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Abstract

The phase equilibria in the ternary La2O3-Y2O3-Gd2O3 system at 1500 °C were studied by X-ray diffraction,
petrography and electron microscopy in the overall concentration range. The samples of different compositions
have been prepared from nitrate acid solutions by evaporation, drying and calcination at 1100 and 1500 °C.
The solid solutions based on various polymorphous forms of constituent phases and ordered phase of LaYO3

were revealed in the system. The isothermal section of the phase diagram for the La2O3-Y2O3-Gd2O3 system
has been developed. It was established that in the ternary La2O3-Y2O3-Gd2O3 system fields of solid solutions
exist based on hexagonal (A) La2O3 phase, monoclinic (B) modifications of La2O3 and Gd2O3, cubic (C) mod-
ification of Y2O3, as well as perovskite-type structure of LaYO3 (R) with rhombic distortions. The systematic
study that covered the whole compositional range excluded the formation of new phases. The refined lattice
parameters of the unit cell and the boundaries of the homogeneity fields for solid solutions were determined.

Keywords: La
2
O

3
-Y

2
O

3
-Gd

2
O

3
system, phase equilibria, isothermal section, lattice parameters

I. Introduction

The phosphors based on lanthanides represent a per-

spective class of materials for photovoltaic devices [1–

6]. The similarity between the ionic radii of RE3+ makes

it possible to create different pairs of rare earth elements

(for example, Yb-Er, Yb-Ho, Yb-Tm). Gadolinium ox-

ide (Gd2O3) has excellent optical and chemical prop-

erties, low phonon energy (∼600 cm−1), high refractive

index and heat resistance. All these features of Gd2O3

make it a promising material for use in the conversion

of solar energy [1]. Interest in optical ceramics as laser

and scintillation media is due to their high optical trans-

parency, radiation resistance, high thermal conductivity,

good thermomechanical properties, chemical resistance

and thermal stability [1,7–11].

Data on the phase equilibria in the binary La2O3-

Y2O3 system and its practical use are given in the lit-

erature [12–23]. This system is characterized by a peri-

tectic transformation at 2310 °C for ∼83 mol% Y2O3

and melting minimum at 2215 °C for 30 mol% Y2O3

[14,15,18]. Wide ranges of solid solutions based on dif-

ferent crystalline modifications of the components are

formed in the system. Temperatures of polymorphic
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transformations in both yttrium doped La2O3 (X ⇆ H,

H ⇆ A) and lanthanum doped yttria (H ⇆ C) decrease

with doping content. The mutual solubility of the solid

solutions increases with increasing temperature. In the

A-form of La2O3 up to 30 mol% Y2O3 is dissolved at

1640 °C. The lattice parameters of the unit cell varies

from a = 0.3935 nm, c = 0.6128 nm and c/a = 1.567 in

the pure La2O3 to a = 0.3865 nm, c = 0.6072 nm and c/a

= 1.571 in the sample containing 30 mol% Y2O3. The

refractive indexes in the same concentration range are

reduced from ng = 2.10, np = 2.08 to 2.06 > ng > 2.05,

2.04 > np > 2.03.

The solubility of La2O3 in the C-Y2O3 in the temper-

ature range 1350–1900 °C varies insignificantly around

15 mol% La2O3. An intermediate compound LaYO3

(R), crystallizing in the perovskite-type structure with

rhombic distortion is formed in the system. The lat-

tice parameters of the unit cell of the ordered phase

LaYO3 are equal to: a = 0.5883 nm, b = 0.6093 nm

and c = 0.8501 nm. Crystal and optical characteristics

of the LaYO3 are: colourless crystals, anisotropic, biax-

ial, negative, 2V ≈ 90° (angle between the axes), np =

1.98; ng = 2.03. The R phase exists in the narrow ho-

mogeneity range (48–53 mol% Y2O3 at 1350 °C). This

lattice parameters are reduced from a = 0.5895 nm, b

= 0.6102 nm and c = 0.8510 nm at 48 mol% Y2O3 to
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a = 0.5878 nm, b = 0.6085 nm and c = 0.8497 nm at

53 mol% Y2O3. The maximum temperature of the or-

dered phase LaYO3 existence is about 1585 °C in the bi-

nary system. Above this temperature, a disordered phase

of variable composition is formed and indicates the B-

type rare-earth oxides of monoclinic structure. It under-

goes at least two transformations by eutectoid and peri-

tectoid reactions:

〈B〉⇆ 〈LaYO3〉 + 〈C〉 (55 mol% Y2O3, 1570 °C) (1)

〈B〉 + 〈C〉⇆ 〈H〉 (71 mol% Y2O3, 1900 °C) (2)

On the curves separating the field of solid solutions

based on the H-form of rare-earth oxides from the

fields of solid solutions based on the A-, B- and C-

modifications of rare-earth oxides, there are eutectoid

point coordinated at 45 mol% Y2O3 and 1730 °C and

peritectoid point at 71 mol% Y2O3 and 1900 °C [14,18].

In the Gd2O3-Y2O3 system, solid solutions of dif-

ferent lengths are formed based on B-, A-, H- and X-

polymorphic forms of Gd2O3 together with C- and H-

forms of Y2O3 [24]. The length of the region of solid so-

lutions based on X-form in this system is much smaller

than in Sm2O3-Y2O3 [24]. On the curve that separates

the fields of solid solutions based on X- and H-forms

from the two-phase regions of the solid solutions based

on A-, B-, C-, H- and X-forms, there is an eutectoid

point with coordinates 2190 °C, 22 mol% Y2O3 and

peritectoid with coordinates 2240 °C, 65 mol% Y2O3.

The range of the B-phase expands with increasing

temperature. The limits of solid solutions based on

B-Gd2O3 at 1300, 1700 and 1900 °C are 5, 25 and

36 mol% Y2O3, respectively.

The solubility of Gd2O3 in the C-form of yttrium

oxide also depends significantly on temperature and is

90, 67 and 57 mol% at 1300, 1700 and 1900 °C, re-

spectively. The lattice parameters of the unit cell in-

crease from a = 1.0604 nm and V = 1.193 nm3 for Y2O3

to a = 1.0772 nm and V = 1.250 nm3 (at 1300 °C),

a = 1.0723 nm and V = 1.233 nm3 (at 1700 °C), a =

1.0712 nm and V = 1.229 nm3 (at 1900 °C) [24].

Data on the phase equilibria in the binary La2O3-

Gd2O3 system and its practical use are given in the liter-

ature [16,25–30]. Three types of continuous solid solu-

tions based on hexagonal (A and H) and cubic (X) mod-

ifications of REE oxides form in the La2O3-Gd2O3 sys-

tem. The region of homogeneity of solid solutions based

on monoclinic (B) modification of Gd2O3 is limited.

The maximum temperature of the existence of a solid

solution based on B-Gd2O3 is 2080 °C, which corre-

sponds to the phase transformation temperature of pure

Gd2O3. The solubility of La2O3 in B-Gd2O3 is 10 mol%

at 2020 °C, 20 mol% at 1900 °C and 50 mol% at 1580 °C

[26]. The phase transition A ⇆ H in the La2O3-Gd2O3

system was recorded only by thermal analysis in the

presence of an exothermic effect on the cooling curves.

The minimum of the system is near the composition of

60 mol% La2O3 and ∼2300 °C.

Phase equilibria in binary systems based on oxides of

rare earth elements have been studied in full [13–31].

Information on phase equilibria in the ternary La2O3-

Y2O3-Gd2O3 system is limited and requires further re-

search. The purpose of this work is to study the inter-

action of lanthanum, yttrium and gadolinium oxides at

1500 °C in the entire concentration range and to con-

struct the corresponding isothermal section.

II. Experimental

Lanthanum oxide (La2O3, LaO-1 grade), yttrium ox-

ide (Y2O3, Merck Corp.), gadolinium oxide, (Gd2O3,

Merck Corp.) with purity of 99.99% and analytical

grade nitric acid were used as the starting materials.

Powders of lanthania, yttria and gadolinia were prelim-

inary dried at 200 °C for 20 h followed by dissolving

in hot diluted nitric acid (1:1). Samples were prepared

in concentration steps 1–5 mol% from nitrate solutions

with their subsequent evaporation and decomposition at

800 °C for 2 h. The prepared powders were pressed at

10 MPa into pellets of 5 mm in diameter 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 168 h in air) and then at 1500 °C (for

60 h in air) in the furnaces with heating elements based

on Fecral (H23U5T) and Superkanthal (MoSi2), respec-

tively. The heating rate was 3.5 °C/min. Annealing of

the samples was continuous and cooling was carried out

within the furnace.

The samples were studied by XRD (DRON-3,

Burevestnik, Leningrad), petrography (MIN-8, op-

tical microscope) and electron microprobe X-ray

(SUPERPROBE-733, JEOL, Japan, Palo Alto, CA)

analyses.

The X-ray analysis of the samples was performed

by powder method using DRON-3 at room tempera-

ture (CuKα radiation) with step size of 0.05–0.1° in 2θ

Figure 1. Isothermal sections at 1500 °C for the
La2O3-Y2O3-Gd2O3 system (# - single-phase samples,
H# - two-phase samples,  - three-phase samples)
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range 15–90°. Lattice parameters were refined by least

squares fitting using the LATTIC program [32]. The

accuracy in the lattice parameter of cubic phases was

within 0.0002 nm. Phase composition has been deter-

mined in accordance to the International powder stan-

dards (JSPDS International 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).

III. Results and discussion

Compositions of the investigated samples fall into

three sections: Y2O3-(50 mol% La2O3 - 50 mol%

Gd2O3), Gd2O3-(50 mol% La2O3 - 50 mol% Y2O3),

Y2O3-(90 mol% La2O3 - 10 mol% Gd2O3). The ob-

tained samples are labelled as follows: xY2O3-yLa2O3-

zGd2O3, where x, y and z are mol% of Y2O3, La2O3

and Gd2O3, respectively. Chemical and phase composi-

tions of the samples annealed at 1500 °C and parameters

of the phases that are in equilibrium at this temperature

are summarized in Electronic Supporting Information§

Tables S1–S3. These results were used to construct the

isothermal section of the La2O3-Y2O3-Gd2O3 phase di-

agram at 1500 °C (Fig. 1).

It is established that at 1500 °C in the La2O3-Y2O3-

Gd2O3 system solution fields are formed based on cu-

bic (C) modification of Y2O3, hexagonal (A) modifi-

cation of La2O3 and monoclinic (B) modifications of

La2O3 and Gd2O3, as well as ordered phase structure

perovskite-type LaYO3 (R). The boundaries of the ho-

mogeneity ranges for the phases formed in the sys-

tem were determined according to the data provided in

Tables S1–S3 (Electronic Supporting Information) and

composition dependences for lattice parameters of the

solid solutions.
In the region with a high content of Y2O3, sin-

gle phase solid solutions are formed based on the cu-

bic modification of yttrium oxide. The homogeneity

range of the C-phase extends in compliance with its

solubility limits in the boundary binary La2O3-Y2O3

(85–100 mol% Y2O3) and Y2O3-Gd2O3 (23–100 mol%

Y2O3) systems. The field of solid solutions based on

C- Y2O3 extends from 83 to 100 mol% Y2O3 at section

Y2O3-(50 mol% La2O3 - 50 mol% Gd2O3) (Fig. 2). Mi-

crostructures and diffractograms of the solid solutions

based on C- Y2O3 are presented in Figs. 3c,d and 4a,

respectively.

In the ternary system La2O3-Y2O3-Gd2O3 at

1500 °C, the ordered phase of perovskite type with

Figure 2. Concentration dependence for lattice parameter a
of the solid solutions based on C-Y2O3 at section

Y2O3-(50 mol% La2O3 - 50 mol% Gd2O3)
annealed at 1500 °C

rhombic distortion has been revealed. The maximum

solubility of gadolinium oxide in the R-phase is

∼1.5 mol% along section Gd2O3-(50 mol% La2O3

- 50 mol% Y2O3). The lattice parameters of the

R-phase unit cell vary from a = 0.5868 nm, b = 0.

6084 nm, c = 0.8474 nm in the single-phase sample

1 Gd2O3-49.5 La2O3-49.5 Y2O3 to a = 0.5715 nm, b =

0.6117 nm, c = 0.8563 nm in the two-phase (R + B)

sample 2 Gd2O3-49 La2O3-49 Y2O3. X-ray diffraction

patterns of the samples that characterize the phase field

with R-phase in the La2O3-Y2O3-Gd2O3 system at

1500 °C are presented in Figs. 4b,g. The formation of

the R-phase was also observed in some other systems:

La2O3-Y2O3-Nd2O3 [33], La2O3-Y2O3-Sm2O3 [34],

La2O3-Y2O3-Er2O3 [35] and La2O3-Y2O3-Yb2O3 [36]

at 1500 °C.

In the investigated La2O3-Y2O3-Gd2O3 system at

1500 °C three-phase region (B + C + R) was also

formed. The sample 60 Y2O3-36 La2O3-4 Gd2O3 was

characterized by three components that differ in con-

trast and morphology (Fig. 3i). The matrix is a light

phase LaYO3 (R), which shows fine-grained point in-

clusions of the cubic modification of C-Y2O3. The grey

phase, enriched with lanthanum, is a monoclinic B-form

of La2O3.

The microstructures of the samples that characterize

the two-phase regions (B + C), (R + C), and (R + B) are

presented in Fig. 3. The two structural components are

clearly distinguished by contrast.

The system forms an infinite series of single phase

solid solutions based on the monoclinic modification of

B-La2O3 (Gd2O3). The homogeneity range of the B-

phase passes under its solubility limits in the boundary

binary La2O3-Y2O3, Gd2O3-Y2O3 and La2O3-Gd2O3

systems. The homogeneity range of the B-phase at sec-

tion Y2O3-(50 mol% La2O3 - 50 mol% Gd2O3) extends

from 9 to 33 mol% Y2O3 at 1500 °C (Fig. 5). X-ray

diffraction patterns and microstructures of solid solu-

tions based on the B-phase are presented in Figs. 4d and

3a,b, respectively. The formation of a continuous series
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Figure 3. SEM micrographs of the La2O3-Y2O3-Gd2O3 samples heat-treated at 1500 °C: a) 10 Y2O3-45 La2O3-45 Gd2O3 <B>,
b) 15 Y2O3-15 La2O3-70 Gd2O3 <B>, c) 95 Y2O3-2.5 La2O3-2.5 Gd2O3 <C>, d) 95 Y2O3-4.5 La2O3-0.5 Gd2O3 <C>,

e) 40 Y2O3-30 La2O3-30 Gd2O3 <C>+<B>, f) 55 Y2O3-22.5 La2O3-22.5 Gd2O3 <C>+<B>, g) 60 Y2O3-20 La2O3-20 Gd2O3

<C>+<B>, h) 80 Y2O3-10 La2O3-10 Gd2O3 <C>+<B>, i) 60 Y2O3-36 La2O3-4 Gd2O3 <C>+<B>+R,
j) 48 Y2O3-48 La2O3-4 Gd2O3 <B>+R, k) 70 Y2O3-27 La2O3-3 Gd2O3 <C>+R and l) 80 Y2O3-18 La2O3-2 Gd2O3 <C>+R

of solid solutions based on the B-phase means that the

La3+ ions are replaced by Gd3+ in the crystal lattice and

vice versa. Yttrium oxide stabilizes the complete mutual

solubility of lanthanum and gadolinium oxides (rLa3+ =

0.114 nm, rGd3+ = 0.097 nm, rY3+ = 0.092 nm). As the

concentration of yttrium oxide increases, the parameters

of the B-phase unit cell decrease, and the lattice of solid

solutions based on the B-form of REE oxides becomes

more densely packed.

In the region with a high content of La2O3, single

phase solid solutions are formed based on the hexag-

onal modification of lanthanum oxide. Note that the

oxide of lanthanum in air is subjected to hydration

and thus, instead of hexagonal phase La2O3 in sam-

ples at 1500 °C we find the formation of hexagonal

hydroxide of La(OH)3. For XRD data in these sam-

ples, instead of the hexagonal modification of La2O3,

the hexagonal modification of A- La(OH)3 is provided

(Figs. 4c,e). The lattice parameters vary from a =

0.6490 nm, c = 0.3884 nm, c/a = 0.5985 for the solid so-

lution 90 La2O3-0 Y2O3-10 Gd2O3 to a = 0.6462 nm, c

= 0.3859 nm, c/a = 0.5972 for the 76.5 La2O3-15 Y2O3-

8.5 Gd2O3 two-phase sample (A + B).

The homogeneity range of the A-phase is not ex-

tensive and is concave in the direction of decreasing

yttrium oxide content and passes under its solubility

331



O.V. Chudinovych et al. / Processing and Application of Ceramics 16 [4] (2022) 328–334

Figure 4. XRD patterns of the La2O3-Y2O3-Gd2O3 samples heat-treated at 1500 °C: a) 90 Y2O3-5 La2O3-5 Gd2O3 (C),
b) 49.5 Y2O3-49.5 La2O3-1 Gd2O3, (R, LaYO3), c) 5 Y2O3-85.5 La2O3-9.5 Gd2O3, (A*), d) 10 Y2O3-10 La2O3-80 Gd2O3 (B),

e) 10 Y2O3-81 La2O3-9 Gd2O3, (A* + B), f) 60 Y2O3-20 La2O3-20 Gd2O3, (C + B) and g) 75 Y2O3-22.5 La2O3-2.5 Gd2O3, (C + R)

limits in the boundary binary La2O3-Y2O3 and La2O3-

Gd2O3 systems. The solubility of yttrium oxide in the A

phase is 9 mol% along section Y2O3-(90 mol% La2O3 -

10 mol% Gd2O3) as can be seen from Fig. 6. The forma-

tion of the A-phase was observed in some systems, such

as: La2O3-Y2O3-Nd2O3 [33] and La2O3-Y2O3-Sm2O3

[34] at 1500 °C. For comparison, in the system La2O3-

Y2O3-Nd2O3 we observe the formation of a continuous

series of solid solutions based on the A-phase, while

in the system La2O3-Y2O3-Gd2O3 a limited region of
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Figure 5. Concentration dependence of lattice parameter b of
the solid solutions based on B-Gd2O3 at section
Y2O3-(50 mol% La2O3 - 50 mol% Gd2O3) of the

La2O3-Y2O3-Gd2O3 system after annealing at 1500 °C

Figure 6. Concentration dependence of lattice parameter a of
the solid solutions based on A-La(OH)3 at section
Y2O3-(50 mol% La2O3 - 50 mol% Gd2O3) of the

La2O3-Y2O3-Gd2O3 system after annealing at 1500 °C

these solid solutions is formed. In the La2O3-Y2O3-

Sm2O3 system at 1500 °C, the solubility of yttrium ox-

ide in the A-phase is also ∼9 mol% along section Y2O3-

(90 mol% La2O3 - 10 mol% Sm2O3).

To determine the location of phase boundaries, results

of the petrographic analysis were used along with the

XRD data on the phase composition of the samples. The

petrographic analysis confirmed X-ray diffraction data

for the two-phase (A + B) sample 10 Y2O3-81 La2O3-

9 Gd2O3. This sample clearly shows two structural com-

ponents: A-La(OH)3, which forms the basis, and the

anisotropic phase B-Gd2O3 in the form of translucent

particles with high relief and refractive index, which is

present in significantly smaller quantities. At the same

time, the sample 20 Y2O3-40 La2O3-40 Gd2O3 contains

only one anisotropic B-phase with high interference

colours and refractive index.

IV. Conclusions

Phase equilibria were studied in the La2O3-Y2O3-

Gd2O3 system at 1500 °C. It has been established that

solid state interactions between three oxides resulted in

the formation of extended fields of solid solutions based

on various crystal modifications of the initial compo-

nents of rare-earth oxides, as well as the ordered phase

of perovskite type LaYO3 (R). The isothermal section

of the system is characterized by three single-phase (A-

La2O3, B-La2O3 (Gd2O3), C-Y2O3), three-phase (B +

C + R) and two-phase (A + B, B + R, C + R, B + C)

regions.

§ Supplementary data can be downloaded using follow-

ing link: https://bit.ly/3VwupX6
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