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A review of the methods for the synthesis of titanates, hafnates, and zirconates of rare earth elements, primarily 

dysprosium, which have been applied as neutron-absorbing materials for nuclear reactors or are promising due to 

their high radiation resistance, phase stability, compatibility with structural materials, and corrosion resistance is 

presented. The characteristics of titanates, hafnates, and zirconates of dysprosium obtained by these methods are 

presented: high-temperature solid-phase synthesis in compacted mixtures of initial oxides; induction melting of 

oxides in a “cold” container; chemical methods based on co-precipitation and heat treatment of aqueous solutions; 

mechanochemical activation of oxide powders in planetary mills followed by heat treatment; plasma-chemical syn-

thesis. 

 

INTRODUCTION 

Neutron-absorbing materials are an integral compo-

nent of the rod cluster control assembly (RCCA) control 

rods (CRs) of nuclear reactors. The function of the 

RCCAs is to provide for the rapid termination of a nu-

clear reaction, maintain reactor power at a given level 

and transfer it from one level to another. 

In the current design of WWER-1000 CRs, dyspro-

sium titanate (Dy2O3·TiO2) and boron carbide (B4C) are 

applied as neutron-absorbing materials in the form of 

powder fills in the cladding [2]. It is also relevant to 

develop new and promising neutron-absorbing materials 

with increased performance, one of which is dysprosium 

hafnate (HfO2·Dy2O3), characterized by high radiation 

resistance and physical efficiency of neutron absorption 

under long-term operation [3, 4]. The pellet version of 

the neutron absorber is considered promising due to the 

higher density of the CR absorbing stack [5, 6]. Varying 

the combination of elements (oxides) and providing a 

certain ratio of them in the composition, as well as the 

density of materials, causes quite different physical 

efficiency of neutron absorption. 

The Central Research Institute of Electric Power 

Industry (CRIEPI, Japan) and AREVA NP (France) 

introduced a new concept of accident-tolerant control 

rod (ATCR) to improve the safety of light water 

reactors PWRs and BWRs under all conditions, 

including severe accidents [1]. This concept is based on 

the application of alternative neutron-absorbing 

materials with the following properties: high neutron 

absorption efficiency, higher melting point and eutectic 

temperature of more than 1200 °C. Fig. 1 shows that the 

materials with a physical neutron absorption efficiency 

similar to B4C are europium zirconate and hafnate 

(Eu2ZrO5 and Eu2HfO5). Materials analogous to the Ag-

In-Cd alloy in terms of physical efficiency are: 

Dy2ZrO5, Dy2HfO5, Dy2SmO5, Eu2Zr7O7, HfC. 

 

 

Fig. 1. Density and relative physical efficiency of promising absorbing materials [1] 
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It is proposed to partially replace dysprosium oxide 

in the initial fusion mixture with chemically similar 

oxides to expand the range of dysprosium hafnate 

(Dy2O3·HfO2) control of the initial physical efficiency. 

Thus, the application of gadolinium oxide (Gd2O3) in 

the amount of 5% was proposed [7]. In the combination 

of dysprosium hafnate with gadolinium 

n(Dy,Gd)2O3·mHfO2, three control rods are applied, 

each of them absorbs neutrons of different energies 

efficiently. The thermal neutron absorption cross section 

of gadolinium is 46000 barn, while that of boron-10 is 

3840, dysprosium is 950, and hafnium is 105 barn. 

The analysis of phase diagrams of titanium, hafni-

um, or zirconium oxide binary systems with dysprosium 

oxide revealed the possibility of obtaining titanates, 

hafnates, and dysprosium zirconates with single-phase 

structures [8–12]. 

The analysis of technological solutions for the syn-

thesis of neutron-absorbing materials based on com-

pounds of rare earth elements with titanium, hafnium, 

and zirconium, as well as the study of their composi-

tions and pellet characteristics, is of current interest. 

STRUCTURAL DIAGRAMS OF Dy2O3·MeO2 

SYSTEMS, WHERE Me = {Ti, Hf, Zr} 

Dysprosium titanate has the chemical formula 

Dy2TiO5 and can exist in three polymorphic modifica-

tions depending on the synthesis temperature [8, 9]. The 

low-temperature modification of dysprosium titanate is 

rhombic (α-modification), which at 1350 °C transforms 

into a hexagonal β-modification, which at 1680 °C trans-

forms into a fluorite structure (F) that melts at 1870 °C 

(Fig. 2). 

 
Fig. 2. Structural diagram of the Dy2O3-TiO2 system: 

α – rhombic phase; β – hexagonal phase;  

F – fluorite; P – pyrochlore; L – liquid; 

C – cubic Dy2O3; R – rutile TiO2 

Dysprosium dititanate (Dy2Ti2O7) crystallizes at a 

temperature of 770 °C into a pyrochlore crystal structure 

and melts at a temperature of 1850 °C. Dy2Ti2O7 has a 

cubic face-centered lattice (space group Fd3m) with a 

parameter a = 10.132 Å. The pyrochlore structure is 

derived from the fluorite structure. 

According to the diagram of the Dy2O3-HfO2 sys-

tem, solid solutions with a single-phase structure such 

as fluorite, for which there is no phase transition in the 

entire temperature range (up to the melting point), exist 

in the range of solutions with a Dy2O3 content of ap-

proximately 10...58% (Fig. 3) [10, 11]. 

The analysis of the Dy2O3-ZrO2 system shows that 

the areas of a solid solution of the fluorite type at a 

temperature of 400 °C are from 15 mol.% Dy2O3 to 

43 mol.% Dy2O3 (Fig. 4) [12–14]. 

 
Fig. 3. Structural diagram of the Dy2O3-HfO2 system: 

F – fluorite; C – solid solution based on Dy2O3;   

M, T – monoclinic and tetragonal modifications  

of HfO2; X, H, B – high-temperature polymorphic  

modifications of Dy2O3 [10] 

 
Fig. 4. Phase equilibrium diagram of Dy2O3-ZrO2  

systems: Fss (F) – fluorite;  

Css (C) – solid solution based on Er2O3 [14] 

SOLID-PHASE SYNTHESIS 

DYSPROSIUM TITANATE 

The solid-phase synthesis of dysprosium titanate has 

been studied by many groups of researchers in various 

scientific centers [13–22]. The solid-phase synthesis is 

performed by high-temperature heating of mechanical 

pelletized mixtures of dysprosium and titanium oxides 

in air [14]. The dysprosium titanate synthesized in this 

way can contain unreacted residues of the initial oxides 

and intermediate reaction products [21]. For example, in 

[15], it was reported that low-temperature sintering, 

1300 °C, results in the reaction between precursors and 

the formation of dysprosium titanate. It is assumed that 

the formation of Dy2TiO5 from precursors is a two-stage 

process, when dysprosium dititanate (Dy2Ti2O7) is 

formed between 800 and 1050 °C, and dysprosium 

titanate (Dy2TiO5) is formed according to the reaction 



 

66   ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. №4(152) 

Dy2Ti2O7 + Dy2O3. The authors of this paper managed 

to obtain three structures of dysprosium titanate (rhom-

bic, hexagonal, cubic) depending on the sintering condi-

tions (temperature, cooling rate) (Fig. 5). 

 
Fig. 5. Powder X-ray diffraction patterns for the three 

main phases of Dy2TiO5: orthorhombic Pnma,  

hexagonal P63/mmc, and cubic Fd-3m [15] 

Sintering at 1630 °C with rapid 30...50 °C/min cool-

ing to a temperature of 1000 °C was performed to obtain 

Dy2TiO5 in a bulk single-phase symmetric structure. 

This enabled to achieve a sufficient level of symmetry. 

This cooling rate was sufficient to obtain single-phase 

Dy2TiO5 with hexagonal symmetry. 

The formation of a bulk single-phase Dy2TiO5 com-

position with hexagonal symmetry was described by 

Seymour et al. [19]. In the study by Lau [20], it was 

shown that solid solutions from Dy2TiO5 to Dy2Ti2O7, 

which possess the cubic structure of Fd-3m pyrochlore, 

can be obtained only at high temperatures, which is 

achieved by arc melting and rapid cooling. 

An alternative method for obtaining Dy2TiO5 with 

cubic symmetry was described by Sinha and Sharma 

[16], where it was shown that the addition of molyb-

denum oxide (MoO3) to dysprosium titanate composi-

tions of 39.05gDy2O3-9.85gTiO2%-1.35gMoO3 stabiliz-

es the cubic structure of fluorite at temperatures below 

the equilibrium temperature of 1680 °C. 

Table 1 provides a comparison of the phase compo-

sition of both MoO3-doped and unalloyed dysprosium 

titanate compositions. 

Table 1 

Research results of dysprosium titanate pellets [16] 

Tempe-

rature, 

°С 

Doped МоО3 Non-doped 

Exposure 

time, h 
Phase composition 

Exposure 

time, h 
Phase composition 

600 14 Dy2O3+TiO2 – – 

700 3 Dy2Ti2O7+Dy2O3+TiO2 – – 

800 9,5 Dy2Ti2O7+Dy2O3+TiO2 12 Dy2Ti2O7+Dy2O3+TiO2 

850 2 Dy2Ti2O7+Dy2O3+TiO2 – – 

900 2 Dy2Ti2O7+Dy2O3+TiO2 – – 

950 2 Dy2Ti2O7+Dy2O3 – – 

1050 2 Dy2Ti2O7+Dy2O3 2 Dy2Ti2O7+Dy2O3 

1100 2 Dy2TiO5(orthorhomb.)+Dy2Ti2O7

+Dy2O3 

– – 

1150 2 Dy2TiO5(hex.)+Dy2Ti2O7+Dy2O3 – – 

1250 2 Dy2TiO5(cub.)+Dy2Ti2O7 2 Dy2TiO5(orthorhomb.)+ 

Dy2Ti2O7 

1350 2 Dy2TiO5(cub.)+Dy2Ti2O7 – – 

1450 2 Dy2TiO5(cub.)+Dy2Ti2O7 2 Dy2TiO5(orthorhomb.)+ 

Dy2TiO5 (hex.) 

1550 2 Dy2TiO5(cub.)+Dy2Ti2O7 2 Dy2TiO5(hex.) 

1650 4 Dy2TiO5(cub.)+Dy2Ti2O7 2 Dy2TiO5(hex.) 

 

The pellets sintered at 1600 °C for 4 h exhibited a 

density of ~7 g/cm
3
 (97.4% of theoretical), character-

ized by a two-phase structure of Dy2TiO5 (cub.) + 

Dy2Ti2O7 and a fine-grained structure with an average 

grain size of (5±0.9) μm. 

This paper also discusses the mechanism of stabili-

zation of a high-temperature cubic structure such as 

fluorite by the addition of MoO3. It is assumed that the 

addition of MoO3 in the Dy2TiO5 lattice results in the 

replacement of Ti
+4

 ions by Mo
+6

 ions and the formation 

of positive charges due to the fact that Mo
+6

 has an ionic 

radius of 0.059 nm, which is very close to the radius of 

Ti
+4

 (0.061 nm) for coordination number six [16]. To 

compensate for these charges, two additional point de-

fects are formed, namely dysprosium vacancies with a 

negative charge, the concentration of which depends on 

the concentration of molybdenum in the solid solution. 

The reaction of defect formation is as follows [15]: 

 
The results of the research into the effect of sintering 

temperature on the structural and phase state of pellets 

of 50 mol.% TiO2 + 50 mol.% Dy2O3 (composition 

No. 1) and 56 mol.% TiO2 + 44 mol.% Dy2O3 (compo-

sition No. 2) are given in Table 2 [21]. 
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Table 2 

Phase composition of dysprosium titanate synthesis products at temperatures in the range of 1250...1650 ºС 

Temperature, 

°С 

Phase composi-

tion 

Concentra-

tion, wt.% 
Lattice parameter, nm 

Concentration, 

wt.% 
Lattice parameter, nm 

1250 

Dy2O3 38.9 a = 1.066 18.2 a = 1.0657 

TiO2-ru 2.9 a = 0.4588; c = 0.2963 – – 

Dy2Ti2O7-p 32.0 a = 1.0124 43.4 a = 1.0121 

Dy2TiO5-o 26.2 
a = 1.0368; b = 1.1219; 

c = 0.3720 
38.4 

a = 1.0362; b = 1.1221; 

c = 0.3717 

1350 

Dy2O3 27.4 a = 1.0664 9.8 a = 1.0659 

Dy2Ti2O7-p 38.8 a = 1.0128 37.4 a = 1.0124 

Dy2TiO5-o 33.8 
a = 1.0372; b = 1.1228; 

c = 0.3721 
52.8 

a = 1.0365; b = 1.1229; 

c = 0.3718 

1450 

Dy2O3 9.2 a = 1.0661 – – 

Dy2Ti2O7-p 29.0 a = 1.0131 35.8 a = 1.0143 

Dy2TiO5-h 31.9 a = 0.3632; c = 1.1910 51.3 a = 0.3631; c = 1.1876 

Dy2TiO5-f 29.9 a = 0.5211 – – 

Dy2TiO5-р – – 12.9 a = 1.0418 

1550 

Dy2O3 3.8 a = 1.0661 – – 

Dy2Ti2O7-p 20.9 a = 1.0142 33.7 a = 1.0143 

Dy2TiO5-h 42.5 a = 0.3631; c = 1.1894 64.3 a = 0.3631; c = 1.1876 

Dy2TiO5-f 32.8 a = 0.5200 – – 

Dy2TiO5-р – – 2 a = 1.0410 

1650 

Dy2O3 1.2 a = 1.0669 – – 

Dy2Ti2O7-p 17.3 a = 1.0167 26.8 a = 1.0161 

Dy2TiO5-h 44.9 a = 0.3633; c = 1.1891 73.2 a = 0.3630; c = 1.1860 

Dy2TiO5-f 36.6 a = 0.5188 – – 
 

The formation of low-temperature phases of the or-

thorhombic structure Dy2TiO5-o and the pyrochlore-

type structure Dy2Ti2O7-p was observed in the pellet 

material of both compositions after sintering at tempera-

tures of 1250...1350 °C. In both cases, dysprosium ox-

ide was observed. An increase in the sintering tempera-

ture to 1450 °C results in the formation of the pyro-

chlore Dy2Ti2O7-p, hexagonal Dy2TiO5-h, and fluorite 

Dy2TiO5-f structures in the material of composition 

No. 1. Dy2O3 was also observed in the amount of 

~ 9 wt.%. In the material of composition No. 2, three 

phases were observed at a synthesis temperature of 

1450 °C. The first of them, which forms the basis of the 

material, had the hexagonal structure of Dy2TiO5-h, and 

the other two had the pyrochlore structure of    

Dy2Ti2O7-p and Dy2TiO5-p. A decrease of the 

Dy2Ti2O7-p phase and an increase in the content of the 

Dy2TiO5-h phase in the pellet material of both composi-

tions was observed with an increase in the sintering 

temperature to 1650 °C. Dy2O3 was observed in the 

amount of 1.2 wt.%. 

The material of dysprosium titanate pellets of com-

position No. 2 after sintering at 1650 °C was two-phase 

and included a phase with a hexagonal structure 

Dy2TiO5-h in the amount of 73.2 wt.% and a phase with 

a pyrochlore structure Dy2Ti2O7-p in the amount of 

26.8 wt.%. It should be noted that this phase composi-

tion is equilibrium for a given powder composition of 

dysprosium titanate (see Table 2). 

Thus, as a result of the performed studies, it was 

confirmed that at the temperature range of 

1250...1650 °C, the synthesis occurs with the formation 

and decomposition of low-temperature modifications of 

dysprosium titanate and intermediate structure of dys-

prosium dititanate according to the following  

(Dy2Ti2O7): Dy2O3+2TiO2→Dy2Ti2O7,              (1) 

Dy2O3+Dy2Ti2O7→ 2Dy2TiO5 .                                        (2) 

Our studies have confirmed that the doping of MoO3 

results in an increase in the density of dysprosium titan-

ate pellets of the composition 81.2 wt.% Dy2O3 + 

15.8 wt.% TiO2 + 3.0 wt.% MoO3 sintered at a tempera-

ture of 1650 °C to 7.1 g/cm
3
 compared to the undoped 

composition and the formation of a single-phase struc-

ture of pyrochlore Dy2TiO5-p [22]. 
 

DYSPROSIUM HAFNATE 

To study the kinetics of the dysprosium hafnate syn-

thesis processes, compacted samples were annealed at 

1200...1500 °C for 0.25...40 h [13]. It was observed that 

the interaction reaction occurs by unilateral or predomi-

nantly unilateral diffusion of one of the components 

[13]. It was established that the formation of a crystal-

line product lags behind the binding of oxides into a 

solid solution (Fig. 6). 

 
Fig. 6. Kinetics of oxide interaction in a mixture  

of Dy2O3 + HfO2: 1 – final product;  

2 – intermediate product [13] 
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When HfO2 interacts with Dy2O3, an intermediate 

solid solution of Hf1-xDyxOy with x<0.5 is initially 

formed, and only as the reaction proceeds, a final solid 

solution of the composition Hf2Dy2O7 with a fluorite-

type structure is formed [14]. The analysis of the kinetic 

curves (see Fig. 6) revealed that the synthesis of dyspro-

sium hafnate is limited by the diffusion of the initial 

components through the reaction product [23]. 

It has been shown that the interaction reaction oc-

curs by one-way diffusion or predominantly one-way 

diffusion of Dy ions into the HfO2 lattice (Fig. 7) with a 

diffusion coefficient D0 = 1.2·10
-11

 cm
2
/s [24]. 

 
Fig. 7. Distribution of dysprosium (○) and hafnium (●) 

content in the boundary region after calcination 

 for 3 h at 1800 °C [24] 

As the reaction proceeds, a solid solution of dyspro-

sium hafnate is formed with a composition close to the 

ratio of the initial components [23]. 

It is well known that the rate of solid-phase reactions 

depends on the dispersivity and method of obtaining the 

initial reagents. Such a study was performed in [25]. 

The starting materials used were HfO2 obtained by the 

plasma method with different particle diameters (D); 

commercial hafnium dioxide (99.9% HfO2, with a parti-

cle size of ≤2000 nm), as well as neodymium, samari-

um, and dysprosium oxides with a Ln2O3 content of at 

least 99.5% and a particle size of ≤2000 nm. 

The X-ray diffraction patterns obtained during the 

heating process show that hafnium dioxide 

(D = 50...138 nm) begins to react with Ln2O3 at 

1100 °C. The beginning of the hafnium dioxide (D = 

1000...2000 nm) interaction with Nd2O3 and Sm2O3 is 

observed only at 1200 °C, and with Dy2O3 – even at 

1300 °C. The results of high-temperature X-ray diffrac-

tion of mixtures of Nd2O3 + 2HfO2, Sm2O3 + 2HfO2, 

Dy2O3 + 2HfO2 at different dispersivities are given in 

Fig. 8.  

 

Fig. 8. The ratio of the reaction product reflex intensi-

ties to the Ln2O3 reflex intensities depending on the 

temperature and particle size (D) of HfO2 in the  

mixtures: Nd2O3 + HfO2 (a), Sm2O3 + HfO2 (b), 

Dy2O3 + HfO2 (c) at D = 50…60 nm (1), 135…138 nm 

(2), and 1000…2000 nm (3) 

A method for the solid-phase synthesis of dysprosi-

um hafnate as a neutron-absorbing material is described 

in US Patent No. 4992225 [26], in which Dy2O3 

65...85 wt.% was mixed with HfO2 and then the result-

ing mixture was sintered into a compacted sample in the 

temperature range of 1500...2000 °C in a hydrogen 

atmosphere. 

The main stages of the technological scheme for the 

synthesis of dysprosium hafnate from the starting oxides 

and the production of pellets are: mixing of the starting 

components, briquetting of the fusion mixture by press-

ing, high-temperature synthesis of dysprosium hafnate, 

grinding of briquettes and sieving of the powder, cold 

pressing of pellets, high-temperature sintering of pellets 

(Fig. 9) [22]. 

 

  
a b 

Fig. 9. Technological schemes for the production of dysprosium hafnate pellets [24] 
 

Mixing HfO2, Dy2O3, Nb2O5 

Briquetting of the powder mixture 

Preliminary synthesis at 1600±50 °C 

Grinding briquettes to a size of less 
than 0.1 mm 

Pressing of pellets 

High temperature synthesis at 1850±50 ºС 

Wet mixing and grinding of 
Hf(ОН)4, Dy2O3, Nb2O5 

Calcination at 1250 ºС 

Powder grinding in a 
planetary mill 

Introduction of plasticizer (8% PVA) 

Pressing of pellets 

High temperature synthesis at 1580 ºС 

a b c 
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According to the first scheme (see Fig. 9,a), hafni-

um, dysprosium, and niobium oxides are used as start-

ing reagents. According to the second scheme 

(see Fig.9, b), hafnium hydroxide, dysprosium and nio-

bium oxides are used as starting reagents. The charac-

teristics of dysprosium hafnate pellets after synthesis are 

given in Tables 3, 4 [24, 27]. 

Table 3 

Results of laboratory development of dysprosium hafnate synthesis technology [27] 

Composi-

tion 

Soaking tem-

perature, °С 

Exposure 

time, h 
The result of X-ray powder analysis 

Dy2O3-23; 

HfO2-75; 

Nb2O5-2 

1400 1.5 Two FCC fluorite-type structures, traces of starting components 

1500 1.0 FCC fluorite-type structure, traces of Dy2O3 

1600 1.0 FCC fluorite-type structure, weak additional lines 

1700 1.0 FCC fluorite-type structure 

Dy2O3-49; 

HfO2-49; 

Nb2O5-2 

1400 1.5 FCC fluorite-type structure, weak additional lines 

1500 1.0 FCC fluorite-type structure, weak additional lines 

1600 1.0 FCC fluorite-type structure 

1600 0.5 FCC fluorite-type structure 

Dy2O3-75; 

HfO2-23; 

Nb2O5-2 

1400 1.5 FCC fluorite-type structure, С- Dy2O3, traces of monoclinic HfO2  

1500 1.5 FCC fluorite-type structure, traces of starting components 

1600 1.0 FCC fluorite-type structure, traces of starting components 

1700 1.0 FCC fluorite-type structure 

1900 0.5 FCC fluorite-type structure, weak additional lines 

Table 4 

Results of laboratory development of pellet sintering technology [27] 

Molar frac-

tion of com-

ponents, % 

Technological operations 

General 

appe-

arance 

Den-

sity, 

g/cm
3
 

Height and di-

ameter shrinkage 

characteristics 

Structure 

type 

Parameter а, 

nm 

Dy2O3-23; 

HfO2-75; 

Nb2O5-2 

Synthesis at 1600 °C, cold 

pressing, sintering at 

1900 °C 

No 

defects 

6.86-

6.91 

Uniform shrink-

age 8…11% 

Fluorite-

type struc-

ture 

0.51875± 

0.00012 

Dy2O3-49; 

HfO2-49; 

Nb2O5-2 
Synthesis at (1600±50) °С, 

cold pressing, sintering at 

(1800±50) °С 

7.11-

7.20 

Uniform shrink-

age 9…12% 

0.52311± 

0.00012 

Dy2O3-75; 

HfO2-23; 

Nb2O5-2 

7.55-

7.62 

Uniform shrink-

age 7…11% 

0.51869± 

0.00012 

 

The main elements of the technological scheme for 

the production of dysprosium hafnate pellets based on 

the results of its development at JSC “ChMZ”: 

– “wet” process of grinding and mixing of the start-

ing components; 

– drying at a temperature of 1250 °С; 

- repeated "wet" grinding and drying to an air-dry 

condition; 

– "semi-dry" pressing of pellets with subsequent 

drying in the air; 

– annealing at a temperature of 1580 °C in an air. 

A pilot batch of dysprosium hafnate pellets 

(49 mol.% Dy2O3 + 49 mol.% HfO2 + 2 mol.% Nb2O5) 

with a volume of 6.1 kg (2463 pcs.) was prodced as a 

result of the technology development. 

Results of outgoing inspection of pilot batches of 

dysprosium hafnate pellets: 

– geometric dimensions: diameter – 6.70...6.95 mm, 

height – 6.5...9.0 mm; 

– pellet density: 7.91...8.08 g/cm
3
; 

– phase composition – fluorite with lattice parameter 

a = 0.52585 nm. 

The RF patent No. 2522747 [28] describes a compo-

sition of dysprosium hafnate doped with molybdenum 

oxide with the following component ratio: 

Dy2O3 60...70 wt.%; HfO2 25...35 wt.%; MoO3 3...5 wt.%. 

At the same time, the starting components used in the 

preparation of dysprosium hafnate are nanostructured 

with a coherent scattering region of less than 100 nm. 

An example of production includes the following tech-

nological operations: preparation of a mixture of 

nanostructured oxides of dysprosium (CSR 35 nm), 

hafnium (CSR 16 nm) and molybdenum (CSR 67 nm) 

by wet mixing in a ball mill or other mill at a ratio of 

masses of the burden and layers of 2:1 for 20 min, bri-

quetting at a pressure of 20...30 MPa and sintering in air 

at a temperature of 1500...1700 °C for no less than 3 h. 

As a result, the absorber has the following properties 

and characteristics: density – 8.1...8.5 g/cm
3
, Dy2O3 

content – 5.0...5.4 g/cm
3
; composition: Dy2O3-

62.3 wt.%; HfO2-35.2 wt.%; MoO3-2.5 wt.%; thermal 

conductivity 1.23 W/(m·K) at 20 °C, CLTE 7.2·10
-6 

K
-1

; 

corrosion resistance: unchanged in distilled water at a 

temperature of 347 °C and a pressure of 17 MPa. The 

obtained material was a single-phase ceramic composi-

tion based on a solid solution of dysprosium, hafnium, 

and molybdenum oxides and had an FCC fluorite-type 

structure. 
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DYSPROSIUM ZIRCONATE 

In [29], the kinetics of a solid solution of Dy2O3-

2ZrO2 formation was studied. Fig. 10 shows that the 

binding of Dy2O3 to ZrO2 in a solid solution prevents its 

crystallization. When Dy2O3 interacts with ZrO2, one 

reaction product is formed – a cubic solid solution of the 

fluorite type, the lattice parameter of which changes 

during the synthesis process: 0.515 nm at 1400 °C 

(0.5 h) and 0.521 nm at 1400 °C (18 h). 

 
Fig. 10. Kinetic curves of the interaction of the mixture 

33.3 mol.% Dy2O3 + 66.7 mol.% ZrO2 at temperatures 

1300 (a), 1400 °(b), 1500 °C(c); I – by chemical analy-

sis, II – by X-ray analysis [29] 

 

Fig. 11. Distribution of Dy in ZrO2:  

1 – Dy2O3; 2 – DyхHf1-хOy; 3 – ZrO2 [29] 

Contact diffusion in the Dy2O3-ZrO2 system was 

studied by X-ray microanalysis to confirm the diffusion 

mechanism of Dy2O3 interaction with ZrO2. The stacked 

Dy2O3 and ZrO2 pellets were annealed at 1800 °C for 

3 h under a small weighting agent of ZrO2. Studies have 

revealed that the interaction is realized mainly through 

the dysprosium diffusion, resulting in the formation of a 

solid solution of variable composition DyхHf1-хOy (Fig. 

11), which is also confirmed by an increase in the lattice 

parameter of the solid solution in the process of its for-

mation [29]. 

INDUCTION MELTING OF OXIDES  

IN A “COLD” CONTAINER 

The method of induction melting of refractory ox-

ides was developed at the P.N. Lebedev Physical Insti-

tute and includes three stages [14, 30]: 1) obtaining a 

“charging” melt; 2) gradual melting under the influence 

of a high-frequency field of the entire burden except for 

a thin layer directly adjacent to the water-cooled con-

tainer wall; 3) slow directed crystallization or lowering 

of the container against the inductor as shown in 

Fig. 12. 

 

Fig. 12. Scheme of the main elements of induction  

melting technology: 1 – inductor; 2 – cold melting pot; 

3 – retractable bottom; 4 – graphite plate; 5 – melt;  

6 – slag lining; 7 – feeding of the starting material from 

the hopper; 8 – crystallized material 

This method was implemented in the synthesis of 

dysprosium titanate and dysprosium hafnate as a reme-

dy for the disadvantages of heterogeneity and multi-

phase structure [31–34]. Thus, under the conditions of 

high-frequency melting of oxides, the process of for-

mation of dysprosium titanate occurs in the liquid phase 

at temperatures exceeding 2000 °C, which exceeds the 

melting point of dysprosium titanate and the starting 

components. In the process of rapid cooling, the high-

temperature structure (fluorite face-centered cubic struc-

ture) is crystallized, which is the most resistant to radia-

tion exposure. This method of synthesis of dysprosium 

titanate establishes the composite composition of dys-

prosium titanate at the ratio of components: 

Dy2O3 (70...85)wt.%+Nb2O5 (2...7)wt.%+ZrO2 (0.5...2)wt.%

+TiO2 – the rest. An increase in the Dy2O3 content 

above 85 wt.% reduces corrosion resistance in water at 

operating temperatures and pressures under operating 

conditions. Reducing the Dy2O3 content below 70 wt.% 

can result in the formation of a free titanium phase, 

which reduces the radiation resistance of dysprosium 

titanate. The lower limit of the Nb2O5 content of 2 wt.% 

was established based on the absence of its positive 

effect on the crystal structure of the material obtained 

by high-frequency induction melting of a mixture of 
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starting oxides in a cold melting pot. The upper limit of 

the Nb2O5 content (7 wt.%) was established by the re-

quirement to obtain a single-phase material, since at a 

higher Nb2O5 content in the synthesized material at any 

ratio of other components, an independent phase of 

dysprosium orthoniobate is formed, which crystallizes 

in a monoclinic structure, undergoing polymorphic 

transformations under the influence of irradiation, re-

sulting in a decrease in radiation and corrosion re-

sistance. At a Dy2O3 content of more than 78 wt.%, the 

Nb2O5 content should not be less than 5 wt.%, since the 

introduction of Nb2O5 in this case contributes to the 

expansion of the boundaries of homogeneity regions 

(solid solutions) and is required to obtain a single-phase 

material at high Dy2O3 content. When the content of 

ZrO2 in the material is less than 0.5 wt.%, it has no 

effect on corrosion resistance under operating condi-

tions. With an increase in the ZrO2 content of more than 

2 wt.%, an independent phase of dysprosium zirconate 

with a cubic structure is possible to form. 

The characteristics of dysprosium titanate pellets ob-

tained by sintering and melting are compared in Table 5. 

       Table 5 

Compositions and characteristics of dysprosium titanate pellets [33] 

Production Sintering technology Melting technology 

Composition, phase Dy2TiO5 Dy2TiO5 

Crystalline structure 

Hexagonal 

а=(0.3636±0.0002) nm, 

с=(1.1843±0.0005) nm 

Fluorite 

а=(0.5200±0.0001) nm 

Pellets density, g/cm
3
 5.9…6.1 6.1…6.2 

Thermal conductivity, W/(mК) 1.0 (25С); 1.5 (800С) - 

CLTE, 10
-6

 К
-1

 6.5 (25С); 8.7 (400С) - 

Microhardness, MPa 7000±1000 12000±1000 

Strength limit, MPa 100…130 (20 С) 100…130 (20 С) 

 

The structures of sintered and melted dysprosium ti-

tanate absorbers differ significantly (Fig. 13). Sintered 

dysprosium titanate is characterized by porosity evenly 

distributed over the entire cross-section of the pellet 

with a pore size of 80 to 100 μm. Melted dysprosium 

titanate contains large particles with a size of about 

250 μm. 

 

 

 
 

a, ×7 b, ×200 

  
c, ×7 d, ×200 

Fig. 13. Macro- (a, c) and microstructures (b, d) of sintered (a, b) 

 and melted (c, d) dysprosium titanate pellets [33] 

 

This method was also implemented in the synthesis 

of dysprosium hafnate with a fluorite-type structure in a 

wide range of concentrations of the starting compo-

nents: Dy2O3 (12...85) wt.%+HfO2  (0.5...87) wt.%+ 

Nb2O5 (0.5...20)wt.% [31]. Thus, the stabilization of the 

fluorite structure is ensured by the presence of niobium 

oxide in the starting reagents. Moreover, the lower limit 

of Nb2O5 content of 0.5 wt.% is caused by the absence 

of its positive effect on the crystal structure of the mate-

rial obtained and on the technological parameters of 

synthesis by high-frequency induction melting of the 

oxides mixture. The upper limit of the Nb2O5 content of 

2 wt.% is required to obtain a solid solution with a face-

centered cubic lattice of the fluorite type. When the 
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content of niobium oxide exceeds 20 wt.% in the syn-

thesized material at any ratio of other components, an 

independent phase of dysprosium orthonyobate is 

formed, crystallizing in a monoclinic structure, which 

undergoes polymorphic transformations under the influ-

ence of reactor irradiation, resulting in a significant 

decrease in its radiation and corrosion resistance. The 

upper limit of the Dy2O3 content of 85 wt.% is limited 

by the formation of the second phase – Dy2O3, which 

significantly reduces the corrosion resistance of the 

proposed material in water of high parameters. With a 

Dy2O3 content of less than 12 wt.%, a second phase 

with a monoclinic structure based on HfO2 is formed, 

which undergoes polymorphic transformations with a 

volume increase of ~7% under the influence of reactor 

irradiation. With a Dy2O3 content above 78 wt.%, the 

Nb2O5 content should be at least 5 wt.%. 

Characteristics of dysprosium hafnate pellets ob-

tained by melting technology are given in Table 6. 

Table 6 

Characteristics of pellets of melted dysprosium hafnate [4, 24] 

Compositions of dysprosium 

hafnate 

Dy2O3-75; HfO2 -23; 

Nb2O5 -2 
Dy2O3-49; HfO2-49; 

Nb2O5-2 

Dy2O3-23; HfO2-75; 

Nb2O5-2 

Crystalline structure 
Fluorite 

а=(5.1875±0.0012) Ǻ 

Fluorite 

а=(5.2311±0.0012) Ǻ 

Fluorite 

а=(5.1869±0.0012) Ǻ 

Density, g/cm
3
 6.8…7.1 7.0…7.2 7.4…7.8 

Thermal conductivity, W/(mК) 2.0 (25 С) 1.5 (25 С) 1.7 (25 С) 

CLTE, 10
-6

 К
-1

 
8.54 (25…100 С) 

11.58 (500 С) 

8.66 (25…100 С) 

11.05 (500 С) 

8.37 (25…100 С) 

11.47 (500 С) 

Microhardness, MPa 7000…13000 

Compressive strength limit, 

MPa 

150 (20 С) 

80 (500 С) 

350 (20 С) 

130 (350 С) 

350 (20 С) 

170 (350 С) 
 

CHEMICAL METHODS 

Recently, research and development of low-

temperature methods for the synthesis of absorbing 

materials based on rare earth elements has intensified, 

among which are the methods based on the decomposi-

tion of salts or high molecular weight organic polymers 

[36–38], as well as chemical deposition of hydroxides 

followed by annealing [39–41]. 

As a rule, amorphous hydroxides are deposited un-

der the influence of an aqueous solution of ammonia-

containing reagents (NH3) on nitric acid or hydrochloric 

acid solutions of titanium and dysprosium. The resulting 

products are filtered, washed, dried at 100 °C and sub-

jected to heat treatment. Generally, the resulting precipi-

tates are X-ray amorphous and contain a significant 

amount of chemically bound rare earth hydroxide [14]. 

Crystalline titanates of rare earth elements are formed 

upon further heating up to the crystallization tempera-

ture. 

Korean researchers have performed a comparative 

study of the characteristics of dysprosium titanate pel-

lets obtained both by chemical method (ethylene glycol 

– EG-process) and by standard solid state synthesis (SS-

process) [36]. 

A distinctive feature of the EG-process is that the 

starting reagents used are titanium and dysprosium salts, 

which were dissolved in ethylene glycol. The transpar-

ent solution was dried for 48 h at 80 °C to form a gel. 

Subsequently, annealing at different temperatures for 

1 h and grinding in a ball mill for 6 h to eliminate ag-

glomerates were performed. The resulting powder was 

compacted at a pressure of 30 MPa and sintered in air at 

different temperatures. Powders calcined for 1 h at tem-

peratures below 800 °C possess an X-ray amorphous 

structure. The orthorhombic phase is formed as a result 

of calcination for 1 h to a temperature of 1300 °C. A 

further increase in temperature results in the formation 

of a hexagonal structure. The powders obtained by the 

EG-process are characterized by a high specific surface 

area and a smaller particle size compared to the powders 

obtained by the standard technology (Table 7). 
 

Table 7 

Specific surface and particle size of Dy2TiO5  

powder [36] 

Process Specific surface, g/cm
3
 Particle size, µm 

EG 14.0 0.38 

SS 3.5 1.52 
 

The microstructures of the sintered pellets obtained 

by the EG-process (sintering for 2 h) and the SS-process 

(sintering for 10 h) at temperatures of 1500 and 

1600 °C, respectively, are presented in Fig. 14. 

 
Fig. 14. Microstructure of sintered Dy2TiO5:  

SS-process (a), EG-process (b) at 1500 °C (c) 

 and 1600 °C (d), respectively [36] 

The sample sintered at 1500 °C (see Fig. 14,a) con-

tains long pore channels and irregularly shaped grains 

(density 6.21 g/cm
3
, 85% of the theoretical density). 

Sintering at 1600 °C resulted in rapid grain enlargement 

a 

c 

b 

d 

a b 

d c 
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and the formation of large and unevenly shaped pores. 

In the case of sintering the samples obtained by the EG-

process at 1500 °C, a density of 6.93 g/cm
3
 was 

achieved, which is 95% of the theoretical one, but small 

pores remained. The microstructure of Dy2TiO5 pellets 

sintered at 1600 °C obtained by the EG-process (density 

of 7.04 g/cm
3
) was characterized by a grain size of 

3...5 μm with small pores at the boundaries (see Fig. 

14,d). 

According to the method for obtaining ceramic ma-

terials based on nanocrystalline powders of dysprosium 

hafnate, the production of mixed dysprosium and hafni-

um hydroxides is carried out by dissolving the salts 

HfOCl2·8H2O and Dy(NO3)3·5H2O in water and adding 

the resulting solution to an ammonia solution, filtering 

and washing the resulting precipitate, drying with sub-

sequent calcination to obtain dysprosium hafnate, its 

grinding, pressing and annealing of the resulting com-

pacts, characterized in that the stage of drying and cal-

cination of the mixed hydroxide is carried out under the 

influence of microwave heat with a continuous power of 

1.5…6.0 kW, gradually changing the temperature dur-

ing 1.0...1.5 h to obtain nanocrystalline dysprosium 

hafnate powder. 

The obtained dysprosium hafnate powders after dry-

ing at 90 °C for 12 h and calcination in air at 800 °C for 

3.0 h exhibited a nanocrystalline size of the coherent 

scattering regions of 9 nm and an FCC structure of the 

fluorite type. Dy2HfO5 powder mechanically activated 

for 33 min exhibited a specific surface area of 

10.4 m
2
/g. The density of the pellets was 4.71 g/cm

3
 

after pressing at 180 MPa. Sintering of the pellets at a 

temperature of 1550 °C for 4 h resulted in an increase in 

the density of the pellets to 8.0 g/cm
3
. 

The main results of the research into the phase 

formation of dysprosium hafnate with a composition 

of 63.9 wt.% Dy2O3 + 36.1 wt.% HfO2 (50 mol.% Dy2O3 + 

50 mol.% HfO2) obtained by calcination of the thermal 

decomposition products of co-precipitated hafnium 

and dysprosium salts are given in [41]. According to 

the results of DTA and TG analyzes of the product of 

chemical co-precipitation of hafnium and dysprosium 

salts, it was observed that the maximum rate of mo-

lecular water removal occurs at 150 °C (endothermic 

effect at 150 °C) (Fig. 15). 

 
Fig. 15. Thermal and gravimetric patterns of  

dysprosium hafnate hydroxide decomposition [41] 

Two exothermic effects at 340 and 580 °C were ob-

served, which may indicate the crystallization of dys-

prosium hafnate. 

The weight change of sample was already insignifi-

cant at temperatures above 580 °C and no exothermic 

effects were observed up to a temperature of 1000 °C, 

indicating that the crystallization process of dysprosium 

hafnate was completed. According to the results of X-

ray diffraction analysis, it was established that in the 

process of joint chemical precipitation of hydroxides 

from nitric acid salts of hafnium and dysprosium, an X-

ray amorphous precipitate is formed (Fig. 16). 

 
Fig. 16. Diffractograms of thermal decomposition  

products of dysprosium hafnate hydroxide in the  

starting condition (1) and after heat treatment  

for 1 h at 700 °C (2) and 1000 °C (3) [41] 

It was observed that calcination at a temperature of 

700 °C results in the formation of dysprosium hafnate 

with a cubic lattice of the fluorite type with parameters 

of (0.518±0.001) nm and crystallite sizes of 20...40 nm. 

Increasing the calcination temperature to 1000 °C re-

sults in an increase in crystal size to 40...60 nm. 

MECHANOCHEMICAL ACTIVATION 

In recent years, research into the synthesis of titan-

ates and hafnates of rare earth elements, primarily dys-

prosium and gadolinium, by mechanochemical treat-

ment using ball planetary mills has been significantly 

intensified: Dy2TiO5 [42–47], Dy2HfO5 [48], 

Gd2HfO5 [49], Gd2Ti2O7 [50]. 

Thus, a method for obtaining highly dispersed dys-

prosium titanate powders includes the preparation of 

dysprosium titanate powder by mechanical activation of 

a mixture of components – titanium dioxide – TiO2 and 

dysprosium oxide – Dy2O3, taken in an equimolar ratio, 

in a planetary ball mill at a planetary disk rotation speed 

of 100…900 rpm, drum rotation speed of 

1000…2400 rpm, with a ball weight to burden weight 

ratio of 45:1 in an argon atmosphere at P = 3…5 atm for 

20…60 min [51]. 

The mechanochemical treatment of titanium and 

dysprosium oxides for 30…60 min resulted in the com-

plete transformation of the initial oxides into dysprosi-

um titanate (amorphous structure) [42]. After 

60...90 min of treatment, traces of iron were observed as 

a result of rubbing of the grinding layers. The specific 

surface area of the powders was 12.0...32.4 m
2
/g. Na-

noscale particles of dysprosium titanate powder of non-

equilibrium shape with a size of 50...200 nm, which 

were combined in agglomerates up to 0.5...10 μm, were 

obtained. 
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Fig. 17. Mechanosynthesized product: 

a – agglomerates; b – nanoparticles that form 

agglomerates [42]  

Combining the methods of chemical precipitation 

and mechanoactivation also enabled the production of 

dense dysprosium hafnate pellets with a monophase 

structure [40]. The method involves the production of 

mixed hydroxide by co-precipitation of salts, filtration 

and washing of the resulting precipitate, drying fol-

lowed by calcination to obtain mixed oxide, its grinding, 

pressing and sintering of pellets. Thus, the calcination 

stage of the mixed hydroxide is carried out in the tem-

perature range of 800...1200 °C, and the grinding of 

mixed oxide powders is carried out by mechanical acti-

vation in a planetary mill for 18...36 min. The dysprosi-

um hafnate powders obtained by calcination in a muffle 

furnace in air for 3 h at a temperature of 800...600 °C 

had a single-phase composition – Dy2HfO5, which had 

an FCC structure of the fluorite type, with crystallite 

sizes depending on the treatment temperature (Table 8). 

Table 8 

Production modes and characteristics of dysprosium 

hafnate nanopowders [40] 

Temperature, 

°C 

Crystallite 

size, nm 

Parameter, 

Å 

Micro-

stresses, % 

400 amorphous – – 

600 amorphous – – 

800 8 5.258 1.6 

1000 18 5.2570 0.6 

1200 62 5.2602 0.3 

1400 270 5.2604 0.1 

1600 330 5.2622 <0.1 

One can see that an increase in the calcination tem-

perature above 1200 °C results in a sharp increase in the 

size of crystallites and the formation of large-crystalline 

Dy2HfO5 powders. Several batches of pellets were pro-

duced from nanocrystalline dysprosium hafnate powder 

with a crystallite size of 8 nm, which was obtained by-

calcination of hydroxides at 800 °C for 3 h, which dif-

fered by the time of mechanical activation in a planetary 

mill. 

The pressing pressure was 180 MPa, and the sinter-

ing temperature and time were 1550 °C and 4 h, respec-

tively. Table 9 presents data on the dependence of the 

density of sintered pellets on the time of mechanical 

activation. 

Table 9  

Density of sintered dysprosium hafnate pellets [40] 

Mechanoactivation time, 

minutes 
15 36 48 

Density of pellets, g/cm
3
 7.30 7.96 7.97 

In the work of Chinese researchers, it was observed 

that the treatment of a powder mixture of TiO2 and 

Dy2O3 in a planetary mill at 500 rpm results in a signifi-

cant reduction in grain size (up to 60 nm) and transfor-

mation of the crystal lattice of dysprosium oxide with 

the formation of an X-ray amorphous structure [52]. 

Mechanoactivation under these conditions for 96 h 

resulted in the complete destruction of the crystal struc-

tures of the starting oxides and amorphization of the 

mixture. 

The calcination of mechanical treatment products at 

temperatures in the range of 800...1000 °C resulted in 

the formation of a metastable dysprosium dititanate 

structure Dy2Ti2O7 with a cubic lattice, which at higher 

temperatures transforms into an equilibrium orthorhom-

bic lattice Dy2TiO5. 

XRD patterns of the Dy2O3-TiO2 powder mixtures 

milled at 500 and 200 rpm for different grinding times 

are given in Fig. 18. The XRD results show that the 

crystal structure of the starting Dy2O3 phase and the 

TiO2 phase are cubic and rutile, respectively. At 

500 rpm, the diffraction peaks of cubic Dy2O3 and TiO2 

broaden significantly and decrease in intensity with 

increasing grinding time. The broadening of the X-ray 

diffraction peaks is associated with the grinding of the 

grain size and the decay of the crystal lattice. 

High-rate grinding results in the transformation of 

Dy2O3 from a cubic to a monoclinic crystal structure. A 

broad diffraction peak indicates the formation of an 

amorphous phase during ball milling. The fact that the 

amorphous peak is present at the position of the diffrac-

tion peak for monoclinic Dy2O3, but not at the position 

of the diffraction peak for the cubic Dy2O3 phase, indi-

cates that the formed amorphous phase is derived from 

the monoclinic Dy2O3 phase, and not from cubic Dy2O3. 

After milling for 96 h, only the amorphous phase 

was observed, indicating that the monoclinic phase of 

Dy2O3 was completely transformed into the amorphous 

phase (see Fig. 18,a). In addition, this behavior indicates 

that no new compounds are synthesized during ball 

milling. The behavior of the powder mixtures during 

ball milling at 200 rpm was significantly different from 

that at 500 rpm. The change in the diffraction peaks 

with increasing grinding time at 200 rpm is given in 

Fig. 18,b. Although the diffraction peaks of cubic Dy2O3 

and TiO2 also broaden and decrease in intensity with 

increasing grinding time, the diffraction peaks of TiO2 

were observed in the XRD patterns and did not disap-

b 
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pear. After grinding for 96 h, the intensity of the diffrac-

tion peaks of Dy2O3 and TiO2 also remained high. The 

powder mixtures did not change completely before 

amorphization. Thus, at low ball mill rotation rates, the 

powder mixtures were only ground and homogenized.  

  

а b 

Fig. 18. X-ray diffraction patterns of powder mixtures milled at 500 (a) and 200 rpm (b) for different times, 

respectively [52] 

 

The results of the XRD analysis of powder mixtures 

milled for 96 h and annealed at 800, 900, 1000, 1050, 

1100, and 1150 °C are presented in Fig. 19. Several 

diffraction peaks differ from the diffraction peaks of 

Dy2O3 (cubic and monoclinic crystal structure) and TiO2 

(rutile structure), indicating the formation of new com-

ponents with crystal structures that were formed from 

amorphous mixtures. 
 

 
Fig. 19. X-ray diffraction patterns of powder mixtures 

annealed for 3 h at different temperatures [52] 

The XRD patterns of Dy2O3-TiO2 powder mixtures 

showed three diffraction peaks at temperatures of 800, 

900, and 1000 °C: orthorhombic Dy2TiO5, cubic pyro-

chlore Dy2Ti2O7, and cubic fluorite Dy2TiO5 (see 

Fig. 19). The latter phase was an intermediate and meta-

stable phase that transformed into orthorhombic 

Dy2TiO5 at an annealing temperature above 1050 °C. 

The research into the phase transformations during 

the mechanical grinding of mixtures based on titanium, 

gadolinium, and dysprosium oxides, performed by sci-

entists from the Republic of Mexico, also confirmed the 

formation of a significant number of structural defects 

and the transformation of cubic dysprosium and gado-

linium oxides into a monoclinic structure [53]. Thus, the 

mechanochemical treatment of materials for 9 h resulted 

in the formation of a high-temperature modification of 

Gd2TiO5 with a hexagonal structure. Differential ther-

mal analysis also revealed a phase transformation at a 

temperature of about 800 °C. Treatment at 1100 °C 

resulted in the formation of a low-temperature modifica-

tion of Gd2TiO5 with an orthorhombic structure. 

PLASMOCHEMICAL SYNTHESIS 

All known plasmochemical methods of producing 

and synthesizing of powders can be combined into three 

methods based on the aggregate state of the starting 

material introduced into the plasma [54]: 

1) processing of gaseous compounds; 

2) processing of drip-liquid raw materials; 

3) processing of solid particles suspended in the 

plasma flow. 

Since both liquid and solid raw materials are con-

verted to gaseous state in plasma, all three methods can 

be classified as gas-phase condensation methods. 

For example, in [55], ZrO2 nanopowders were ob-

tained by oxidizing dispersed ZrCl4 with a limited jet 

flow based on an electric arc plasmatron. Changing the 

flow rate of ZrCl4 and the enthalpy of the plasma flow 

enabled the production of nanopowders with a specific 

surface area of 18…32 m
2
/g (with an average grain size 

of 33…58 nm). The obtained nanopowders were poly-

disperse, consisted of equiaxed particles of rounded 

shape, and contained 0.25…0.75 wt.% of chlorine. 

Paper [56] describes the processing of a neutron-

absorbing material in the form of gadolinium oxide 

(Gd2O3) in an HF plasmatron, which results in the sphe-

roidization of the starting particles of the powdered 

material in the plasma flow.  The development of vari-

ously grained crystals with a grain size of 

0.008…0.02 mm, with a normal optical characteristics 

and a predominance of columnar crystals was observed. 

The mechanism of plasma effect on particles is quite 

complex. The main influencing factor is thermal heating 

by plasma, the temperature of which can reach more 

than 5000 °C in the current-carrying channel, and the 

heating rate is 104 deg/s. During the period of particles' 

exposure in the plasma, which ranges from 0.3 s in the 

case of unidirectional movement of particles and plas-
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ma-forming gas and up to 2 s in the case of processing 

large particles in the counterflow of gas, the particles 

reach the melting point. 

The patent [57] describes a method for obtaining 

microspherical powders of dysprosium titanate with a 

composition of 50 mol.%. Dy2O3 - 50 mol.% TiO2 and 

dysprosium hafnate with the composition of 

50 mol.% Dy2O3-50 mol.% HfO2 that ensures the pro-

duction of an equimolar mixture of oxides, trapping the 

resulting powder particles and their annealing. 

The product from all batches of titanate-dispersed 

compositions consisted of a morphological array of 

similar particles with a predominance of void spheres, 

with an average size of 200 nm. The sizes of the crystal-

lites included in the spheres were in the range of 

10…60 nm. 

No changes in the crystal structure of titanium-

dysprosium oxide compositions were observed when 

heated to 1000 °C. When heated from 1050 to 1600 °C, 

the structure of this material changed from a cubic 

phase, such as fluorite, to a hexagonal phase. 

CONCLUSIONS 

1. A review of the known methods for the synthe-

sis of titanates, hafnates, and zirconates of rare earth 

elements, which have been applied as neutron-absorbing 

materials for nuclear reactors and are promising due to 

their high radiation and corrosion resistance, has been 

carried out. 

2. Among the considered methods, the most 

widely used in the production of dysprosium titanate 

and dysprosium hafnate were the method of solid-phase 

synthesis and methods of induction melting of the start-

ing oxide mixtures. The general mechanism of solid-

phase synthesis of dysprosium titanate and dysprosium 

hafnate is preferential diffusion with the formation of 

intermediate chemical compounds or solid solutions. 

3. The NFC STE NSC KIPT is carrying out R&D 

to study the effect of technological operation parameters 

on the synthesis and characteristics of dysprosium titan-

ate and dysprosium hafnate pellets with a controlled 

structural and phase condition. 
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СИНТЕЗ МАТЕРІАЛІВ НА ОСНОВІ СПОЛУК РІДКІСНОЗЕМЕЛЬНИХ ЕЛЕМЕНТІВ  

З ТИТАНОМ, ГАФНІЄМ ТА ЦИРКОНІЄМ ЯК ПЕРСПЕКТИВНИХ ПОГЛИНАЧІВ 

НЕЙТРОНІВ ЯДЕРНИХ РЕАКТОРІВ 

І.О. Чернов, А.В. Куштим, С.В. Малихін 

Представлено огляд методів синтезу титанатів, гафнатів і цирконатів рідкісноземельних елементів, у пе-

ршу чергу диспрозію, що знайшли застосування в якості нейтронопоглинаючих матеріалів ядерних реакто-

рів або є перспективними з причин їх високої радіаційної стійкості, фазової стабільності, сумісності з конс-

трукційними матеріалами та корозійної стійкості. Наведено характеристики титанатів, гафнатів і цирконатів 

диспрозію, отриманих методами: високотемпературним твердофазним синтезом у компактованих сумішах 

вихідних оксидів; індукційним плавленням оксидів у «холодному» контейнері; хімічними методами, що 

ґрунтуються на сумісному осадженні та термообробці водних розчинів; механохімічною активацією порош-

ків оксидів у планетарних млинах з подальшою термообробкою; плазмохімічним синтезом. 
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