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Phase relations in the CaO-Al2O3-Nd2O3 system were investigated in the
temperature range between 1330�C and 1600�C using equilibration technique
followed by characterization using x-ray diffraction and scanning electron
microscopy combined with energy-dispersive x-ray spectroscopy (SEM/EDX).
Melting relations were investigated using differential thermal analysis fol-
lowed by microstructure study using SEM/EDX. It was found that CaNdAlO4

(s1) compound melted congruently at 1808�C, while CaNdAl3O7 (s2) compound
melted incongruently at 1766�C. The sample in the stability fields adjacent to
lowest eutectic in the CaO-Al2O3 system (CaAl2O4 + Ca3Al2O6) and s2 as well
as samples in the stability field s2 + CaAl2O4 + CaAl4O7 and s1 + s2 +
Ca3Al2O6 were completely melted at 1600�C. The Ca12Al14O33 phase consid-
ered as not stable in anhydrous atmosphere was found instead of Ca3Al2O6

phase after heat treatment at 1330�C. After melting Ca12Al14O33 formed glass.
The obtained results are important for selection of conditions for process of
rare earth recycling from waste permanent NdFeB magnets.

INTRODUCTION

The phase relations in the CaO-Al2O3-Nd2O3

system are important for the recycling process of
Nd from NdFeB magnets using pyrometallurgy.
During reductive smelting, rare earth elements are
selectively oxidized and dissolved in slag while Fe,
Co, and other metals are kept in the metal melt.1 It
should be noted that other rare earth elements
(REE) such as Dy, Sm, Pr, Gd, Tb, etc., are used as
additives to improve the properties of magnets, e.g.,
to increase the temperature of de-magnetization
and corrosion resistance. Up to 10 mass% Dy can be
contained in the NdFeB magnet.2 Recently, a two-
stage process incorporating (1) an oxidative smelt-
ing step with use of CaO, Al2O3 as additives for
NdFeB magnet dissolution and (2) a reductive
smelting step for metal alloy phase and a CaO-
REE2O3-Al2O3 slag phase generation has been
presented;3 however, the process could be optimized

to a single step process. Leaching and precipitation
methods to selectively separate REE2O3 from the
resulting CaO-REE2O3-Al2O3 slag have also been
proposed.4 To study rare earth dissolution in molten
slag the simplified model system CaO-Nd2O3-Al2O3

was selected. Experimental phase diagram data for
the CaO-Nd2O3-Al2O3 system are minimal. Only an
isothermal section at 1300�C is available based on
experimental investigations of two works.5,6 Two
ternary compounds with compositions CaNdAlO4

and CaNdAl3O7 were found. These phases can be
considered for concentrating rare earth elements in
slag. The phase NdAlO3 with perovskite structure
congruently melting at 2083�C ± 50�C7 can also be
of interest for Nd concentration. An array of meth-
ods could be considered for their separation from the
bulk slag including high temperature filtration,
since respective compounds form potentially two-
phase regions with a bulk liquid slag phase at high
temperatures.3 According to the phase diagram of
the CaO-Al2O3 system, the lowest eutectic reaction
occurred at 1360�C ± 5�C and 36 mol.% Al2O3.8

Therefore, the system CaO-Al2O3-Nd2O3 is of
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interest for rare earth recycling because of the
presence of low-temperature eutectic in the CaO-
Al2O3 binary system, two ternary compounds and
one binary compound NdAlO3 concentrating rare
earth elements. Since recycling processes include
contact of oxidized rare earth elements with molten
slag for concentrating of the former in the latter, it
is especially important to address investigation of
melting relations in the ternary system which are
not known so far except for the melting point of the
CaNdAlO4 compound. The aim of this study is to
determine/verify the melting point of ternary com-
pounds and to investigate melting of compositions in
the ternary system close to lowest eutectic in the
CaO-Al2O3 binary system.

Literature Survey

The thermodynamic database for the CaO-Al2O3

system is available. Four intermediate compounds
are considered as stable Ca3Al2O6 (C3A), CaAl2O4

(CA), CaAl4O7 (CA2) and CaAl12O19 (CA6). The
assessments of thermodynamic parameters were
based on experimental data on phase equilibria and
thermodynamic values such as activity for liquid
phase, heat capacity, standard entropy, heat of
formation, and heat of melting for intermediate
compounds, which were reviewed in the works.8,9

Different variants of two-sublattice partially ionic
liquid models and the same description of solid
phases were published.8,10,11 In work of Eriksson
and Pelton,9 solid phases were described using
different Gibbs energy expressions than in Ref. 8,
and a modified quasi-chemical model was applied
for liquid. It should be noted that in several
publications phase Ca12Al14O33 (C12A7) was found
while it was assumed to be stabilized in moisture
atmosphere and not stable in strictly anhydrous
conditions (see details in Ref. 8).

New experimental studies of the Nd2O3-Al2O3

system were undertaken to establish stability
ranges of the intermediate compound b-NdAl11O18.7

Stability limits of the b-NdAl11O18 phase were
determined using differential thermal analysis
(DTA) and equilibration technique followed by x-
ray analysis and SEM/EDX. The temperatures and
compositions of eutectic reactions L M Nd2O3 +
NdAlO3 and L M NdAlO3 + b-NdAl11O18 as well

as the temperature of eutectoid reaction b-
NdAl11O18 M NdAlO3 + Al2O3 were experimentally
determined for the system of Nd2O3-Al2O3.7 Review
of literature data on the phase diagram and exper-
imental thermodynamic data were presented.12 The
obtained experimental results7 together with exper-
imental data from literature were used for the
assessment of thermodynamic parameters in the
Nd2O3-Al2O3 system.7 Phase diagrams of the CaO-
Al2O3 and Nd2O3-Al2O3 systems are presented in
Fig. 1a and b.

The experimental data for the Nd2O3-CaO system
are limited by one temperature of 885�C, at which

the solubility of CaO in Nd2O3 (hexagonal phase A)
was found to reach up 33 mol.% and no intermedi-
ate compounds were indicated.13 It should be noted
that Lopato14 reported stability of intermediate
compound corresponding to composition CaNd4O7

(beta-phase) having narrow homogeneity ranges,
melting congruently and being stable in the range of
1850–2120�C. However, no experimental details
were reported, and no phase diagram was pre-
sented. The thermodynamic description of Le
et al.15 was obtained as an extrapolation from the
ternary system without accounting solubility of CaO
in the Nd2O3 phase. According to thermodynamic
calculations, there is a eutectic reaction at 1800�C.
However, a congruently melting phase CaNd4O7

should substantially change phase relations in the
system.

Phase diagrams of the CaO-Al2O3-Nd2O3 system
at 1300�C are presented in works of Jantzen and
Glasser5 and Jantzen and Neurgaonkar.6 Two
ternary compounds were found in the system
CaNdAlO4 (s1, tetragonal, K2NiF4 structure I4/
mmm) and CaNdAl3O7 (s2, tetragonal, melilite
structure, P-421 m). Phases with the same struc-
tures were found in the systems with other rare
earth oxides La, Ce, Gd and Y.16–19 Samples in the
CaO-Al2O3-Nd2O3 system were synthesized by co-
precipitation method6 that allow reaching equilib-
rium faster than by using solid state reactions.
Notably, the phase diagram presented in Ref. 6
contains more details, and the tie line between s2

and Nd2O3 was changed to s1 and NdAlO3. How-
ever, the tie line between CaAl4O7 (CA2) and s2 was
not shown. It should be also noted that solubility of
CaO in NdAlO3 was shown in Ref. 5 in contrast with
another work.6 Various properties of the CaNdAlO4

compound were extensively studied. Melting tem-
perature was reported in two works as 1820�C20 and
1860�C.21 The growth from melt was used to obtain
a single crystal of s1 in Ref. 21, which indicates
congruent melting of this compound. Enthalpy of
formation from oxides was determined using solu-
tion calorimetry (� 65.91 kJ/mol ± 8.23 kJ/mol) at
298.15 K and enthalpy increment from room tem-
perature to 973 K equal to 110.43 kJ/mol.22

EXPERIMENTAL

Five samples were synthesized from oxide pow-
ders using solid state reaction method. Their com-
positions are presented in Table I. Calcium oxide
(97+ %) and aluminum oxide (99.7+ %), both pro-
duced by Acros Organics (Belgium), and neodimium
(III) oxide (min 99.8%), produced by supplier S3
Chemicals (Germany), were used. Powders were
ball-milled and pelletized at 300 MPa (pellet size:
5 mm diameter and about 2–3 mm in height).
Pellets were placed in Pt crucibles and heat treated
in a muffle furnace (NABERTHERM, Germany) in
air at chosen temperatures followed by furnace-
cooling. Samples were heat treated at 1330�C for
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168 h and at 1600�C for 96 h. Two other tempera-
tures for heat treatment (1400�C and 1500�C) were
selected for sample ACN-3 for interpretation of
differential thermal analysis (DTA) results.

After heat treatment, the obtained samples were
characterized using x-ray diffraction (XRD) and
scanning electron microscopy combined with
energy-dispersive x-ray spectroscopy (SEM/EDX).

The powdered samples were investigated at room
temperature using an URD63 x-ray diffractometer
(Seifert, FPM, Freiberg, Germany) with CuKa radi-
ation (k = 1.5418 Å). ICSD (Inorganic Crystal Struc-
ture Database, 2017, Karlsruhe, Germany)23 was
used for interpretation of the powder diffraction
patterns. Qualitative and quantitative analyses of
the XRD patterns were performed by Rietveld

Fig. 1. Phase diagrams of the systems (a) CaO-Al2O3
10 and (b) Nd2O3-Al2O3.

7

Table I. Results of XRD and microstructure investigation of samples in the CaO-Nd2O3-Al2O3 system

Sample

Composition,
mol.%

Temperature,
�C Phases by XRD, vol.% Phases by SEM/EDXAl2O3 CaO Nd2O3

ACN-1 25 50 25 1330 19.5 s2, 41.8 s1, 14.3 C3A, 6.7
Nd2O3, 17.6 Nd(OH)3

s2, s1, C3A

1600 100 s1 s1, NdAlO3 (CaO diss.), C12A7
DTA-2000 – s1

ACN-2 50 33.3 16.7 1330 68.5 s2, 4.8 NdAlO3, 13.9 CA, 12.7
CA2

s2, CA2, NdAlO3 (CaO diss.)

1600 81.5 s2, 18.5 CA2 s2, CA2, NdAlO3 (CaO diss.)
DTA-1900 – s2, NdAlO3 (CaO diss.), eutectic

s2 + CA + CA2 (?)
ACN-3 45 50 5 1330 30.5 s2, 51.3 CA, 18.2 C12A7 s2, CA, C12A7

1400 27.1 s2, 52.7 CA, 20.2 C12A7 –
1500 – s2, CA, C12A7 (glass)
1600 37.5 s2, 62.5 CA s2, CA, C12A7 (glass)

DTA-1800 – s2, CA, C12A7 (glass)
ACN-4 55 40 5 1330 27.1 s2, 31.1 CA, 41.8 CA2 s2, CA, CA2

1600 17.1 s2, 30.7 CA, 52.2 CA2 s2, CA, CA2
DTA-1800 – s2, CA, CA2, eutectic s2 + CA2

ACN-5 35 50 15 1330 50.6 s1, 27.4 s2, 22.0 C3A s1, s2, C12A7
1600 65.9 s1, 34.1 NdAlO3 s1, NdAlO3 (CaO diss.), C12A7

(glass)
DTA-1800 – s1, NdAlO3 (CaO diss.), C12A7

(glass), s2
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analysis using MAUD software.24,25 The microstruc-
ture of samples after heat treatment and after DTA
was examined using a JEOL JSM-7800F (Japan)
field emission gun (SEM) equipped with an EDX
detector.

Melting of sample materials was investigated
using a SETSYS EVOLUTION 2400 (TG-DTA)
instrument (SETARAM, France) in open W cru-
cibles in He atmosphere at temperatures up to
2000�C. The selection of highest temperature for
DTA investigation was based on the results of
equilibration experiments and literature data. The
heating rate was 20 K min�1 up to 1200�C and then
10 K min�1; cooling rate was 30 K min�1. Temper-
ature calibration was carried out using melting
points of Al and Al2O3 and temperature of solid-
state transformation in LaYO3.

PRELIMINARY CALCULATIONS

Thermodynamic descriptions of the CaO-Al2O3
10

and Nd2O3-Al2O3
7 systems were combined, and the

presence of the compound CaNd4O7 in the CaO-
Nd2O3 system as well as solubility of CaO in Nd2O3

was not considered, similar to the assumptions
made in Ref. 15. The calculated phase diagram of
the CaO-Nd2O3 system presents a simple eutectic
diagram with the eutectic temperature of 1989�C
and composition of 50.2 mol.% Nd2O3. The thermo-
dynamic functions of s1 and s2 were fitted to
reproduce experimental data of Jantzen and Neur-
gaonkar6 at 1300�C. The isothermal sections of the
CaO-Al2O3-Nd2O3 system calculated at 1300�C and
1600�C using Thermo-Calc software26 are shown in
Fig. 2a and b, respectively. The calculations were
performed assuming that phase C12A7 is

metastable, although it was shown as a stable one
in Refs. 5 and 6. Nevertheless, including data for
this phase from Ref. 8 would result in an additional
tie line between C12A7 and s2 phase at 1300�C. At
1600�C, C12A7 is no longer stable.8

RESULTS AND DISCUSSIONS

XRD and SEM/EDX Investigation of Samples
Heat Treated at 1330�C and 1600�C

The results of XRD and SEM/EDX investigation
of samples heat treated at 1330–1600�C are pre-
sented in Table I. Compositions of samples ACN-1
and ACN-2 correspond to the compositions of the
phases s1 and s2, respectively. Compositions of the
next three samples were selected to be in three
phase fields: ACN-3 in s2 + CA + C3A, ACN-4 in
s2 + CA + CA2 and ACN-5 in s1 + s2 + C3A based
on the phase diagram of the CaO-Nd2O3-Al2O3

system at 1300�C (see Fig. 2a).
According to XRD, reactions in samples ACN-1 and

ACN-2 at 1330�C were not completed. Sample ACN-1
heat treated at 1600�C was single-phase s1, while
SEM/EDX indicated a very small amount of NdAlO3

and the phase having composition C12A7. The sam-
ple ACN-2 heat treated at 1600�C contained 81.5
vol.% s2-phase and 18.5 vol.% CA2; the phases
present were confirmed by SEM/EDX. Samples
ANC-1 and ANC-2 heat treated at 1600�C were
investigated using DTA. Samples ACN-3, ACN-4 and
ACN-5 were investigated using DTA after heat
treatment at 1330�C, since they completely melted
after heat treatment at 1600�C. According to XRD,
the phases found in ACN-4 and ACN-5 after heat
treatment at 1330�C correspond to expected phase
assemblages CA + CA2 + s2 and s1 + s2 + C3A,

Fig. 2. Calculated isothermal sections of the CaO-Al2O3-Nd2O3 system at (a) 1300�C and (b) 1600�C.
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respectively. Results of SEM/EDX investigations
confirmed phase assemblage in ACN-4, but in sample
ACN-5 the phase with composition C12A7 was found
instead of C3A. However, a more detailed investiga-
tion indicated that the phase having a composition
close to C12A7 was not homogeneous and consisted of
several phases (e.g., the black phase on the
microstructure of ACN-2, see below). In sample
ACN-3 heat treated at 1330�C, the metastable cubic
phase C12A7 was indicated to coexist with CA and s2

instead of C3A according to both XRD and SEM/EDX.
As mentioned above, C12A7 phase was observed in
the CaO-Al2O3 system according to the literature (see
details in Ref. 8). However, the presence of this phase
does not substantially affect the melting temperature
in the CaO-Al2O3 system. It should be also mentioned
that phase C12A7 was found in the ternary CaO-
Nd2O3-Al2O3 system.5,6

After heat treatment of sample ACN-3 at 1600�C,
C12A7 phase was not found by XRD, but the phase
with this composition was found in the microstruc-
ture. Probably glass of C12A7 composition was
formed during cooling. The data from the literature
confirm our assumption. According to Refs. 27 and 28,
molten composition C12A7, which coincides with the
lowest eutectic in the CaO-Al2O3 system, can readily
form glass by quenching. Sample ACN-4 after heat
treatment at 1600�C contained the same phases as
after heat treatment at 1330�C according to XRD and
SEM/EDX. After heat treatment of sample ACN-5 at
1600�C, only two phases determined by XRD were s1

and NdAlO3; however, several remaining peaks in
the XRD pattern could not be fitted by any known
phases in the system. Microstructure investigation
using SEM/EDX confirmed the presence of two
phases, s1 and NdAlO3. Notably, substantial solubil-
ity of CaO in the NdAlO3 was found. Additionally, the
phase with C12A7 composition was observed, but it
was not found by XRD. Probably it was glassy phase,
similar to one found in sample ACN-3 after heat
treatment at 1600�C.

DTA Investigations

According to DTA, shown in Fig. 3a, sample ACN-
1 contained single phase s1 melted at 1808�C as
evidenced by a sharp single thermal effect on
heating, which indicates congruent melting. To
support this statement, the microstructure of the
sample after DTA presents only s1 phase (Fig. 3b).
The melting temperature is in good agreement with
that in Ref. 20, but lower than obtained in Ref. 21.

As Table I shows, sample ACN-2 heat treated at
1600�C before it was investigated by DTA consisted
of two phases identified by XRD s2 (81.5 vol.%) and
CA2 (18.5 vol.%). SEM/EDX indicated additionally a
small amount of NdAlO3. Microstructure investiga-
tion of the sample after DTA showed that melting of
the s2 phase was incongruent (i.e., with decomposi-
tion, Fig. 4b). The primary crystallizing phase was
NdAlO3 (white phase), which dissolved a

substantial amount of CaO (� 11 mol.% CaO,
53 mol.% Al2O3, 36 mol.% Nd2O3). Then, s2 (gray
phase) was growing on the primary phase NdAlO3.
The last liquid was crystallizing as eutectic, prob-
ably CA + CA2 + s2. The eutectic microstructure is
very fine so that it is impossible to measure the
phase compositions formed in the eutectic area.
Consequently, as shown in Fig. 4a, the first heat
effect at 1675�C observed on the DTA heating curve
can be related to CA2 + s2 melting and the second
one at 1766�C with melting of s2.

Presented in Fig. 5a, DTA for sample ACN-3
shows two effects on heating at 1357�C and
1546�C. Microstructure of sample ACN-3 after
DTA presented in Fig. 5b shows that s2 (white
phase) solidified first and then a mixture of CA
(black) and the phase corresponding to composition
C12A7 (gray). However, XRD of the completely
melted sample ACN-3 at 1600�C did not reveal the
C12A7 phase. Actually, only s2 and CA were iden-
tified by XRD. Probably the phase C12A7 was
glassy. Therefore, the first effect on the DTA
heating curve can be explained as melting of
eutectic (s2 + CA + C12A7) since it is below the
calculated eutectic L M CA + C12A7 in the binary
CaO-Al2O3 system (1445�C8), and the last one is
liquidus. To verify this idea, heat treatment of
sample ACN-3 was additionally done at 1400�C and
1500�C. XRD investigation of sample ACN-3 after
heat treatment at 1400�C confirmed that the sample
was still solid and contained the CA, C12A7 and s2

phases. Therefore, melting of the ACN-3 sample
occurred at higher temperature, and the thermal
effect at 1357�C is related to a reversible solid-state
transformation. Visual investigation followed by
microstructure investigation of sample ACN-3 heat
treated at 1500�C indicated that it was partially
melted. After partial melting pores disappeared, but
typical eutectic microstructure was not observed.
The last phase to form had composition C12A7
with � 1% Nd2O3. As mentioned above, the compo-
sition C12A7, which is close to the lowest eutectic in
the CaO-Al2O3 system, readily forms glass during
cooling, and this explains why a eutectic microstruc-
ture was not observed.

DTA for sample ACN-4 shows two heat effects at
1579 and 1632�C (Fig. 6a). According to XRD, the
sample contained phases s2, CA and CA2 before DTA
investigation. Therefore, the first peak is due to
melting of s2 + CA + CA2 assemblage. It is probably
ternary eutectic because the temperature is below the
temperature of eutectic L M CA + CA2 (1600�C) in
theCaO-Al2O3 system. The second effect is for melting
of CA and CA2 up to liquidus. The shape of the second
effect shows that there were several reactions until
the whole sample melted. Three phases can be
observed in the microstructure after DTA presented
in Fig. 6b. The gray phase is CA, while the light gray
phase is similar to CA in composition but contains
more Nd (� 2 mol.% Nd2O3). It is possible that this is
due to overlapping of s2 and CA. Grains of s2 can be
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also observed in the CA phase. The black phase is
CA2. Area of eutectic with the composition close to
CA2 but containing more Nd can be observed. Prob-
ably it is binary eutectic since only two phases, s2 and
CA2, can be seen clearly, while the presence of the CA
phase cannot be clearly seen.

For sample ACN-5, DTA indicated one thermal
effect at 1594�C (Fig. 7a). Microstructure investiga-
tion after DTA indicated three phases (Fig. 7b).
White contrast squares are NdAlO3, and white
contrast sticks are s1. The areas of the gray phase
are s2. The black phase has a composition similar to
C12A7, but the metastable phase C12A7 was not
identified by XRD in the sample which was heat
treated at 1600�C and completely melted at this
temperature. Notably, C12A7 does not appear after
melting according to the literature. As mentioned

above, glass formed during cooling of this composi-
tion in the CaO-Al2O3 system.

THE IMPORTANCE
OF THE CAO-ND2O3-AL2O3 PHASE

DIAGRAM FOR A TAILORED PERMANENT
MAGNET RECYCLING PROCESS

Hydrometallurgy is the main method for rare earth
elements recovery from waste electronics and electri-
cal equipment. Wherein, the leaching method is based
on the dissolution of scrap in mineral or organic acids
followed by precipitation, ion exchange, solvent
extraction, and electrochemical methods.29 For exam-
ple, leaching with sulfuric acid followed by the use of
alkali metal hydroxides to precipitate double salts of
neodymium which can be further transformed to

Fig. 3. DTA heating curve (a) and microstructure (b) of ACN-1 after DTA; single phase s1.

Fig. 4. DTA heating curve (a) and microstructure (b) of ACN-2 after DTA. Bright phase is NdAlO3; gray phase is s2, dark matrix is eutectic
(s2 + CA + CA2).
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neodymium oxide allows achievingup to 98% recovery
of Nd.29 Though hydrometallurgical methods allow to
achieve high recovery of REEs, the disadvantage of
this process is multiple steps to enhance leaching
selectivity, consumption of large amounts of chemi-
cals, compromised precipitate purity due to the
presence of iron in solution and rapid (undesired)
evolution of hydrogen.29,30 In pyrometallurgical pro-
cesses, e.g. during oxidative treatment, rare earth
elements with a high affinity for oxygen are concen-
trated in the slag, while elements with a lower affinity
for oxygen (predominantly iron) form a metallic
liquid. The slag phase comprising mainly of CaO-
REE2O3-Al2O3 (REE2O3 is mainly Nd2O3 but also
Pr2O3, Dy2O3) can be achieved through a two-stage
process, i.e. the first oxidative smelting of the magnet

containing the waste stream, and the second stage of
the reductive smelting stage to remove any metal
components (predominantly iron) from slag concen-
trating the REE elements. The above-mentioned
recycling process demonstrated in Ref. 3 can be
further tailored through the melting relations estab-
lished in the present study. The combination of
pyrometallurgical and hydrometallurgical methods
makes it possible to reduce the impact on the envi-
ronment and economy.31

In order to enhance the rare earths recycling in a
pyrometallurgical process, the melting relations, i.e.
REEs distribution in the slag and the precipitation
behavior of REE-containing compounds, are of
primary importance. In the works of Le et al.,15,31

the CaO-SiO2 system with eutectics at 1454�C and

Fig. 5. DTA heating curve (a) and microstructure (b) of ACN-3 after DTA. Bright phase is s2; dark phase is CA; gray phase is C12A7 (it was not
distinguished by XRD, see text).

Fig. 6. DTA heating curve (a) and microstructure (b) of ACN-4 after DTA. Bright phase is s2; dark phase is CA2; gray phase is CA; light gray is CA
(� 2 mol.% Nd2O3), binary eutectic (s2 + CA2).
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1441�C was selected to concentrate Nd2O3 in the
slag. Based on melting relations in the CaO-SiO2-
Nd2O3 system, two possible schemes for recycling
were proposed: (1) precipitation of rare earth solid
phase Ca2+xNd8-x(SiO4)6O2–0.5x with an apatite
structure in the two-phase region (apatite and
liquid), and (2) concentrating REE in liquid equili-
brated with CaSiO3.

Different slag systems have already been sug-
gested for collecting Nd in slag, e.g. the systems of
CaO-SiO2,15,31,32 CaO-SiO2-P2O5,32 CaO-SiO2-
CaF2,33 and Al2O3-CaO-MgO-SiO2-P2O5.1 The main
criteria for selecting a slag system are the presence
of low-temperature eutectics in the bounding sys-
tems serving as flux additives and the presence of
ternary and binary compounds concentrating Nd2O3

in the slag-Nd2O3 systems. Both criteria should be
met for compositions selected for Nd recycling, when
aiming to achieve REE-enriched phases. Alterna-
tively, liquids (slags) with high Nd2O3 solubility can
be directed to leaching after solidification. In the
present work, the CaO-Al2O3 system was selected as
flux since there is a low-temperature eutectic at
1365�C in the binary system, and compounds con-
centrating Nd, i.e. two ternary compounds s1 and s2

as well as the NdAlO3 binary compound. The
compositions for experimental investigation were
selected in the fields of three phase coexistence:
s2 + C3A + CA, s2 + CA + CA2, and s1 + s2 + C3A.
It was found that the selected samples completely
melted at a temperature of 1600�C. Thus, Nd2O3

will completely dissolve in the oxide liquid and
separate from the metal. Therefore, the selected
compositions are of interest for Nd recycling. In
sample ACN-3, the s2 phase crystallized first and
therefore during the process of solidification it can
be separated from the melt having a low concentra-
tion of Nd. In sample ACN-4, s2 and binary eutectic

s2 + CA2 crystallizing as first and secondary phases
can be also separated in the process of solidification
from the melt enriched in CaO and Al2O3. Espe-
cially interesting for application was sample ACN-5
concentrating Nd in the NdAlO3, s1 and s2 phases
which can be separated from the liquid of C12A7
composition forming glass at the last stage of
cooling process. It should be mentioned that NdAlO3

was not found after heat treatment at 1330�C and
appeared only after complete melting of the sample.
The solidification of this phase is very important,
since more Nd2O3 is concentrated in it than in the s1

and s2 phases.
Therefore, it is demonstrated that using of CaO

and Al2O3 additives presents interest for Nd recy-
cling. It should be mentioned that melting temper-
ature of the s2 compound of 1766�C and its
incongruent melting behavior were investigated
for the first time in the present work. Though the
melting temperature is relatively high, the NdAlO3

phase with the highest concentration of Nd forming
first during solidification followed by s2 formation
also presents interest for Nd recycling. However,
more detailed experimental investigations of melt-
ing relations as well as thermodynamic property
measurements are necessary to develop thermody-
namic database for the system CaO-Al2O3-Nd2O3.
The calculations using preliminary database
obtained in the present work indicated melting of
the s2 phase below 1600�C that is not consistent
with the experimental results of the present work.
Additional studies can indicate other compositions
interesting for Nd recycling applications. Using
thermodynamic database liquidus and solidus sur-
faces will be calculated establishing primary crys-
tallization fields of Nd-containing phases,
temperature ranges of their solidification and series
of liquidus isotherms showing composition ranges of

Fig. 7. DTA heating curve (a) and microstructure (b) of ACN-5 after DTA. Bright squares phase is NdAlO3, bright sticks phase is s1, gray phase is
s2, and dark phase is C12A7 (it is not metastable cubic phase of this composition).
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liquid stability changing with temperature. These
are especially important information for the
pyrometallurgical recycling of Nd.

CONCLUSION

1. Phase relation in the CaO-Al2O3-Nd2O3 system
were investigated in the temperature range of
1330–1600�C by equilibration technique fol-
lowed by characterization using XRD and
SEM/EDX. Melting relations were studied using
DTA followed by microstructure characteriza-
tion. It was shown that the ternary phase s1

melted congruently at 1808�C and s2 melted
incongruently at 1766�C. After melting of s2

substantial amount of NdAlO3 was found. Sam-
ples with the compositions in the tie-triangles
s2 + CA + C3A, s2 + CA + CA2 and s1 + s2 +
C3A were completely molten after heat treat-

ment at 1600�C. In some cases, the cubic phase
C12A7, which was considered in literature as
metastable, formed after heat treatment at
temperatures below melting. After DTA when
samples were completely melted the phase with
the composition C12A7 was found using SEM/
EDX. However, according to XRD investigation
of the completely molten sample at 1600�C
indicating the same microstructure as after
DTA this phase was not found. To explain these
results, it was assumed that the C12A7 phase
was glassy, which readily formed during
quenching according to literature.

2. Comparison of the obtained results with the
calculated diagram at 1600�C indicated that the
phase s2 should be still stable at 1600�C that
contradicts calculations. Therefore, ternary
interaction parameters should be introduced
into thermodynamic modelling of the liquid
phase to fit experimental data.

3. It was found that after melting of several
samples substantial amount of NdAlO3 was
formed in contrast to samples of the same
compositions which were not melted during heat
treatment. Formation of the NdAlO3 phase
concentrating more Nd2O3 than other phases is
important for selection of compositions for
Nd2O3 recycling. Relatively low temperatures
of melting and formation of phases concentrat-
ing Nd2O3 are the main criteria for the selection
of compositions for Nd2O3 recycling. Concerning
the low temperature of melting and formation of
s2, which is the Nd2O3 concentrating phase, all
three compositions selected in stability fields of
s2 + C3A + CA, s2 + CA + CA2, and s1 + s2 +
C3A are of interest. The latter one is of

particular interest since the s1 compound and
NdAlO3 formed after the complete melting of a
sample concentrate more Nd2O3 than the s2

phase.
4. Experimental results on melting relations can

be used for optimization of thermodynamic
parameters at least partially. It should be noted
that further phase equilibria studies and heat
capacity measurements are necessary to get a
reliable thermodynamic database for the CaO-
Al2O3-Nd2O3 system.
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