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NdFeB magnet scrap is an alternative source of neodymium that could have a significantly lower
impact on the environment than current mining and extraction processes. Neodymium can be
readily oxidized in the presence of oxygen, which makes it easy to recover neodymium in oxide
form. Thermochemical data and phase diagrams for neodymium oxide containing systems is,
however, very limited. Thermodynamic modeling of the B2O3-FeO-Fe2O3-Nd2O3 system was
hence performed to obtain accurate phase diagrams and thermochemical properties of the system.
Key phase diagram experiments were also carried out for the FeO-Nd2O3 system in saturation
with iron to improve the accuracy of the present modeling. The modified quasichemical model
was used to describe the Gibbs energy of the liquid oxide phase. TheGibbs energy functions of the
liquid phase and the solids were optimized to reproduce all available and reliable phase diagram
data, and thermochemical properties of the system. Finally the optimized database was applied to
calculate conditions for selective oxidation of neodymium from NdFeB magnet waste.
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I. INTRODUCTION

THE transition from fossil fuels to renewable energy
sources is creating an increasing demand for highly efficient
electrical engines and electrical generators. One of the core
components of these engines is NdFeB magnets, and hence
the demand for neodymium is increasing rapidly. Neody-
mium like all other rare earth elements is mainly present in
low-grade ores in a limited number of geographic locations.
This has caused concerns over the supply of neodymium.
The nature of these ores (low grade, often containing
radioactive isotopes) makes mining and extraction of
neodymium a high environmental impact operation.

Recycling of neodymium fromNdFeB magnet contain-
ing waste is an attractive alternative to reduce the supply
concern and environmental impact of neodymium pro-
duction.Neodymium,however, reactswithoxygen to form
one of themost stable oxides that exist,whichmakes it very
hard to recover neodymium inmetallic form. Understand-
ing the oxidation of NdFeB magnets would make it easier
to make a process for recovery of neodymium. Thermo-
chemical and phase diagram data are essential for this
understanding, but presently such data are very limited for
the iron-saturated FeO-B2O3-Nd2O3 system.

The present work was conducted to find a self-con-
sistent dataset for the iron-saturated FeO-B2O3-Nd2O3

system. The modified quasichemical model (MQM)[1]

was used for the liquid solution while all ternary
compounds were assumed to be stoichiometric. All
relevant literature was critically reviewed, and optimiza-
tion of all relevant systems was carried out. In addition,
key phase diagram experiments were conducted to
prepare the final thermodynamic description of the
iron-saturated FeO-B2O3-Nd2O3 system. Fe2O3 also had
to be included in the model to account for varying
oxidation state of iron. Therefore, thermodynamic
modeling of the entire B2O3-FeO-Fe2O3-Nd2O3 system
was conducted.

II. THERMODYNAMIC MODELING

A. Stoichiometric Compounds

The Gibbs energy of a stoichiometric compound
(solid and liquid) or gas can be expressed by:

Go
T ¼ Ho

T � TSo
T; ½1�

Ho
T ¼ DHo

298K þ
ZT

298K

Cp dT; ½2�

So
T ¼ So

298K þ
ZT

298K

Cp
�
T

� �
dT; ½3�
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where DHo
298K is the standard enthalpy of formation of

a given compound at 298 K (25 �C). DHo
298Kof elemen-

tal species stable at 298 K (25 �C) and 1 atm is
assumed to be 0 J mol�1 as a reference. So

298Kis the
standard entropy at 298 K (25 �C) and Cp is the heat
capacity of a compound.

The Gibbs energies of the solid and liquid of FeO,
Fe2O3, B2O3, Nd2O3, and other gas species needed for
the present modeling were taken from the FactSage pure
substance database.[2]

B. Liquid Solution

The MQM,[1] which takes into account short-range
ordering of the second-nearest neighbors of cations with
O2� as a common anion in the oxide melt, was used for
describing the slag. A brief description of the MQM is
given below. In the MQM, the quasichemical reaction
between A and B is described as

A�Að Þ þ B�Bð Þ ¼ 2 A�Bð Þ;DgAB; ½4�

where A and B are cations in liquid slag like Fe2+,
Fe3+, Nd3+, and B3+, and (i � j) represents an i � j
pair which is the second-nearest neighbor pair with
common oxygen anion. DgAB is the Gibbs energy of
the pair-exchange reaction which can be expanded as a
function of composition and temperature.

The Gibbs energy of a binary solution, Gm, can be
expressed by:

Gm¼ nAg
o
AþnBg

o
B

� �
�TDSconfigþ nAB

2

� �
DgAB; ½5�

where ni and goi are the number of moles and the
molar Gibbs energy of the pure component i, and nAB
represents the number of moles of the (A–B) pair at
equilibrium. DSconfig is the configurational entropy of
mixing, which is given by randomly distributing the
(A–A), (B–B), and (A–B) pairs:

DSconfig¼� RðnAlnXAþnBlnXBÞ

� R nAAln
XAA

Y2
A

� �
þnBBln

XBB

Y2
B

� �
þnABln

XAB

2YAYB

� �	 

;

½6�

where R is gas constant, ni and Xi are the number of
mole and mole fraction of component i in solution,
respectively. nij and Xij are the number of mole and
pair fraction of (i–j) pair, respectively, and Yi is an
equivalent fraction of component i:

Xij ¼ nij= nAB þ nAA þ nBBð Þ; ½7�

YA ¼ ZAnA= ZAnAþ ZBnBð Þ ¼ 1�YB ¼ XAAþ XAB=2;

½8�

where the coordination numbers, Zi, are defined by
the following relationships:

ZAnA ¼ 2nAA þ nAB; ½9�

ZBnB ¼ 2nBBþ nAB: ½10�
The coordination numbers of Fe2+ and Fe3+ are

1.37744375 and 2.06616563, respectively, as in the
current FactSage FToxid database.[2] The coordination
numbers of B3+ and Nd3+ are set to be the same as that
of Fe3+ in the present study. The Gibbs energy of a
pair-exchange reaction, DgAB, is expanded in terms of
the pair fractions, Xij:

DgAB ¼ Dg0AB þ
X
i�1

gi0ABX
i
AA þ

X
j�1

g0jABX
j
BB; ½11�

where Dg0AB, gi0AB; and g0jAB are the model parameters
which may be functions of temperature. These parame-
ters can be optimized to reproduce the thermodynamic
properties of the liquid phase and phase diagram data.
In thepresent study, themodelparametersDgAB ofbinary

B2O3-FeO, B2O3-Fe2O3, B2O3-Nd2O3, FeO-Nd2O3, and
Fe2O3-Nd2O3 melts were optimized based on the available
experimental data. Once the binary DgAB parameters are
optimized the Gibbs energy of liquid solutions of ternary,
and higher order systems can be predicted using the
geometric extrapolation technique developed by Pelton.[3]

In the present study, the Gibbs energies of all ternary liquid
solutions of the B2O3-FeO-Fe2O3-Nd2O3 system were
predicted using the Kohler interpolation technique.

III. CRITICAL EVALUATIONS, KEY
PHASE DIAGRAM EXPERIMENTS, AND
THERMODYNAMIC OPTIMIZATIONS

There is no complete experimental investigation of the
B2O3-FeO-Fe2O3-Nd2O3 system. Only some thermo-
chemical and phase diagram data for the subsystems
are available. Thermodynamic optimization (modeling)
of the FeO-Fe2O3 system is available in the FactSage
FToxid database.[2] No modeling of other binary systems
or higher order systems of the B2O3-FeO-Fe2O3-Nd2O3

system are available in literature. A critical evaluation
experimental data was therefore performed and used to
make a thermodynamically optimized model. Key phase
diagram experiments were also done where data were
missing. All the optimized model parameters in the
present study are available in Table I.

A. The Binary B2O3-Nd2O3 System

1. Literature review
The binary B2O3-Nd2O3 system has been investi-

gated in several works.[4–8] Three stable compounds are
known in this system: NdBO3,

[4] NdB3O6,
[5] and

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 48B, FEBRUARY 2017—61



T
a
b
le

I.
O
p
ti
m
iz
ed

M
o
d
el

P
a
ra
m
et
er
s
fo
r
th
e
B
2
O

3
-F
eO

-F
e 2
O

3
-N

d
2
O

3
S
y
st
em

.
T
h
e
B
2
O

3
-F
e 2
O

3
sy
st
em

w
a
s
m
o
d
el
ed

a
s
a
n
id
ea
l
li
q
u
id

so
lu
ti
o
n

P
h
a
se

T
h
er
m
o
d
y
n
a
m
ic

P
a
ra
m
et
er
s
(J

m
o
l�

1
o
r
J
m
o
l�

1
K

�
1
)

L
iq
u
id

D
g
F
e2

þ
B
3
þ
¼

�
2
9
;2
8
8
þ
8
:3
6
8
T
þ
3
5
;5
6
4
X

F
e2

þ
F
e2

þ
þ
6
2
7
6
4
X

3 F
e2

þ
F
e2

þ
þ

9
2
0
5
þ
8
:3
6
8
T

ð
ÞX

B
3
þ
B
3
þ

þ
ð5
8
;5
7
6
þ
3
3
:4
7
2
T
ÞX

6 B
3
þ
B
3
þ

D
g
N
d
3
þ
B
3
þ
¼

�
1
0
1
;0
0
2
þ
2
7
:6
1
4
T
�
3
1
;3
8
0
X

N
d
3
þ
N
d
3
þ
þ
1
8
;2
0
0
X

B
3
þ
B
3
þ
2
0
;9
2
0
X

3 B
3
þ
B
3
þ
þ
3
7
6
6
X

5 B
3
þ
B
3
þ

D
g
F
e3

þ
N
d
3
þ
¼

�
3
8
;7
2
3
J=
m
o
l

D
g
F
e2

þ
N
d
3
þ
¼

�
1
9
6
6
J=
m
o
l

N
d
B
O

3
D
H

2
9
8
K
¼

�
1
;6
1
0
;9
1
0
;S

2
9
8
K
¼

1
0
6
:2
6
2

2
9
8
£
T
£
1
1
9
1
.5

K
(2
5
£
T
£
9
1
8
.3
5
�C

)
C

p
¼

1
5
1
:2
9
5
þ
0
:0
1
8
1
2
2
T
�
2
2
8
;6
4
2
T
�
2
�
1
1
5
9
:8
2
4
T
�
0
:5

1
1
9
1
.5

£
T
£
1
3
9
5
K

(9
1
8
.3
5
£
T
£
1
1
2
1
.8
5
�C

)
C

p
¼

1
2
1
:6
5
2
þ
0
:0
1
5
0
0
8
T
�
5
8
4
;0
8
6
T
�
2

1
3
9
5
£
T
£
3
0
0
0
K

(1
1
2
1
.8
5
£
T
£
2
7
2
6
.8
5
�C

)
C

p
¼

1
4
1
:7
1
2

N
d
B
3
O

6
D
H

2
9
8
K
¼

�
2
;9
1
1
;6
0
0
;S

2
9
8
K
¼

1
6
0
:2
1
2

2
9
8
£
T
£
1
1
9
1
.5

K
(2
5
£
T
£
9
1
8
.3
5
�C

)
C

p
¼

3
3
8
:3
6
1
þ
0
:0
2
4
3
5
1
T
�
4
8
2
;2
4
5
T
�
2
�
3
4
7
9
:4
7
3
T
�
0
:5

1
1
9
1
.5

£
T
£
1
3
9
5
K

(9
1
8
.3
5
£
T
£
1
1
2
1
.8
5
�C

)
C

p
¼

2
4
9
:4
3
1
þ
0
:0
1
5
0
0
8
T
�
5
8
4
;0
8
6
T
�
2

1
3
9
5
£
T
£
3
0
0
0
K

(1
1
2
1
.8
5
£
T
£
2
7
2
6
.8
5
�C

)
C

p
¼

2
6
9
:4
9
1

N
d
4
B
2
O

9
D
H

2
9
8
K
¼

�
5
0
4
3
7
5
0
;S

2
9
8
K
¼

3
7
1
:0
9
8

2
9
8
£
T
£
1
1
9
1
.5

K
(2
5
£
T
£
9
1
8
.3
5
�C

)
C

p
¼

4
1
8
:1
1
5
þ
0
:0
6
6
2
6
1
T
�
1
;6
2
5
;4
5
8
T
�
2
�
2
3
1
9
:6
4
8
T
�
0
:5

1
1
9
1
.5

£
T
£
1
3
9
5
K

(9
1
8
.3
5
£
T
£
1
1
2
1
.8
5
�C

)
C

p
¼

3
5
8
:8
2
8
þ
0
:0
6
0
0
3
2
T
�
2
;3
3
6
;3
4
6
T
�
2

1
3
9
5
£
T
£
3
0
0
0
K

(1
1
2
1
.8
5
£
T
£
2
7
2
6
.8
5
�C

)
C

p
¼

4
3
9
:0
6
9

N
d
F
eO

3
D
H

2
9
8
K
¼

�
1
;3
6
2
;5
0
0
;S

2
9
8
K
¼

1
2
3
:9

2
9
8
£
T
£
2
0
6
9
K

(2
5
£
T
£
1
7
9
5
.8
5
�C

)
C

p
¼

1
4
6
þ
0
:0
0
0
2
3
T
�
3
;0
0
0
;0
0
0
T
�
2

2
0
6
9
£
T
£
3
0
0
0
K

(1
7
9
5
.8
5
£
T
£
2
7
2
6
.8
5
�C

)
C

p
¼

1
4
5
:7
7
5
0
1

F
eB

4
O

7
D
H

2
9
8
K
¼

�
2
;8
4
3
;3
5
0
;S

2
9
8
K
¼

1
6
7
:3
9
6

2
9
8
£
T
£
7
2
3
K

(2
5
£
T
£
4
4
9
.8
5
�C

)
C

p
¼

3
7
4
:8
3
6
þ
0
:0
3
0
6
0
8
T
�
2
;5
3
3
;3
0
0
T
�
2
�
3
3
5
3
:0
5
1
T
�
0
:5
þ
3
5
8
;1
7
7
;5
7
9
T
�
3

7
2
3
£
T
£
1
6
4
4
K

(4
4
9
.8
5
£
T
£
1
3
7
0
.8
5
�C

)
C

p
¼

2
4
1
:3
8
4
þ
0
:0
3
0
6
0
8
T
�
2
;5
3
3
;3
0
0
T
�
2
þ
1
5
0
0
:9
0
0
T
�
0
:5

1
6
4
4
£
T
£
3
0
0
0
K

(1
3
7
0
.8
5
£
T
£
2
7
2
6
.8
5
�C

)
C

p
¼

3
2
7
:6
0
7

62—VOLUME 48B, FEBRUARY 2017 METALLURGICAL AND MATERIALS TRANSACTIONS B



Nd4B2O9.
[7] The melting point of all these compounds

have been determined in the previous works. The
melting point of NdBO3 was revised several times from
the first measurement by Levin et al.[4] through the
work by Roth et al.[9] to the final estimate of 1885
K ± 5 K (1612 �C) by Levin.[6] All these measurements
were performed using the quenching method (QM).
The melting point of NdB3O6 was determined to be
1428 K ± 5 K (1155 �C) by the same method in the
work by Levin.[6] The melting point of Nd4B2O9 was
measured by Ji et al.[7] using differential thermal
analysis (DTA) and found to be 1568 K ± 5 K
(1295 �C).
NdBO3 has a eutectic reaction with NdB3O6 where

the eutectic temperature was found to be 1416 K
(1143 �C) by Levin[6] and 1423 K ± 2 K (1150 �C) by
Goryunova.[8] NdB3O6 has a monotectic reaction with
liquid B2O3 at 1421 K ± 5 K (1148 �C) according to
Levin et al.[5] and 1427 K ± 1 K (1154 �C) according to
Goryunova.[8] Levin et al. used the QM for all their
measurements while Goryunova used DTA. Ji et al.[7]

found Nd4B2O9 to react eutectically with Nd2O3 and
NdBO3 where the eutectic temperatures were found by
DTA to be 1508 K ± 5 K (1235 �C) and 1483 K ± 5 K
(1210 �C), respectively.
There are no studies on the thermal properties of

Nd4B2O9. Ji and Xi[10] have investigated NdBO3 and
NdB3O6. In this study, they determined the Gibbs
energies of NdOF, NdBO3, and NdB3O6 using electro-
motive force (EMF) measurements. One separate EMF
measurement cell was used to determine the Gibbs
energy of NdOF, while two EMF cells were used to
determine the Gibbs energies of NdBO3 and NdB3O6

simultaneously. Each cell configuration was as follows:
Cell-1 ‘‘O2, MgO+MgF2//CaF2//NdOF+Nd2O3,
O2’’, Cell-2 ‘‘O2, MgO+MgF2//CaF2/ NdOF+
NdBO3+NdB3O6, O2’’, and Cell-3 ‘‘Cr+Cr2O2//
ZrO2//NdBO3+NdB3O6+B.’’ It should be noted that
cell-2 was incorrectly written in the original manuscript
of Ji and Xi (Nd2O3 was listed instead of NdBO3), but
according to their discussion in the manuscript, the cell
configuration should be as described above. The mea-
sured Gibbs energy for NdOF from the first cell was
used for determination of the Gibbs energies of NdBO3

and NdB3O6.

2. Optimization
The Gibbs energies of NdBO3 and NdB3O6 derived by

Ji and Xi[10] were initially tested for the thermodynamic
assessment, but it was impossible to reproduce the phase
diagram using these values. The main problem was that
the entropy of formation reported by Ji and Xi was too
large. In addition, the Gibbs energy they used for Cr2O3

is different from the current literature value.[11] A closer
examination of the work by Ji and Xi also revealed that
the expression for the EMF for the third cell is slightly
off-set from their measured values. The revised expres-
sion of their cell voltage should be

E3 ¼ 882� 0:460T mVð Þ: ½12�
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Ji and Xi[10] did not investigate the chemical stability
of their cells after the experiments. Careful examination
of the EMF cell configurations of Ji and Xi showed that
their EMF ‘‘Cell-3’’ may be thermodynamically unsta-
ble for determination of the targeted cell reaction. A
recent assessment of the neodymium-boron system by
Van Ende and Jung[12] was combined with the Gibbs
energies measured by Ji and Xi for NdBO3 and NdB3O6.
The calculated equilibria showed that NdBO3 and
NdB3O6 are stable in equilibrium with NdB6 in the
temperature range where Ji and Xi investigated the
Gibbs energy, instead of pure boron as assumed by
them. This means that there is a very high probability
that the EMF measurements were not performed as they
originally designed them. Considering that NdB6 is the
stable phase instead of B, their cell reactions were in the
present study re-evaluated as

7Cr2O3 sð Þ þ 3NdBO3 sð Þ þ 2NdB6

¼ 14Cr sð Þ þ 5NdB3O6 sð Þ:
½13�

To keep the internal consistency of the FactSage
database, the Gibbs energy of NdB6 was taken from
Van Ende and Jung,[12] and the Gibbs energy of Cr2O3

was taken from Degterov and Pelton.[11] The resulting
Gibbs energies of formation of NdBO3 and NdB3O6

from pure Nd2O3(s) and B2O3(l) were found to be

DGo
NdBO3

¼ �85:5þ 0:0195T kJ=molð Þ; ½14�

DGo
NdB3O6

¼ �143:1þ 0:0586T kJ=molð Þ: ½15�

These Gibbs energies are more negative than those
originally estimated by Ji and Xi.[10] It should be noted
that these evaluations are only based on the thermody-
namic reactions. For the real cell reactions, however,
kinetics is involved—hence it is not possible to make
sure that these revised reactions occurred in their
actual experiments. Therefore, even these revised data
were not highly weighted in the present optimization.

In the present optimization, the liquid parameter,
DgNd3þB3þ , was roughly optimized first based on the
liquidus of Nd2O3 and the miscibility gap in the
B2O3-rich region. The Gibbs energies of solid stoichio-
metric compounds were subsequently optimized to
roughly reproduce the re-evaluated Gibbs energies of
compounds from the EMF data by Ji and Xi[10] and the
phase diagram. The entropies of all stoichiometric
compounds in the B2O3-Nd2O3 system were estimated
using the Neumann–Kopp rule. This rule was also
applied to estimate the heat capacity of the compounds
since there are no heat capacity data available for any of
them. Then, the value of DHo

298K for NdBO3 was
adjusted to reproduce the phase diagram. Iterative
adjustments of DgNd3þB3þ and DHo

298K of compounds
were done until the phase diagram was reproduced
within the experimental uncertainty.

The optimized phase diagram from the present study
is plotted in Figure 1 along with experimental data by
Levin,[6] Ji et al.,[7] and Goryunova.[8] The optimized
congruent melting temperature of NdBO3 is 1885 K

(1612 �C), matching the experimentally measured tem-
perature by Levin et al.[6] The eutectic temperature
between NdBO3 and NdB3O6 was adjusted to be 1419 K
(1146 �C), which is between the values found by Levin
et al.[6] and Goryunova[8]. The same was done for the
monotectic temperature, which was adjusted to 1423 K
(1150 �C). This gave a melting point of NdB3O6 of
1423.5 K (1150.5 �C), which is a bit lower than the value
of 1428 K (1155 �C) found by Levin et al.[6] The critical
point of the miscibility gap has not been measured, and
a tentative value of 1873 K (1600 �C) was set in the
present optimization. The eutectic temperature between
Nd2O3 and Nd4B2O9 was adjusted to the value from Ji
et al.[7] of 1508 K (1235 �C). The eutectic between
Nd4B2O9 and NdBO3 from the optimized model was
1487 K (1214 �C), which is slightly higher than the value
from Ji et al. of 1483 K (1210 �C). Finally, the melting
point of Nd4B2O9 from the optimization was 1519 K
(1246 �C), which is significantly lower than the melting
point of 1568 K (1295 �C) found by Ji et al.
The optimized Gibbs energies of formations of the

stoichiometric NdBO3 and NdB3O6 compounds from
Nd2O3(s) and B2O3(l) are plotted in Figure 2. The
original data from Ji and Xi[10] and the revised data
from the present study are compared with the optimized
results. The best reproduction of the phase diagram was
achieved with a somewhat more negative Gibbs energy
of NdBO3 than the revised data from Ji and Xi at
1172 K (899 �C) (�62.6 vs �51.9 kJ mol�1). For
NdB3O6, the Gibbs energy in the present work
was calculated to be almost half of the value measured
by Ji and Xi[10] at 1172 K (899 �C) (�74.6 vs
�122.9 kJ mol�1). As shown in the phase diagram in
Figure 1, NdBO3 has the most stable congruent melting
temperature. This means that most probably the Gibbs
energy of formation of NdBO3 in one mole of the
Nd2O3-B2O3 system should have the lowest value.
However, according to the experimental data by Ji and
Xi, the gram mole Gibbs energy of formation of
NdB3O6 has lower value than NdBO3, which is highly
unrealistic and could not reproduce the phase diagram
data at all.

B. The FeO-B2O3 System

1. Literature review
Very limited experimental data are available in the

iron-saturated FeO-B2O3 system. One unpublished
study by Kosh et al. is cited in the Slag Atlas.[13] In
their study, the compound Fe3B2O6 was indicated but it
is not documented anywhere else. The compound
FeB2O4 has been reported only as a high-pressure
phase.[14,15] Block et al.[16] and Kawano et al.[17]

reported the last compound indicated by Kosh et al.
Fe2B2O5, to be stable at standard atmospheric pressure.
From the single crystal growth experiments by Kawano
et al., it would be expected that the melting point of
Fe2B2O5 is between 1223 K and 1273 K (950�C and
1000 �C).
Kawano et al.[17] also observed that Fe3BO5 formed

when they were on the FeO-rich side of Fe2B2O5. It
should be noted that Fe3BO5 also contains iron in the
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3+ oxidation state. Kravchuk and Lazebnik[18] also
observed Fe3BO5 in equilibrium with Fe2B2O5 and iron.
Kosh et al. did not indicate the compound FeB4O7 in
their study, but it has been documented by Kravchuk
and Lazebnik,[18] and Rumanova et al.[19] Kravchuk and
Lazebnik obtained single crystals of FeB4O7 at 973 K
(700 �C), and found it to be stable in the whole range
from 523 K to 973 K (250 �C to 700 �C).

Dong et al.[20] studied the solid-phase equilibria at
903 K (630 �C) under 95 pct argon+5 pct hydrogen
atmosphere and found FeB4O7, FeB2O4, and Fe3BO5 to
be the only existing phases by XRD. These results
suggests that FeB2O4 may exist as a stable phase even at
atmospheric pressure and that Fe2B2O5 may not be
stable at lower temperatures. Further studies should be
conducted to investigate this, and these results were not
used in the present study.

Only one study was found on the thermodynamic
properties in the FeO-B2O3 system Fujiwara et al.[21]

used electrochemical cell measurements to determine the
activities of FeO and B2O3 at 1473 K, 1573 K, and
1673 K (1200 �C, 1300 �C, and 1400 �C) under iron
saturation. They also determined the positions of the
liquidus line of FeO and the miscibility gap on the
FeO-rich side at these temperatures.

2. Optimization
Figure 3 shows the optimized phase diagram of the

iron-saturated FeO-B2O3 system. The liquid solution
parameters of the iron-saturated FeO-B2O3 system were
adjusted according to the activity measurements by
Fujiwara et al.,[21] as shown in Figure 4. In addition, the
phase boundaries found by Fujiwara et al. were used for

the liquidus of FeO and miscibility gap in the B2O3-rich
region. The heat capacities and entropies at 298 K
(25 �C) of Fe3BO5, Fe2B2O5, and FeB4O7 were esti-
mated using the Neumann-Kopp rule due to lack of
experimental data.
The enthalpy of formation of Fe2B2O5 was adjusted

to reproduce the expected melting point of approxi-
mately 1248 K (975 �C) from Kawano et al.[17] The
enthalpy of formation of Fe3BO5 was adjusted to give a
tentative melting point of 1373 K (1100 �C), which is
low enough to keep Fe2B2O5 as a congruently melting
compound and high enough to keep Fe3BO5 and
Fe2B2O5 existing in equilibrium. Finally, the enthalpy
of formation of FeB4O7 was adjusted to reproduce the
stability up to 973 K (700 �C) found by Kravchuk and
Lazebnik.[18]

The optimized phase diagram shows reasonable
agreement with available data, but it should be noted
that the available phase diagram data are very limited. It
can be seen that the estimated diagram by Koch et al.[13]

is quite different from the liquidus of FeO by Fujiwara
et al.[21] In the present study, more weight was given to
the data by Fujiwara et al. The experimental activity
data of FeO are very well reproduced by the present
optimization, as can be seen in Figure 4.

C. The Fe2O3-B2O3 System

No thermochemical data are reported in the
Fe2O3-B2O3 system. Joubert et al.[22] investigated the
stability of the two compounds Fe3BO6 and FeBO3 in
this system. This study was followed by a study by
Makram et al.[23] where they investigated Fe3BO6 and

Fig. 1—The optimized phase diagram of the B2O3-Nd2O3 system along with experimental data.[6–8]
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FeBO3 in the temperature range from 670 �C to 900 �C.
They found the decomposition temperatures to be
somewhat lower than found by Joubert et al. Selcuk[24]

investigated the solid and liquid phase boundaries of the
Fe2O3-B2O3 system and found different phase equilibria
than in previous works. Instead of Fe3BO6 and FeBO3,
they found a new compound, Fe2B4O9, that had not
been previously documented. The phase diagram
derived from their work is therefore significantly differ-
ent from the ones proposed by Joubert et al. and
Makram et al.

Due to the discrepant and limited phase diagram data
and lack of thermodynamic properties of both the liquid
phase and of compounds, it is hard to optimize the
binary system. For the purpose of the present study,
however, it is not important to achieve accurate mod-
eling of this system. So, the Gibbs energy of the
compounds was not evaluated and the liquid phase
was assumed to be an ideal solution.

D. The Fe2O3-Nd2O3 System

1. Literature review
The phase equilibria of the Fe2O3-Nd2O3 system

were first investigated by Katsura et al.,[25] and they

found NdFeO3 to be the only stable compound.
Nielsen and Blank[26] determined the melting point of
NdFeO3 to be 2068 K ± 8 K (1795 �C) in air. That
was the only melting point of this compound found in
literature.
Katsura et al.[25] determined the Gibbs energy of

NdFeO3 using CO2-H2 gas equilibration and a solid
electrolyte cell, which measured the oxygen partial
pressure in the range from 1347 K to 1620 K (1200 �C
to 1347 �C). In these experiments, they found NdFeO3

to decompose to metallic iron and Nd2O3. This means
that the three phase equilibrium of Fe+Nd2O3+
NdFeO3 occurs in the range from 1347 K to 1620 K
(1200 �C to 1347 �C), and no ferrous (Fe2+) oxide is
involved in this decomposition reaction even at reducing
conditions in the presence of metallic iron. Based on the
experimental findings they could draw the ternary
section of the Fe-Fe2O3-Nd2O3 system at 1473 K
(1200 �C).[27]
The thermal properties of NdFeO3 at somewhat lower

temperatures were recently investigated by Parida
et al.[28] They used a Calvet microcaliometer to measure
enthalpy increments from 299 K to 1000 K (26 �C to
727 �C). From 1004 K to 1208 K (731 �C to 935 �C),
they used a reversible EMF cell to measure the Gibbs
energy, and by linear extrapolation to higher tempera-
tures, they found good agreement with the measure-
ments by Katsura et al.[25] Vorobev et al.[29] reviewed
available experimental literature where they included
one dataset from Russian literature. These data also
agree relatively well with the measurements by Katsura
et al.[25] and Parida et al.[28]

2. Optimization
The calorimetry data by Parida et al.[28] were used for

the heat capacity of NdFeO3. The enthalpy and entropy
of NdFeO3 were also taken from the study by Parida
et al. The Gibbs energy of NdFeO3 used in the present
study is presented in Figure 5 along with experimental
data.
The model parameter of the liquid solution was

optimized in order to reproduce the melting point of
NdFeO3 in air found by Nielsen and Blank[26]

of 2068 K ± 8 K (1795 �C). Due to the lack of phase
diagram data other than the melting temperature
of NdFeO3, a single parameter of Dgo

Fe3þNd3þ
was

optimized. The optimized phase diagram of the
Fe2O3-Nd2O3 system in air is plotted in Figure 6. Two
eutectic temperatures of NdFeO3+Fe3O4 fi L and
NdFeO3+Nd2O3 fi L are predicted at 1697 K and
1945 K (1424 �C and 1672 �C), respectively.

E. The FeO-Nd2O3 System

1. Key phase diagram experiments
To the present authors’ knowledge, no experimental

phase diagram data are available for the iron-saturated
FeO-Nd2O3 system. Therefore, key phase diagram
experiments were performed in the present study using
the classical quenching method (QM) and the differen-
tial thermal analysis (DTA) technique.

Fig. 2—The optimized Gibbs energies of formation of (a) NdBO3

and (b) Nd(BO2)3 compounds in the B2O3-Nd2O3 system from
Nd2O3(s) and B2O3(l), in comparison to original and revised values
from Ji and Xi.[10]
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The reagent chemicals were powders of Fe2O3 (99.998
pct, Alfa Aesar), Nd2O3 (99.99 pct, Alfa Aesar), and
iron (‡99.9 pct, Alfa Aesar). These powders were
weighed and mixed to give the targeted compositions
with 50 pct excess iron. The reagent chemicals and
prepared mixtures were stored in a desiccator filled with
silica gel due to the hygroscopic nature of the oxides and
the corrosion potential of iron. The moisture content in
the reagent Fe2O3 was found to be negligible by
checking the mass loss (0.09 pct) of a control sample
after heating to 398 K (125 �C) in air for 24 hours. The
mass loss from the reagent Nd2O3 was found to be 0.23
pct after heating to 1273 K (1000 �C) for 3 hours in air.
The mixing of reagents for the FeO-Nd2O3 mixtures was
done for 15 minutes in an agate mortar under 99.9 pct
isopropanol. Iron crucibles with outer diameter 6 mm,

Fig. 3—Optimized phase diagram of the B2O3-FeO system saturated with iron along with experimental data from Fujiwara et al.[21] and esti-
mated diagram by Koch et al.[13]

Fig. 4—Optimized activity of solid FeO (liquid FeO at 1623 K (1400 �C)) in the B2O3-FeO system saturated with iron compared with experi-
mental data from Fujiwara et al.[21]

Fig. 5—Optimized Gibbs energy of NdFeO3 from Nd2O3, iron, and
O2(g) along with experimental data.[25,28,29]
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inner diameter 4 mm, and height 18–20 mm were made
from a 99.5 pct pure iron tube (one end was sealed by
welding). The tubes were filled with approximately
200 mg of material before they were clamped and
welded to sealed capsules.

Three different compositions were prepared: 40FeO-
60Nd2O3, 60FeO-40Nd2O3, and 95FeO-5Nd2O3 (com-
positions in mole percent). The classical quenching
experiments were carried out using a vertical tube
furnace. In order to prevent oxidation of the iron
capsules during the experiment, high-purity Ar gas (6N)
was purged into the tube during the experiments. The
capsules containing all three compositions were held at
1473 K (1200 �C) for 18 hours. Two samples of
40FeO-60Nd2O3 and 60FeO-40Nd2O3 were also held
at 1673 K (1400 �C) for 6 hours. After targeted equili-
bration time, the capsules were quenched by dropping
directly from the hot zone into a container with water.
The capsules were subsequently mounted in epoxy and
polished for EPMA. Small amounts of sample were also
extracted for XRD analysis.

Sealed iron crucibles containing samples were used for
DTA as well. Approximately, 100 mg of mixed material
was filled in each iron crucible. These crucibles were made
from 99.85 pct pure iron and had the same dimensions as
the capsules used for the quenching experiments except
for a lower height of 12 mm and a flat bottom. The
crucible containing samples was first held at 1273 K
(1000 �C) for one hour under 6N argon atmosphere to
remove any hydrocarbons, moisture, hydroxide, or
carbonates that could have been introduced or formed
during mixing. The mass loss was typically 1 mg or less.
The opening was then clamped and the crucibles were

welded to sealed capsules. The sealed capsules were held
at 1723 K (1450 �C) for one hour under argon atmo-
sphere for premelting and homogenization before cooling
back to room temperature. Then, the capsules were
investigated by DTA using a Netzsch STA 449C Jupiter,
where they were held in an alumina cup. The temperature
measurements of this apparatus were calibrated against
the melting point of gold. The capsules were heated under
98 pct argon+2 pct hydrogen by 10 K min�1 to 1723 K
(1450 �C) and cooled by the same rate back to room
temperature. Transition temperatures were determined
as the extrapolated onset temperature of the exothermic
and endothermic peaks. Eight different compositions in
the iron-saturated FeO-Nd2O3 system were investigated
by DTA.

2. Experimental results and optimization
The experimental results of quenching runs are

summarized in Table II, and the results of DTA are
summarized in Table III. The stoichiometry of phases
after the quenching experiments were determined by
EPMA and the phases were confirmed by XRD.
Figure 7 shows the microstructures of two quenched

samples from the present study. The microstructure of
the capsule containing 95FeO-5Nd2O3 after annealing at
1473 K (1200 �C) for 18 hours is shown in Figure 7(a).
NdFeO3 crystals are observed in equilibrium with FeO
and iron. The capsules containing 40FeO-60Nd2O3 and
60FeO-40Nd2O3 still contained unreacted powders even
after being held at 1473 K (1200 �C) for 18 hours. The
capsules held at 1400 �C for 6 hours had NdFeO3 in
equilibrium with Nd2O3 and iron after quenching.
The microstructure of the capsule containing

Fig. 6—Optimized phase diagram of the Fe2O3-Nd2O3 in air along with the experimentally measured melting temperature of NdFeO3 from
Nielsen and Blank.[26]
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40FeO-60Nd2O3 is shown in Figure 7(b). Some regions
where Nd2O3 and iron were intermixed were observed in
between NdFeO3 grains, as can be seen in Figure 7(b).
This seems to happen due to the liquid phase
decomposing to Nd2O3 and iron during cooling, as
explained by the final optimized phase diagram of the
Fe-Fe2O3-Nd2O3 system below. This also indicated that
the quench was not rapid enough to form a glass from
the liquid phase.

The optimized phase diagram of the iron-saturated
FeO-Nd2O3 is calculated inFigure 8.As determined from

the quenching experiment, there is only one intermediate
phase in the FeO-Nd2O3-Fe system. Surprisingly, the
intermediate phase is not in this section (no ferrous
neodymiumoxide phase exists), butNdFeO3where iron is
in ferric state is existing here. That is, the ‘NdFeO3+Fe’
mixture is the stable phase in this FeO-Nd2O3 section as
calculated in Figure 9. This result is consistent with the
previous study by Katsura et al.[25] who measured the
Gibbs energy of NdFeO3 from a Fe+Nd2O3 mixture,
which also led them to report the diagram of the
Fe-Nd2O3-Fe2O3 system in their later study.[27]

Table II. Quenching Experiments in the Iron-Saturated FeO-Nd2O3 System

Temperature, K (�C)

Composition (mol pct) Phases After Equilibration

FeO Nd2O3 FeO Nd2O3 NdFeO3 Fe

1673 (1400) 40 60 no yes yes yes
1673 (1400) 60 40 no yes yes yes
1473 (1200) 40 60 unreacted

unreacted1473 (1200) 60 40
1473 (1200) 95 5 yes no yes yes

Table III. Starting Compositions of Materials and Extrapolated Onset Temperatures from the DTA Experiments in the
Iron-Saturated FeO-Nd2O3 System

Composition (mol pct) Onset Temperature, K (�C)

FeO Nd2O3 Heating Cooling

40 60 1595.0 (1321.8) 1606.3 (1333.1)
50 50 1604.8 (1331.6) 1610.9 (1337.7)
55 45 1593.7 (1320.5) 1611.4 (1338.2)
60 40 1605.6 (1332.4) 1609.3 (1336.1)*
75 25 1611.5 (1338.3) 1619.1 (1345.9)
85 15 1511.3 (1238.1) 1511.9 (1238.7)*
90 10 1512.7 (1239.5) 1511.2 (1238.0)
95 5 1509.9 (1236.7) 1511.3 (1238.1)**

* Heating and cooling rate of 3 K min�1 between 1423 K and 1723 K (1150 �C and 1450 �C).
** Heating and cooling rate of 1 K min�1 between 1473 K and 1673 K (1200 �C and 1400 �C).

Fig. 7—Microstructure of samples after equilibration. (a) 95FeO-5Nd2O3 quenched from 1473 K (1200 �C). (b) 40FeO-60Nd2O3 quenched from
1673 K (1400 �C).
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The DTA results are also plotted in Figure 8. The
extrapolated onset temperature during cooling is very
close to the onset temperature during heating in the
region between FeO and NdFeO3. The eutectic temper-
ature for FeO+NdFeO3 fi L was determined as the
mean value of onset temperatures during heating and
cooling. The mean temperature of all three compositions
was 1511.4 K (1238.2 �C). For the compositions
between Nd2O3 and NdFeO3, the onset temperatures
during cooling were higher than those during heating by
9.7 K on average. The reason for such discrepancy was
not further investigated. In the present study, the
average of heating and cooling was taken. The mean
temperature of all four compositions was 1604.6 K
(1331.5 �C). For the composition of 75FeO-25Nd2O3

(melting temperature of NdFeO3), the mean transition
temperature was 1615.3 K (1342.1 �C).

A small negative solution parameter was added to
liquid FeO-Nd2O3 to adjust the phase diagram in
accordance with the DTA measurements as shown in
Figure 8. No adjustments were necessary apart from this
to reproduce the phase diagram.

IV. APPLICATION TO RECYCLING
PROCESSES

As mentioned earlier, there is no phase diagram
or thermodynamic information for the FeO-Fe2O3-
Nd2O3-B2O3 in oxidizing or reducing conditions. There-
fore, the present optimization results were integrated
with the previous results of FeO-Fe2O3 system in the
FactSage FToxid database,[2] and a set of the oxide
database was prepared. In the application calculations,

the previous database of the metallic Fe-Nd-B system
optimized by Van Ende and Jung[12] and the FactSage
pure substance database[2] were used together with the
present database.
In order to investigate the selective oxidation process

of NdFeB scrap into the B2O3-FeO-Fe2O3-Nd2O3 sys-
tem, the phase stability diagram (partial pressure of
oxygen vs temperature diagram) of Nd2Fe14B magnets
was calculated, as shown in Figure 10. According to the
calculated results, molten slag with no remaining metal
can be formed above 1673 K (1400 �C) and ‘‘oxidizing’’
conditions (log PO2>�10 atm). At somewhat lower

Fig. 8—The optimized phase diagram of the iron-saturated FeO-Nd2O3 system together with DTA measurements conducted in the present work.

Fig. 9—Calculated ternary section of the Fe-Fe2O3-Nd2O3 system at
1473 K (1200 �C).
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partial pressures of oxygen, slag will be formed in
equilibrium with metal. Under ‘‘reducing’’ conditions
(log PO2<�15 atm), a metallic liquid Fe-B solution
will be formed leaving Nd2O3 as a solid phase, as can be
seen in the diagram. Once the partial pressure of oxygen
is further reduced, no metal will be oxidized.

From a process design viewpoint, the metallic Fe-B
liquid solution and solid Nd2O3 can be easily separated
and high-purity Nd2O3 can be taken out from the
system. If CO is used as an oxidizing agent, the C-CO
equilibrium should be considered. The equilibrium
partial pressures of oxygen developed by C–CO equili-
bration depending on temperature are superimposed in
Figure 10. Solubility of carbon in the metallic phase and
possible formation of (oxy)carbides was not considered.
According to the diagram, NdFeB scrap can be selec-
tively oxidized by CO with controlled pressure of 0.1 to
0.01 atm (diluted by inert gas or reduction of total gas
pressure in reactor), and the mixture of ‘liquid metal+
Nd2O3’ can be easily achieved.

V. SUMMARY

Critical evaluation and thermodynamic modeling of
the B2O3-FeO-Fe2O3-Nd2O3 system was performed in
this study. Key phase diagram experiments for the
iron-saturated FeO-Nd2O3 system were also performed
to assist the modeling. Thermodynamic modeling of the
binary systems of B2O3-FeO, B2O3-Nd2O3, FeO-Nd2O3,
and Fe2O3-Nd2O3 were performed. The liquid
B2O3-Fe2O3 was assumed as an ideal solution due to

limited available experimental data. The optimized
model parameters were integrated to calculate the phase
stability diagram of the NdFeB magnet depending on
partial pressure of oxygen to provide a guidance for
selective extraction of Nd2O3 during the recycling of the
magnet scrap.
In order to improve the accuracy of the thermody-

namic description, the phase diagram and thermody-
namic properties of B2O3-Nd2O3, FeO-B2O3, and
Fe2O3-B2O3 system should be further investigated. An
investigation of the phase diagram of ternary or higher
order systems would also be necessary.
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Fig. 10—Calculated phase stability diagram of a Nd2Fe14B magnet depending on partial pressure of oxygen and temperature. Slag means molten
oxide phase and liquid metal means liquid metallic solution.
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