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Abstract

The phase equilibria in the binary system Nd,O;-Y,0; at 1500 °C were studied in the overall concentra-
tion range by means of X-ray analysis and petrography. The samples of various compositions were derived
from nitrate acid solutions (prepared by dissolving neodymia and yttria powders in hot diluted nitric acid)
by evaporation, drying and heat treatment at 1100 and 1500 °C. Solid solutions based on different crystalline
modifications of the components were obtained. The boundaries of solubility and concentration dependence of

the lattice parameters for the phases formed in the system were defined.
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I. Introduction

Oxides of rare earth elements (REE) have unique
structural and functional properties (fire resistance, re-
sistance to aggressive environments, high thermome-
chanical properties) [1-3]. Materials based on them are
widely used in electronics, optoelectronics, mechanical
engineering, laser technology, chemical industry, metal-
lurgy, medicine, etc. [4,5]. The Nd,0;-Y,0; system is
of special interest and the basis for new materials.

Phase equilibria in binary Ln,O0;-Ln",0; systems
were studied and characterized by the formation of
limited solid solutions based on different polymorphs
of initial components. From two to five polymorphs
are known for REE oxides (Ln,0,): low temperature
hexagonal (A, space group P63/mmm), monoclinic (B,
space group C2/m), low temperature cubic (C, space
group la3), high temperature hexagonal (H) and high
temperature cubic (X) [6—10]. The stability of the low
temperature crystalline modifications of REE oxides in
the temperature range of 1000—1800 °C depends on the
size of the ionic radius of Ln**. Polymorphic transi-
tions in the oxides La...Gd may be reversible (such as
C == H) and irreversible (C — A, C — B),
which are studied in details by Glushkova [11,12].

*Corresponding author: tel: +380 44 4242271,
fax: +380 44 4242131, e-mail: chudinovych_olia@ukr.net

Phase relations and structure of the phase formed
in the Nd,0,-Y,0; system were studied by differ-
ent authors [13-18]. Liquidus is characterized by peri-
tectic type reaction between liquid and solid phases
(L + H = X) at 2370 °C for 84 mol% Y,0;, and the
point of minimum melting temperature is at ~2250 °C
for 30mol% Y,0;. In the Nd,0;-Y,0; system, the
continuous series of solid solutions of H-type as well
as limited solid solutions based on X-, A-, B- and C-
REE oxide polymorphs are formed, which react be-
tween each other in solids by eutectoid C ——= H + B
and peritectoid H —= A + B types of transforma-
tions. Phase equilibria had been most thoroughly in-
vestigated at high temperatures (2000-2400 °C). Only
a limited number of publications [13,14] can be found
at temperatures below 1900 °C, but data for both vari-
ants of phase diagram were shown hypothetically with
dashed lines and defined with low accuracy. Phase reac-
tions in the Nd,O,—Y,0, system at temperatures 1300—
1600 °C have been studied experimentally and thermo-
dynamic assessment was done as well [15]. The bound-
ary of the phase field was defined for C-Y,0; solid so-
lution with 35 mol% Nd,O, and at 1300-1600 °C and
two-phase field (C + B) with 50 mol% Nd, O, with low
accuracy [15], where the concentration step was taken
from 10 to 20 mol%. The homogeneity field extension
for B-Nd,O, was not defined experimentally, but was
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calculated through the Thermo-Calc [10]. These data
were in a contradiction with previously published re-
sults [13,14], thus both have to be verified before de-
veloping ternary phase diagrams grounded on proper bi-
nary system knowledge. Thus, the study of phase equi-
libria in the binary Nd,0,;-Y,0; system is urgent and
requires further research.

In the present paper, the interaction between yttria
and neodymia at 1500 °C in the overall concentration
range has been studied.

II. Experimental procedure

Yttrium oxide, Y,0;, neodymium oxide, Nd,O, (all
99.99% produced by Merck Corp.) and analytical grade
nitric acid were used as the starting materials. The
neodymia and yttria powders were preliminary dried at
200 °C for 20h followed by dissolving in hot diluted
nitric acid (1:1). The Nd,0,-Y,0; samples were pre-
pared in concentration step of 1-5 mol% from nitrate so-
Iutions with their subsequent evaporation and decompo-
sition at 800 °C for 2 h. The prepared powders were uni-
axially pressed at 10 MPa into pellets of 5 mm in diam-
eter and 4 mm in height. To study phase relationships at
1500 °C the as-prepared samples were thermally treated
in two stages: at 1100°C (for 1626h in air) and then
at 1500 °C (for 60 h in air) in the furnaces with heating
elements based on Fecral (H23US5T) and Superkanthal
(MoSi,), respectively. The heating rate was 3.5 °C/min.
The two-step annealing allows removing residuals of
nitrogen oxides from the samples, but it is also posi-
tive for preliminary densification and following homog-
enization at 1500 °C. Annealing of the samples was con-
tinuous. Cooling was carried out within the furnace.

The phase composition of the samples was stud-
ied by X-ray diffraction (XRD, DRON-3, Burevestnik,
Leningrad), petrographic (MIN-8, optical microscope),
microstructural phase and electron microprobe X-ray
(JUMP-9500 F, JEOL-Japan, INCA Penta FET %3, Ox-
ford Instruments) analyses.

The X-ray analysis of the samples was performed
by powder method using DRON-3 at room temperature
(CuKa radiation) with step size of 0.05-0.1 degrees in
the range 26 = 15-90°. Lattice parameters were refined
by the least squares fitting using the LATTIC code. The
algorithm of the Lattic code is grounded on regression
analysis of diffraction data. The accuracy in the lat-
tice parameter of cubic phases was within 0.0002 nm.
Phase composition has been determined in accordance
with the International powder standards (JSPDS Inter-
national Center for Diffraction Data 1999).

The composition of the samples was monitored by
spectral and chemical analysis selectively. The petro-
graphic studies of annealed samples were carried in po-
larized light. The optical characteristics were specified
in polarizing microscope MIN-8 with the aid of highly
refractive immersion liquids.

Microstructures were examined on polished sections
and rough fractured surfaces of annealed samples in

backscattered electron (COMPO) and secondary elec-
tron (SE) modes by electron-probe X-ray microanalysis
(EPXMA).

Stoichiometric composition was controlled selec-
tively by chemical and X-ray fluorescence spectrum
analysis.

IT1. Results and discussion

Studies on solid phase interaction of Nd,O, (hexag-
onal modification, A) and Y,0; (cubic modification,
C) at temperature of 1500°C has shown that the
Nd,0,-Y,0, system consists of three types of solid
solutions, based on hexagonal modification (A-Nd,O;),
monoclinic modification (B-Nd,O,), cubic modification
(C-Y,0,), separated by the two-phase fields (A + B)
and (B + C) (Fig. 1).
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Figure 1. Phase equilibria in the Nd,0;-Y,0; system at
1500 °C (O - single-phase samples; © - two-phase samples)

The output chemical and phase composition of the
samples annealed at 1500 °C and the lattice parameters
of the equilibrium phases at the given temperature are
shown in Table 1. The concentration dependences of
the lattice parameters of the solid solutions based on C-
Y,0, and B-Nd, O, are shown in Fig. 2.

The boundaries of the homogeneity field of the solid
solutions based on A-Nd,O,, B-Nd,O; and C-Y,0,
have been determined by the boundary compositions
that contain: 0—4 mol% Y,0; for the phase field (A*);
5-20mol% Y,0, for the two-phase field (A* + B);
20-45mol% Y, 0, for the phase field (B); 50-70 mol%
Y,0; for the two-phase field (C + B) and 75-100 mol%
Y, O, for the phase field (C). These data have shown that
the solubility of Nd,O; in C-Y,0; is about 28 mol%
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Table 1. The chemical and phase compositions, volume of the phases, lattice parameters of solid solutions, in the Nd,0;-Y,0,
system at 1500 °C, annealed for 60 h (XRD and petrography data)

Composition .. Lattice parameters of the phases, a = 0.0002 [nm]
Phase composition and volume A
[mol%] 3 <A> <C> <B>
Nd,0, Y,0, of the phases [nm”’] 4 . a u b c B
100 0 <A>"(0.1335) 0.6418 0.3743 - - - - -
99 1 <A>"(0.1341) 0.6445 0.3730 - - - - -
98 2 <A>"(0.1352) 0.6457 0.3745 - - - - -
97 3 <A>"(0.1338) 0.6445 0.3716 - - - - -
96 4 <A>"(0.1344) 0.6440 0.3743 - - - - -
95 5 <A>"[(0.1339) + <B>(0.2052) 0.6447 0.3722 - 0.6439 0.4747 0.6735 85.4005
90 10 <A>"(0.1338) + <B>1(0.1622) 0.6430 0.3738 - 0.6347 0.3817 0.6772 81.3774
85 15  <A>"(0.1346) + <B>1(0.1744) 0.6428 0.3762 - 0.6885 0.4085 0.6777 81.6374
80 20 <A>"tr + <B>( 0.1895) - - - 0.6889 0.4101 0.6729 94.4387
75 25 <B>(0.1900) - - - 0.6895 0.4100 0.6733 94.5575
70 30 <B>(0.1902) - - - 0.6899 0.4107 0.6696 94.5379
65 35 <B>(0.1888) - - - 0.6902 0.4117 0.6657 95.1672
60 40 <B>(0.1882) - - - 0.6880 0.4124 0.6627 94.9884
55 45 <B>(0.1867) - - - 0.6881 0.4135 0.6591 95.4122
50 50 <B>](0.1869) + <C>(1.2213) - - 1.0689 0.6897 0.4139 0.6578 95.6320
45 55 <B>[(0.1861) + <C>7(1.2357) - - 1.0731 0.6873 0.4131 0.6584 95.3674
40 60  <B>[(0.1773) + <C>1(1.2305) - - 1.0716 0.6660 0.4038 0.6593 89.1780
35 65 <B>tr + <C> (1.2288) - - 1.0711 - - - -
30 70 <B>tr + <C> (1.2302) - - 1.0715 - - - -
25 75 <C> (1.2172) - - 1.0677 - - - -
20 80 <C> (1.2141) - - 1.0668 - - - -
15 85 <C> (1.2039) - - 1.0638 - - - -
10 90 <C> (1.1995) - - 1.0625 - - - -
5 95 <C> (1.1954) - - 1.0613 - - - -
0 100 <C> (1.1924) - - 1.0604 - - - -

“Under given conditions (T = 1500 °C, 60 h, in air) the hexagonal A-Nd,O, cannot be fixed, the hexagonal phase of A-Nd(OH), is
formed instead: <A> — solid solution based on hexagonal modification of Nd,O;; <C> — solid solution based on cubic modification of
Y,0;; <B> —solid solution based on monoclinic modification of Nd,Ojs; tr — traces; T, | — increase and decrease of the phase amount.

at 1500 °C (60 hours). The lattice parameter increases

from a =

1.0604nm for the pure Y,0, to a =

1.0711 nm for the boundary solid solution.

The solubility of Y,0, in the hexagonal A-Nd,O,
modification is ~4mol% Y,0;. In accordance with
the XRD phase analysis, in the samples containing
from 80 to 100mol% of Nd,0, (1500 °C), instead of
the hexagonal modification of A-Nd,O,, the hexago-
nal neodymium hydroxide A-Nd(OH), was observed

as soon as neodymia absorbs water from wet air and
transforms into hydroxide. The lattice parameters are
changed from a = 0.6418nm, ¢ = 0.3743nm for the
pure A-Nd(OH), to a = 0.6447nm, ¢ = 0.3722nm
in the two-phase sample (A + B) containing 95 mol%
Nd,O;.

Key difference from the literature data concerns ho-
mogeneity field size for the B-phase. In the present re-
search, the boundary compositions have been defined
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Figure 2. Concentration dependences of the lattice parameters for solid solutions based on C-Y,0O; (a) and B-Nd,O; (b, ¢) in
the Nd,0;-Y,0; system heat-treated at 1500 °C
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Figure 3. XRD patterns of the samples from the Nd,0;-Y,0; system annealed at 1500 °C: a) 99 mol % Nd,0, (A™); b) 85mol %
Nd,O, (A™ + B); ¢) 65 mol% Nd,O, (B); d) 50 mol% Nd,O; (B + C); e) 40mol% Nd,0; (B + C) and f) 15mol% Nd,0, (C)

as 20 and 45 mol% Y,0; using XRD and petrography
data. The low solubility limit of yttria in B-neodymia
was defined after recognition of two phases in polar-
ized light in the sample containing 20 mol% Y,0O5. Two
anisotropic phases B-Nd,O, and A-Nd,O, with differ-
ent brightness of interference co-exist in these sam-
ples. The microstructure abruptly changed in the sam-
ple with 25mol% Y,0;, i.e. one phase of B-Nd,O,
has been revealed in microstructure of this sample. One
anisotropic phase of B-Nd,O, has been found in the
sample containing 45 mol% Y,0,, while in the 50 mol%
Y,0; sample, anisotropic B-Nd,O, phase was mixed
with isotropic C-Y,0;. The monoclinic crystals of B-
phase giving yellow and red interference have been

mixed with white isotropic crystals of C-Y,0;. The ex-
act boundaries of the B-phase homogeneity field were
defined from lattice parameters shown in Figs. 2b,c. The
Vegard-like behaviour of lattice parameters of B-phase
allowed fixing the boundaries at 20 and 45 mol% Y, O;.
Thus, the homogeneity field is substantially narrower
than measured [13,14] and calculated [15] in the litera-
ture. It is suggested that the too wide concentration step
of 10 to 20mol% in the referred papers was the reason
for low accuracy.

The diffraction patterns of the samples character-
izing the phase region of the solid solutions in the
Nd,0,-Y,0; system at 1500 °C are shown in Fig. 3.
The X-ray diffraction and petrography data have been
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Figure 4. SEM microstructures of the samples from the Nd,0;-Y,0; system heat-treated at 1500 °C: a) 55mol% Y,0; -
45mol% Nd,O; and b) 60 mol% Y,0; - 40 mol% Nd,O; (light phase — <B-Nd,0,>, gray phase - <C-Y,0;>, black — pores)

completed by the electron microscopy results (Fig. 4).
It was established that in the concentration range of
50 to 70mol% Y,0,, the isotropic phase of C-Y,0,
was clearly identified in the anisotropic B-Nd, O, phase.
The amount of anisotropic phase B-Nd,O; is signifi-
cantly reduced with increasing of yttria concentration.
The microstructures of the two-phase (B + C) bound-
ary samples are shown in Fig. 4. In the samples con-
taining 55 mol% Y,0;-45mol% Nd,0; and 60 mol%
Y,0,-40mol% Nd,O,, two structural components ap-
pear which differ markedly by contrast. The light phase
is a matrix, and according to the local X-ray analy-
sis, it belongs to the monoclinic (B) modification of
neodymium oxide (Fig. 4a and Table 2). The second
phase is darker in colour and has been identified as
a cubic (C) modification of Y,0, (Table 2). With the
decrease of neodymium oxide concentration, the con-
tent of the isotropic C-phase increases. In the samples
containing 30 to 40 mol% Nd,0;, the cubic modifica-
tion of yttrium oxide forms the matrix phase (Fig. 4b).
The EPMA results for the two phase (A + B) sam-
ple with 10mol% Y,O; helped to define equilibrium
compositions for A- and B-solid solutions as 4.2 mol%
Y,0,-95.8mol% Nd,O; for A phase and 22.4 mol%
Y,0,-77.6mol% Nd,O, for B phase, respectively (Ta-
ble 2). For the sample containing 20 mol% Nd, O, only
one isotropic phase C-Y,0; has been found. The solu-

bility of neodymia in yttria was found to be 28 mol%
at 1500°C using combination of petrography, XRD
and EPMA data. One should note that the petrography
helped to recognize the traces of anisotropic B-phase
embedded into the C-matrix in the sample containing
30mol% Nd, 0, otherwise undefined with the XRD be-
low its sensitivity limit. Newly found solubility is differ-
ent as compared with the experimental data of Coutures
et al. [13] and Adylov et al. [14], where the boundary
was defined at ~35 mol% Nd, O, by XRD analysis only
using quite big concentration step of 10 mol%.

IV. Conclusions

The phase equilibria in the Nd,0;-Y,0; system
were studied at 1500°C in the whole concentra-
tion range using XRD, petrography and microscopy
observations. It has been established that the solu-
bility boundary (studied system is characterized by
three types) is localized: for hexagonal (A-Nd,O,) at
0—4mol% Y,0;, for monoclinic solid solutions (B-
Nd,O;) between 20 and 45mol% Y,0;, and for the
cubic solid solutions (C-Y,0;) in the concentration
range of 72-100mol% Y,0,, which are separated by
wide two phase fields (A + B) and (B + C). In ac-
cordance with Vegard’s law the lattice parameter lin-
early increases from a = 1.0604 nm for pure Y,0, to

Table 2. Phase composition in the samples from the Y,0;-Nd,O; system, annealed at 1500 °C for 60 h in air (EPMA data were
obtained from SEM images shown in Fig. 5)

Chemical composition EPMA composition Phase
[mol%] [mol%]
Y,0, Nd, 0, Spectrum  Y,0; Nd,0; Total
55 45 S01-S03  71.3 28.7 100.0  <C-Y,0;>
S04-S06  56.4 43.6  100.0 <B-Nd,O;>
10 90 S01-S03 224 77.6  100.0 <B-Nd,O;>
S07-S09 42 95.8°  100.0 <A-Nd,O;>
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60pm ' COMPO
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Figure 5. SEM microstructures showing X-ray points used for EPMA analyses of the samples:
a) 55mol% Y,0; - 45mol% Nd,0; (COMPO) and b) 10 mol% Y,0; - 90 mol% Nd,O; (SE)

a = 1.0711 nm for the boundary solid solution contain-
ing 72mol% Y,0;.
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