities (e.g. C, O, S).

In absence of a solution model able to accommodate all 
elements present in a typical magnet, a hybrid CALPHAD-
classical approach was developed. Thermodynamic calcula-
tions herein involve only standard state Gibbs energies of 
pure components and compounds. Using standard state to 
study oxidation has a rich history in ferrous thermodynamics 
in the form of Ellingham and Kellogg diagrams, which both 
relate the oxidation behavior of a pure metal or compound to 
the atmosphere and temperature of its environment.

2. Methodology

2.1. Thermodynamic Model
The “Equilib” module of FactSage 7.3 was used to mini-

mize the Gibbs energy and predict which pure components 
and compounds were stable under a set of given conditions 
(e.g. temperature and pressure). The standard-state ele-
ments and compounds used were divided into three phase 
subgroups:

1. the magnetic “2-14” phase consisting of Fe14R2B where 
R may be Pr, Nd, or Dy;

2. the “other metallic” phase, which consists mostly of 
rare-earths along with additives and impurities that make up 
the intergrain region between the 2-14 phase1,22)

Table 1. Modeled Gibbs energy of 2-14 compounds modified to limit reaction with oxygen.

Phase T-Range (K) ΔG (T)

Fe14Pr2B

298.15–500 −489 604.7 +  2 668.6*T −  491.2*TlnT +  8.3E− 02*T2 −  5.1E− 05*T3 +  3 334 946.8*T−1 −  62 399 762*T−2

500–800 −466 493 +  2 120.4*T −  399.1*TlnT −  7.3E− 02*T2 −  3.3E− 06*T3 +  2 320 237.7*T−1 −  62 399 762*T−2

800–1 068 −261 189.6 −  191.5*T −  59.8*TlnT −  0.3*T2 +  3E− 05*T3 −  20 855 972*T−1 −  62 399 762*T−2

1 068–1 204 −1 415 268.7 +  10 423.7*T −  1 565.5*TlnT +  0.5*T2 −  6.3E− 05*T3 +  1.4E+ 08*T−1 −  62 399 762*T−2

1 204–1 811 −492 027.2 +  2 410.9*T −  439.3*TlnT −  6.3E− 02*T2 −  8.3E− 07*T3 +  2 320 237.7*T–1 −  62 399 762*T−2

1 811–1 812 −849 221.2 +  4 855.8*T −  754.1*TlnT −  1.5E− 03*T2 +  1 237 197.8*T−1 −  62 399 762*T−2

1 812–2 350 317 721.9 −  619.7*T −  110.1*TlnT −  1.5E− 03*T2 +  1 237 197.8*T−1 −  62 399 762*T−2

2 350–2 800 316 246.8 −  615.1*T −  110.6*TlnT −  1.4E− 03*T2 +  1 830 376.6*T−1

2 800–3 000 397 703.3 −  843.8*T −85.9*TlnT

Fe14Nd2B

200–450 −491 095.8 +  2 024.7*T −  360.1*TlnT −  0.3*T2 +  4.1E− 05*T3 −  1 226 885.5*T−1

450–576 −3 359 228.3 +  63 255.1*T −  10 474*TlnT +  15.5*T2 −  4.6E− 03*T3 +  1.5E+ 08*T−1

576–618 −9 697 023.9 +  264 314.3*T −  44 496.2*TlnT +  69.7*T2 −  1.8E− 02*T3

618–3 000 −462 765.3 +  2 524.3*T −  470*TlnT

Fe14Dy2B

298–450 2.2E +  13 −  1.1E+11*T −  360.1*TlnT −  0.3*T2 408 333.3*T3 +  1.2E− 04*T−1

450–592 −5.3E +  13 +  1.4E+11*T −  10 474*TlnT +  15.5*T2 −  4.6E− 03*T3 +  1.5E+ 08*T−1

592–616 −5.3E +  13 +  1.4E+11*T −  44 496.1*TlnT +  69.7*T2 −  1.8E− 02*T3

616–3 000 −5.3E +  13 +  1.4E+11*T −  470*TlnT

real stoichiometry: Fe(14.00018) RE(1.99988) B(0.9994)
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3. any oxides present.
The “other metallic” phase was modeled using the 

FactPS database in FactSage,23) with the exception of R–B 
compounds, R–Fe compounds, and non 2-14 Fe–R–B com-
pounds. The oxide phase was modeled using FactPS and 
Fe–R–B–O compounds optimized by Jakobsson et al.21) The 
2-14 phase has been reported to initially oxidize less than 
other magnet components.24,25) This limited oxidation did 
not appear to be accounted for in published thermodynamic 
models,16–18) and so herein is assumed to be of a kinetic 
origin. In order to account for this behavior and add this 
constrain on phase stability, the ΔHformation for Fe14Pr2B, 
Fe14Nd2B, and Fe14Dy2B were modified from their origi-
nally optimized values.16–18) For each compound, ΔHformation 

was lowered by increments of 10 kJ until overall 2-14 phase 
formation was favored over competing Fe-intermetallics, 
e.g. Fe2Ti. The Gibbs energy functions for the modified 
compounds are presented in Table 1.

2.2. Initial Melting of the Rare-earth Magnet
As most magnet producers use proprietary concentra-

tions of rare-earths and additives, a detailed compositional 
analysis of feedstock for magnet production could not be 
found. Lixandru et al.14) measured the major and minor 
elements contained in laptop speaker magnet waste through 
ICP-OES: Fe, Nd, Pr, Dy, Gd, Co, Nb, Cu, Al, Ga, Zn, B. 
The average composition measured fell within the range 
suggested by prior art.1) These published results inform the 
basis of the present case study. In order to include the con-
tribution of impurities, four main feedstocks were identified: 
electrolytic iron, ferroboron, ferroniobium, and praseodym-
ium-neodymium alloy. Commercial sources of these feed-
stocks often disclose the composition of impurities such as 
O and C, and impurity levels often vary depending on feed 
grade and source. The commercial sources used in this study 
were chosen on the basis of report thoroughness and overall 
purity: a source that disclosed O, C, Si, and P content would 
be chosen over a source that only disclosed C content. When 
deciding between two equally well-detailed sources, the one 
with the lowest impurity content was chosen to reflect a 
magnet manufacturing strategy based on premium material 
grades. The impurity compositions found in this manner 
were then added to the total mass balance.26–28) This method 
worked well for all elements except for Si and P. Their esti-
mated weight percent in the initial mass balance was so high 
they impeded formation of the 2-14 phase, and as such their 
amounts in the final mass balance were reduced to 10% of 
their originally estimated value. From a ferrous metallurgy 
consideration, it can be assumed that advanced magnet pro-
ducers would source specialty feed low in Si and P content. 
Gd, Dy, Cu, Al, Ga, Zn, and Co were present at such low 
concentration that any impurities in their respective feed-
stock were neglected. Table 2 summarizes the composition 
of the feedstocks and initial input used in this case study.

This initial input was allowed to equilibrate at 1 723 K 
and 0.5 bar Ar containing 1 ppm O2, CO and H2O; and 
5 ppm N2

29)
 using FactSage’s Equilib software. This step 

simulated the conditions in the vacuum induction melting 
(VIM) furnace, the first step in magnet production. Tem-
perature and atmospheric conditions were taken from prior 
art.1,22) The results after the melting step are presented in 

Table 2. This high temperature step refined the magnet com-
position, as species were allowed to volatilize off and react 
with oxygen impurities in the Ar atmosphere.

2.3. Strip Casting Kinetic Simulation
In practice, as illustrated in Fig. 4, after a magnet is 

melted in the VIM, it is rapidly cooled via strip casting. This 
rapid cooling inhibits the formation of ferrite and promotes 
the 2-14 phase instead. As in other rapid cooling methods 
of ferroalloys, carbon rejection and graphite precipitation 
are also prevented. The lack of ferrite and graphite creates 
a metastable alloy. FactSage allows for modeling of kineti-
cally metastable phases by enabling the user to “de-select”, 
or suppress certain phases. If suppressed, the “de-selected” 
phase will not form and the next stable phase will form 
instead. An instructive example can be seen in steel model-
ing. If graphite is suppressed, cementite will form instead. 
To obtain the metastable phases created through rapid cool-
ing, herein all pure Fe and pure C phases were selected as 
“suppressed” phases and were not allowed to form. This led 
to the formation of iron compounds and carbides. To further 
simulate rapid cooling, no gas evolution was allowed. It was 

Table 2. Elemental compositions used for calculations with no 
additional oxygen. Initial: compositions estimated from 
published reports. Post-VIM: calculated after “initial” 
composition equilibrated at 1 723 K to simulate treat-
ment in vacuum induction melting furnace.

Element Initial (wt%) Post-VIM (wt%)

Pr 6.69% 6.72%

Nd 23.46% 23.59%

La 0.02% 0.02%

Ce 0.02% 0.02%

Fe 65.06% 65.41%

Al 0.66% 0.66%

Si 0.01% 0.01%

Mo 0.02% 0.02%

W 0.02% 0.02%

Ti 0.02% 0.02%

Ca 0.003% 0.002%

Mg 0.01% 0.00%

S 0.01% 0.01%

C 0.02% 0.02%

B 0.96% 0.96%

P 0.01% 0.01%

Mn 0.06% 0.05%

Cr 0.005% 0.005%

O 0.09% 0.09%

Nb 0.05% 0.05%

Ta 4E-5% 4E-5%

Dy 1.67% 1.67%

Gd 0.06% 0.06%

Co 0.44% 0.45%

Cu 0.12% 0.12%

Ga 0.05% 0.04%

Zn 0.50% 0.00%
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at this point in the model that the modified 2-14 compounds 
were incorporated in order to account for their kinetic stabil-
ity. A full comparison between industrial practice and our 
results is presented in Fig. 4.

2.4. Oxidation Model
Rare-earth metals are very reactive with oxygen. High 

oxygen content is one of the main barriers to effective 
magnet sludge recycling. For this reason, we modeled how 
oxygen uptake by the magnet affected its phase composition 
and recyclability.

The elemental oxygen content in the condensed phases 
present post-furnace were incrementally increased, with a 
total O content ranging from 0.1 wt% to 5.4 wt%. The ratios 
of all other elements were kept constant. New phases were 
calculated using Equilib at 298 K with gas phases and all 
pure Fe and C phases suppressed. The kinetically modified 
2-14 compound data were used, and the Fe14Pr2B phase was 
suppressed. As this metastable phase was not predicted form 
in the initial case without added oxygen, it could not reason-
ably form on its own at 298 K with an increase in oxygen. 
Because the model was based in standard-state thermody-
namics using only compounds and pure elements, no model 
for dissolved oxygen was used. All oxygen was modeled as 
incorporated in an oxide compound phase.

2.5. Oxygen Removal
Our recycling study aims at oxygen removal from sludge 

in order to re-create a usable magnet with the correct 
chemical composition. In order to remove oxygen, here 
modeled as oxide compounds, it was necessary to calculate 
the chemical (Gibbs) energy required to reduce the oxide 
phases to metal and oxygen gas. This ΔGreduction decreases 
with increasing temperature for metal oxides. This energetic 
benefit with temperature is offset by the energy (enthalpy) 
cost of heating the sludge, ΔHheat. Both ΔGreduction and ΔHheat 

were calculated for this study. First, condensed phases 
obtained from the 5.4 wt% oxidation model were allowed to 
reach internal equilibrium at room temperature. Pure Fe and 
pure C phases were allowed, and unweighted 2-14 phases 
were used. This simulated the changes in the sludge during 
the pre-reduction steps and heating from room temperature 
to the target reduction temperature. At a finite temperature 
above room temperature, it is expected that the oxidized 
sludge will reach internal equilibrium, redistributing C, O, 
Fe, and R across the most stable phases. Once equilibrated, 
ΔHheat was calculated as the energy required to heat the 
newly equilibrated material to processing temperature. 
ΔGreduction was found as the energy required to completely 
decompose the oxidized sludge to metal +  (O, O2, and O3) 
at the processing temperature. Other gas phases such as CO, 
CO2, and SO2 were also permitted, but gaseous metal oxides 
were not. When calculating the amount of energy needed 
to remove O completely from the magnet, 5.4 wt% O was 
chosen as the starting total oxygen content in the sludge. 
This level was similar to experimentally measured values 
available in the literature.11,13,30)

3. Results

3.1. Simulated Magnet after Melting and Casting
The output from the VIM model at 1 723 K and 0.5 bar 

Ar shows minor changes to the overall magnet composition. 
Most notably, all of the Zn and Mg were predicted to vola-
tilize off. Starting with one tonne of initial feedstock, 107 g 
Mn, 64 g Ga, 11 g Dy, 9 g Ca, 3 g Cu, and 2 g Nd also 
volatilized off. This new composition (Table 2) was then 
used to calculate the baseline phase distribution.

Figure 5 shows the calculated weight percent of each 
phase (oxide, 2-14, and “other metallic”) and Fig. 6 shows 
the distribution of each rare-earth element among these 
three phases. The oxide phase, present overall at 0.65%, is 
comprised of Gd2O3 and Nd2O3. The 2-14 phase, at 90.63%, 
consists of Fe14Nd2B and Fe14Dy2B. Finally, the “other 
metallic” phase, with the remaining rare-earth and boron, 
additives, and impurities, contains GdS, Ce2C3, Nd2B5, 
LaC2, Pr, Nd, and PrAl2, among other non-rare-earth con-
taining compounds. Appendix (Table A1) details the model 
inputs and outputs at each stage in the baseline calculation.

3.2. Addition of Oxygen
After equilibration in the VIM, the baseline percentage of 

oxygen in the as-cast magnet was estimated to be 0.09 wt% 
O. Oxygen was incrementally added to the magnet until 5.4 
wt% O was achieved. As the oxygen content increases, the 
predicted phase distribution changes, as presented in Fig. 
7. The rare-earth elements in the “other metallic” phase 
oxidize at the lowest levels of oxygen, converting into oxide 
until the “other metallic” phase drops from 8.1% to 0.8 wt% 
at 1.8% O. At this oxygen level, the 2-14 phase begins to 
decompose into oxide and various metallic phases. Appen-
dix (Table A2) details the inputs and outputs at each stage 
in the calculation for the case of 0.1% O. The 2-14 phase 
continued to decrease with increasing O, until it became the 
minor phase: 15.2% at 5.4%O.

Figure 8 shows that for an oxygen content of 5.4%, the 
distributions of rare-earths among the phases change sig-

Fig. 4. Comparison between actual magnet manufacturing (left) 
and the modeling steps used herein (right).
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nificantly from the baseline case (Fig. 6). The heavy rare-
earths, Dy and Gd, are completely oxidized, while some 
of the lighter rare-earths, most notably Nd and Pr, remain 
in a metallic state. Overall, 40% of the rare-earth elements 
by weight are oxidized, while 60% remain in the metallic 
phase.

3.3. Reduction Thermodynamics
A study of the energy needed to reduce all of the oxides 

contained in the 5.4 wt% O case was conducted. Two dif-
ferent case studies were considered:

1) the energy to heat and reduce only the rare-earth oxides 
initially contained in magnet sludge, assuming that the rare-
earth oxides were first separated from the rest of the waste 
prior to treatment.

2) the energy to heat and reduce 1 tonne of simulated 
waste material at 5.4 wt% O.

Figure 9 compares these two cases, looking first at the 
ΔG to reduce the material and second at how ΔH influences 
the energy requirements. For consistency, all cases have 
been normalized by the mass of oxidized rare-earth metal 
present in each case. This normalization was chosen so the 
results could be easily compared with analyses of current 
recycling methods.4,31) For Case 1, which models the case 
where rare-earth oxides would be first separated from the 
magnet before reduction, the amount of oxidized rare-earth 
is fixed at 0.123 tonne RE/tonne waste. For Case 2, which 
models the entire magnet waste (including rare-earth met-
als not oxidized initially due to kinetics), the amount of 
oxidized rare-earth at equilibrium varies with temperature. It 
can be seen in Fig. 9 that less energy is needed to reduce the 
rare-earth oxides if reduced alongside the rest of the mag-
net waste than to reduce the rare-earth oxides alone. This 
is true regardless if ΔH is considered. If ΔH is considered, 
the benefit to reducing the entire magnet waste is lessened 
at higher temperatures as more energy is expended to heat 
the whole magnet as opposed to just the oxidized fraction. 
Above 2 000 K a crossover point will occur where it is more 
energetically favorable to treat only the oxides.

Figure 10 shows the phase distribution at 1 773 K as 
simulated magnet waste is deoxidized from 5.4%O to 0%. 
Fe-rich metallic phases containing no rare-earths and oxide 
phases containing mostly rare-earth oxides are the dominat-
ing phases at 5.4%O. As deoxidation proceeds, the newly 
reduced rare-earth metals combine with iron to form Fe-R 
metal compounds such as Fe17R2 and Fe4RB4. Eventually 
these compounds become the dominating phases.

Fig. 5. Calculated phase distribution in the simulated magnet 
after melting and casting with no additional oxygen added 
(baseline case). (Online version in color.)

Fig. 6. Modeled distribution of rare-earth elements among phases 
in baseline case. Rare-earth containing phases present: 
Dy: 100% Fe14Dy2B, Ce: 100% Ce2C3, Nd: 2% Nd2O3, 96% 
Fe14Nd2B, 2% Nd2B5 Pr: 82% Pr and 18% PrAl2, La: 100% 
LaC2, Gd: 14% Gd2O3, 86% GdS. (Online version in color.)

Fig. 7. Calculated changes in phases present as oxygen content is 
increased from 0.09 wt% to 5.4 wt%. ●: 2-14 phase, ▲: 
“other metallic” grain boundary phase, ■: oxide phase. 
After the grain boundary phase is completely oxidized 
near 1.8 wt%, the 2-14 phase begins to break down into 
oxide and more metallic phases. (Online version in color.)

Fig. 8. Modeled distribution of rare-earth elements among phases 
with 5.4 wt% O present. Rare-earth containing phases 
present: Dy: 100% Dy3Al5O12 Ce: 15% CeO2 85% CeCrO3 
Nd: 2% Nd3Al5O12, 45% NdBO3, 18% Fe14Nd2B, 35% 
Fe8Nd Pr: 100% Fe8Pr Gd: 100% Gd3Al5O12 (Online ver-
sion in color.)
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4. Discussion

4.1. Melting & Casting Model Performance
The initial, post-furnace composition of the magnet 

used in the simulation was estimated to contain 0.09% 
O and 0.02% C. This calculated oxygen level is below 

that reported for finished magnet products.2,13) It has been 
observed that oxygen levels in a magnet increase dur-
ing processing, particularly during the powder metallurgy 
steps.24) Predicting a cast alloy oxygen content below the 
level in sintered magnets indicates sufficient performance of 
the proposed VIM model. The carbon level 0.02% was also 
just below the experimentally measured values of 0.03%.13)

In order to produce a material with magnetic perfor-
mances to the specifications of prior art, the 2-14 phase 
should comprise at least 80% of the rare-earth magnet by 
volume, and the “other metallic” grain boundary phase 
should be rare-earth rich.1,22,25) A weight fraction of 90.63% 
for the 2-14 phase was predicted by the initial casting 
model. The “other metallic” phase predicted by the model 
was 82.5% rare-earth. Both the initial magnet composition 
and modeled phase distribution show good agreement with 
experimental data available in literature, supporting the 
validity of the casting model.

4.2. Oxidation Model Performance
The magnet oxidation model results in Fig. 7 show two 

important O compositions. First, at 0.8% O, the phase 
fraction of oxide overtakes the phase fraction of the grain 
boundary. In his study of NdFeB magnet recycling, Lalana 
noted both virgin and recycled magnets appear to reach an 
equilibrium oxygen concentration of 0.55%.24) Kim et al. 
found that magnets with O levels greater than 0.6% showed 
a higher resistance to further oxidation.32) These observa-
tions suggest a barrier preventing the magnet from easily up-
taking oxygen near 0.55%–0.6%. The crossover near 0.8% 
in Fig. 7 indicates that such a barrier may be reproduced 
with the sole use of chemical thermodynamics.

The second important composition in Fig. 7 is at 1.8% 
O, above which the 2-14 composition breaks down signifi-
cantly. It is well-documented that the 2-14 phase remains 
stable until a significant portion of the intergrain region has 
been oxidized. At this point the 2-14 phase decomposes 
into iron and rare-earth oxide.24,25) The model results show 
a similar behavior, demonstrating agreement with experi-
mental literature. A phase fraction of 80% by volume for 
the 2-14 phase is considered to be the threshold to achieve 
satisfactory magnet performance.25) Past this threshold, the 
magnet likely becomes unusable and must be either sent to 
landfill or recycled alongside oxide feed at the smelter. Our 
chemical thermodynamic results thus explain the difficulties 
with recycling heavily oxidized magnet material.3) Eventu-
ally, at 3.6%, most of the 2-14 phase has decomposed into 
rare-earth oxide and metallic iron.

The model’s agreement with literature supports the utility 
of the weighted 2-14 phases. By lowering ΔHform of 2-14 
compounds until their formation was favored over compet-
ing ferrous intermetallics, the correct phase distribution was 
achieved without needing to “suppress” those intermetallic 
phases. This enabled them to re-emerge as oxygen con-
tent was increased and the 2-14 phase decomposed. If all 
competing phases were suppressed instead, the 2-14 phase 
would not decompose and the magnet would saturate in 
oxygen before reaching 5.4% O, an outcome in contradic-
tion with literature.11,13,30)

Fig. 9. a: minimum Gibbs energy (ΔG) needed to reduce equili-
brated magnet sludge. b: minimum Gibbs energy (ΔG) to 
reduce magnet sludge with addition of the enthalpy (ΔH) 
to heat the material to temperature. –: modeled case where 
RE oxides are separated prior to treatment. ---: modeled 
case where sludge is reduced as a whole.

Fig. 10. Calculated changes in phases present as O content in 
magnet sludge is reduced from 5.4% to 0% at 1 773 K. ▲: 
rare-earth rich metallic phase (no Fe), ■: oxide phase , ●: 
metallic phases containing Fe and rare-earth, ♦: Fe-rich 
metallic phase (no rare-earth). As oxygen is removed, Fe 
and rare-earths interact to create new phases. (Online 
version in color.)
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4.3. Implication for Magnet Sludge Recycling Technol-
ogies

The thermodynamic model has shown good agreement 
with available literature, both to reproduce melting and 
casting behavior at low oxygen content, and to predict the 
effects of higher oxygen content (oxidation) on magnet 
waste. With both low oxygen and high oxygen cases pre-
dicted solely by thermodynamic means, we can confidently 
extend such an approach to studying possible recycling 
pathways. In the most highly oxidized case of 5.4%O, rare-
earth elements are only 30 wt% of the magnet, and 89% 
of the remaining material is iron. Although past recycling 
efforts have focused on processing the material from a 
rare-earth perspective, bearing in mind that magnet scrap is 
Fe-rich may offer new outlooks on its end of life treatment.

From a purely energetic standpoint, as shown in Fig. 9, 
less energy is needed to reduce the rare-earths if they are 
treated alongside the entire magnet material than to reduce 
only the rare-earth oxide. This benefit results from favor-
able interactions between iron and rare-earth metals. If only 
oxidized rare-earths are treated, no iron is present. Instead, if 
iron is kept, Fe-R compounds are quick to form as the rare-
earth is deoxidized as shown in Fig. 10. The two competing 
reactions can be described as:

 Reaction
y
R O

x

y
R Ox y1

2 2
2� � � �

 Reaction
y
R O zFe Fe R Ox y z x

y

2
2

2 2� � � � �

where ΔG2 <  ΔG1 at the processing temperatures consid-
ered. It is important to note that at 1 773 K, the temperature 
of the deoxidation analysis in Fig. 10, the magnet should 
be mostly liquid.24) Because herein we do not account 
for liquid solution behavior, there is no depression of the 
melting point and thus the model considers mostly solids 
alongside liquid compounds where the standard state melt-
ing temperature is below 1 773 K. For example, the stable 
form of pure iron at 1 773 K is BCC solid, and so all of the 
pure iron in the model at 1 773 K is considered to be BCC. 
It is well-known in thermodynamics that metals which are 
ordered compounds in the solid state immediately below 
their melting point will display short-range ordering at the 
stoichiometry of the compound in the liquid immediately 
above the melting point. Although Fe17R2 will not exist in 
the liquid state, favorable interactions between iron and 
rare-earth will remain after melting, and thus despite these 
approximations the model still informs trends in energy 
requirements during deoxidation.

Reducing the entire magnet material carries another 
benefit: no additional energy for mechanical or hydromet-
allurgical separation is required. This separation energy 
is significant. An estimated average 19.2 GJ/tonne RE is 
required to operate the hydrometallurgical pumps needed to 
separate rare-earth species to prepare them for molten salt 
electrolysis.31) Including the cost of water treatment and the 
energy needed for solvent handling and consumption, LCA 
analyses for hydrometallurgical treatment have estimated 
a contribution of 58 GJ/tonne RE to the footprint of rare-
earth processing.33) We can calculate the energy required 
for molten salt electrolysis of one mole of RE metal using 

the Nernst equation:

 �
�

G
V

nF
� �

where ΔV is estimated as a theoretical minimum of around 
4.0 volts and the metal ion valency n is assumed to be 3.31) 
A molar mass of 144.5 g/mol RE mix is calculated using the 
relative concentrations of Dy, Ce, Nd, Pr, La, and Gd pres-
ent in this case study. This predicts a theoretical minimum 
of 8 GJ/ tonne RE required for electrolytic production of 
rare-earth metals.

Combining the theoretical minimum energy requirements 
for hydrometallurgical treatment (19.2 GJ) and for electroly-
sis (8 GJ) gives a total estimate of at least 27.2 GJ/tonne 
RE required for the traditional processing route shown in 
Fig. 3. This value can be compared to the range of 6–9 GJ/
tonne RE required for heating and reducing magnet sludge 
whole (Fig. 9). This estimate is similar in magnitude to the 
electrolysis minimum, suggesting that most of the energetic 
savings can be gained by avoiding elemental separation and 
hydrometallurgical treatment. Figure 11 shows what such a 
direct processing route could look like.

Accounting for enthalpy, it can be seen in Fig. 9 that 
between 1 800 K and 1 900 K, ΔH increases with tempera-
ture due to melting and boiling of various elements. These 
results indicate an optimal temperature for a bulk magnet 
recycling process near 1 700 K, where the ΔG requirements 
are low but the ΔH costs have not yet started to sharply 
increase. Table 3 compares the current sludge recycling 
process to the energetics needed to completely remove the 
oxygen from the magnet at 1 700 K. Eliminating the hydro-
metallurgical step and reducing the material directly would 
result in an estimated minimum energy saving of 78%.

The direct reduction of magnet sludge would be a 
streamlined “magnet-to-magnet” recycling method. Rather 

Fig. 11. Steps for direct recycling of magnet sludge.
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Table 3. Comparison of theoretical energy needed for the current magnet sludge recycling method and the alternative 
of direct reduction of entire sludge without primary feed or elemental separation.

Feedstock Product Process Theoretical minimum  
energy (GJ/tonne)

Theoretical minimum  
energy (MWh/tonne)

Current  
method

magnet sludge and  
primary feed

individually purified,  
separate REEs

hydrometallurgical  
separation and molten  

salt electrolysis
27.2 7.6

Alternative  
method magnet sludge

mixed RE and iron  
near proportions  

needed for magnet

direct reduction prior to  
vacuum melt and strip cast  7.5 2.1

than completely break down and separate the waste into its 
25+  elements, only to be re-mixed into a new magnet, one 
can envision a route (Fig. 11) where the waste is treated 
whole. Only minor elemental additions would be necessary 
to correct the stoichiometry to be commercially acceptable. 
Furthermore, the earlier optimal temperature, 1 700 K, is 
near the 1 723 K temperature used in the initial melting 
and casting step, and within the range proposed by various 
patents.1,22,25) One can envision a unified process where the 
recycled material is reduced in-situ before being directly 
cast into a new magnet.

Metallothermic reduction is one common high-
temperature deoxidation method. Figure 12 shows the 
ΔG to reduce the rare-earths present in this case study. 
La and Ce, which require less energy to reduce, are not 
shown. The similarity in reduction energy among Pr, Nd, 
and Gd highlights the challenge in separating and purifying 
these elements. Ca, which has often been suggested as a 
possible reductant for rare-earth magnet recycling, is also 
pictured.11,13) Dy cannot be reduced by Ca at 1 700 K. If Dy 
is left in an oxidized form and removed via slagging, there 
would be a loss of 14% of the total RE value.34) In order 
to recover this value, the slag would need to be subjected 
to further processing, or an alternative to metallothermic 
reduction, such as electrolysis, should be considered. Elec-
trochemical deoxidation has been shown to be an effective 
method at increasing the chemical potential of Ca so it can 
reduce Dy and other reactive rare-earths.35)

5. Conclusions

Although rare-earth magnets are widespread in modern 
technology, their recycling methods are far from modern. 
Magnet sludge is often sent back to its primary processing 
feed and mixed with ore: all metallic material is oxidized 
via hydrometallurgy before being reduced and purified. 
Often, all this effort is expended only to re-mix the metals 
into a new magnet. In this work, a comprehensive thermo-
dynamic study was run on the behavior of a magnet as it 
oxidizes, and the energy minimums to reduce sludge were 
estimated. In absence of a CALPHAD database for the 25+ 
elements typically found in a rare-earth magnet, a hybrid 
approach based in standard state classical thermodynamics 
was adopted. An energy saving of 78% was calculated if 
the separation and purification steps were skipped in favor 
of reducing the oxidized sludge whole.
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Table A1. Chemical thermodynamic model for baseline case. Columns 1 and 2: initial elemental input into model 
including simulated Ar atmosphere. Columns 3 and 4: condensed phase output from model at 1 723 K, 
0.5 bar. Columns 5 and 6: output from model at 298 K, 1 bar using “metastable assumptions” where pure 
C and Fe are suppressed, and weighted 2-14 compounds are used.

Input into “VIM model”,  
1 450C, 0.5 bar

g/tonne  
feedstock

Condensed phases stable  
at 1 723 K, 0.5 bar

g/tonne  
feedstock

Condensed phases  
metastable at 298 K, 1 bar

g/tonne  
cast product

Pr 66 873.35 Cu(liquid) 1 200.85 Ca3P2(solid) 31.69

Nd 234 633.66 Ga(liquid) 438.05 CTi(solid) 189.84

La 151.76 Pr(liquid) 52 212.64 Cr4C(solid) 50.64

Ce 151.76 CaC2(solid) 33.45 Mn7C3(solid) 271.12

Fe 650 572.86 CTi(solid) 189.84 Mn3Si(solid) 114.13

Al 6 597.03 Cr3C2(solid) 55.25 Mn5Si3(solid) 176.35

Si 58.01 Mn7C3(solid) 71.02 CoAl(solid) 6 472.52

Mo 151.76 Mn5Si3(solid) 247.13 Cu(solid) 874.54

W 151.76 Mn2P(solid) 290.09 Cu3P(solid) 379.34

Ti 151.76 CoAl(solid) 6 472.52 Ga(solid) 438.05

Ca 30.35 Nb8C7(solid) 558.42 Nb8C7(solid) 558.42

Mg 102.22 MoB(solid) 168.86 MoB(solid) 168.86

S 96.96 LaC2(solid) 178.01 LaC2(solid) 178.01

C 176.53 Ce2C3(solid) 171.28 Ce2C3(solid) 171.28

B 9 582.00 PrAl2(solid) 16 482.46 Pr(solid) 54 954.80

P 63.88 Gd2O3(solid) 87.94 PrAl2(solid) 16 482.46

Mn 587.54 GdS(solid) 572.47 Nd(solid) 860.53

Cr 47.91 Dy2O3(solid) 7 074.04 Nd2O3(solid) 6 381.50

O 921.98 TaC(solid) 0.42 Gd2O3(solid) 87.94

Nb 501.68 WC(solid) 161.68 GdS(solid) 572.47

Ta 0.39 Fe4PrB4(solid) 7 416.67 TaC(solid) 0.42

Dy 16 655.63 Fe4NdB4(solid) 158.89 WC(solid) 161.68

Gd 551.84 Fe14Nd2B(solid) 879 130.83 Fe14Nd2B(solid) 844 232.07

Co 4 439.83 Fe3Dy(solid) 21 285.66 Fe14Dy2B(solid) 57 240.60

Cu 1 204.02 B5Nd2(solid) 3 609.23

Ga 501.68

Zn 5 041.84

Ar 1 254.855

O2 0.001

H2O 0.001

CO2 0.001

N2 0.004

Appendix 1. Chemical Thermodynamic Model for Baseline Case
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Table A2. Chemical thermodynamic model for case where O content is 0.1%. Columns 1 and 2: Initial elemental 
composition obtained from baseline model. Columns 3 and 4: input into model using rescaled composi-
tion to achieve 0.1%O while keeping the relative concentration of all other elements constant. Columns 5 
and 6: output from model at 298 K, 1 bar using “metastable assumptions” where pure C and Fe are sup-
pressed, and weighted 2-14 compounds are used.

Starting elemental  
composition (“Post-VIM”)

g/tonne  
cast

Elemental composition  
rescaled to contain 0.1% O

g/tonne  
cast

Condensed phases metastable  
at 298 K, 1 bar, 0.1%O

g/tonne  
cast

Pr 67 232.10 Pr 67 227.19 Ca3P2(solid) 31.86

Nd 235 891.79 Nd 235 874.53 CTi(solid) 190.85

La 152.58 La 152.57 Cr4C(solid) 50.91

Ce 152.58 Ce 152.57 Mn7C3(solid) 272.56

Fe 654 066.46 Fe 654 018.61 Mn3Si(solid) 114.73

Al 6 632.40 Al 6 631.92 Mn5Si3(solid) 177.28

Si 58.32 Si 58.32 CoAl(solid) 6 506.80

Mo 152.58 Mo 152.57 Cu(solid) 879.17

W 152.58 W 152.57 Cu3P(solid) 381.35

Ti 152.58 Ti 152.57 Ga(solid) 440.37

Ca 21.03 Ca 21.02 Nb8C7(solid) 561.38

S 97.48 S 97.47 MoB(solid) 169.75

C 177.47 C 177.45 LaC2(solid) 178.95

B 9 633.46 B 9 632.76 Ce2C3(solid) 172.18

P 64.14 P 64.13 Pr(solid) 55 245.88

Mn 482.94 Mn 482.90 PrAl2(solid) 16 569.76

Cr 48.14 Cr 48.13 Nd(solid) 425.31

O 926.90 O 1 000 Nd2O3(solid) 6 928.24

Nb 504.37 Nb 504.33 Gd2O3(solid) 88.41

Ta 0.40 Ta 0.40 GdS(solid) 575.50

Dy 16 733.59 Dy 16 732.36 TaC(solid) 0.42

Gd 554.77 Gd 554.73 WC(solid) 162.53

Co 4 463.67 Co 4 463.34 Fe14Nd2B(solid) 848 703.67

Cu 1 207.30 Cu 1 207.21 Fe14Dy2B(solid) 57 543.78

Ga 440.40 Ga 440.37 B5Nd2(solid) 3 628.35

Appendix 2. Chemical Thermodynamic Model for Case where O Content is 0.1%


