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Rare earth elements (REE) are among the most important materials used in 

high-tech components. An increasing interest has been observed in the use of various 

mixtures of rare earth oxides (REOs) as dopants for ceramic materials, especially for 

ZrO2. Rare earth elements are included in the list of critical materials by the EU, and 

for their extraction and separation from minerals, mining and processing techniques 

with high environmental impact are used.  

This work aims to obtain ceramic materials based on zirconium doped with 

mixture of rare earth oxides (REO), with similar concentration ratios to that found in 

the mineral monazite, with an impact on the efficient consumption of rare earths and 

the production cost. Therefore, ZrO2 doped with 8% Ln and Y2O3 (Ln= Ce, La, Nd, 

Gd) will be synthesized by hydrothermal synthesis technique. For the resulting 

material, the structure, morphology and thermal properties will be studied with a view 

to its potential use for applications in thermal barrier coatings (TBC). 
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   1. Introduction 

 The monazite with generic formula [(REE)PO4] is considered among the 

most valuable natural resources of oxides of rare earth elements (REE), elements 

that are widely used both for applications in traditional sectors such as: glass 

manufacturing [1][2] [3], metallurgy [4][5], agriculture [6][7], catalysis [8], but also 

for high-tech industries such as wind turbines [9] [10], e-mobility [11] [10][12], etc. 

 The term monazite, which originates from the Greek "monazein" meaning 

"to be solitary", comprises several groups named after the major cationic 

constituent: Monazite-(Ce) – (Ce, La, Nd, Th) (PO4), idealize CePO4; Monazite - 

(La) – (La, Ce, Nd) (PO4), idealize LaPO4; Monazite-(Nd) – (Nd, Ce, Sm) (PO4), 

idealize NdPO4; Monazite - (Sm) – (Sm, Gd, Ce, Th) (PO4), idealize SmPO4. The 

color of the mineral can vary from yellow to brown or even red [13]. 

 Separating individual REOs from monazite is a difficult process with a high 
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environmental impact and energy consumption reflected in high prices. This fact is 

due to the complexity of the process, the solvent extraction used requiring many 

steps of extraction and re-extraction, due to the fact that the REE have a very similar 

electronic configuration and physical-chemical properties [14] [15][16].  

 Various rare earth oxides (REOs) have recently been studied as dopants for 

new ZrO2-based thermal barrier coatings for various industrial applications [17] 

[18] [19] [20].  They have the role of improving the thermal conductivity and phase 

stability compared to the gold standard YSZ material (ZrO2 doped with 8% Y). At 

present, 8YSZ is the most widely used thermal barrier material (TBC) due to its 

properties such as high fracture toughness, fast ionic conductivity and low thermal 

conductivity, usually in the range 1.8 –3.0 W/mK for 200 °C ≤ T ≤ 1000 °C [21]. 

However, the use of 8YSZ is limited at temperatures higher than 1200 °C due to 

the phase transformation of YSZ from the t' phase to the tetragonal (t) and cubic (c) 

phase, and then the t phase to the monoclinic (m) phase. For example, if Y is 

replaced by Yb an increase in phase stability is observed, but nevertheless the 

sintering resistance is reduced [22].  

 Several methods to obtain REO-doped ZrO2 have been investigated: co-

precipitation [23] [24],  solid state reaction [25] [26], chemical precipitation [27].  

This research aims at the potential use of naturally mixed REOs obtained directly 

from monazite concentrates as dopants in the field of high temperature ceramic 

materials. 

  The work focuses on the development by the hydrothermal method and the 

characterization of the ZrO2 material doped with mixed REO, simulating the 

composition of selected monazite concentrates after removing the radioactive 

elements (Th, U and Ra), but also keeping elemental Ce. For this purpose, synthesis 

experiments were carried out using synthetic compositions of Ce-based rare earth 

anesthetics, studying the structure, morphology and thermal properties. 

2. Materials and methods  

2.1. Starting materials 

 The raw materials used were: Y2O3 > 99%-Merck, Nd2O3 ≥ 99,9%-Alfa 

Aesar, Gd2O3 ≥ 99,9%-Alfa Aesar și La (NO3)3*6H2O - VWR Chemicals, Ce (III) 

N3O9*6H2O – ACROS Organics- 99,5.  

2.2. Hydrothermal synthesis 

 ZrO2 powder doped with 8% mixed synthetic mixture of Ln (Ln = Ce, La, 

Nd, Gd) and Y2O3, which is referred to below ZrO2-CeRO was obtained by 

hydrothermal process at moderate pressures (maximum 40 atm.)  and moderate 

temperatures (maxim 250˚C). The main advantages of this method are: one-step 

process, low energy consumption, use of low temperatures for crystallization, 

improved chemical reactivity, high homogeneity and control of nucleation and 
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growth [28] [29].  

 Preparation of aqueous Zr (IV) stock solution with programmed Zr 

concentration was made from zirconium tetrachloride (ZrCl4 99% Merck) dissolved 

in distilled water and filtered to remove insoluble particles. In the solution thus 

obtained, the precursor was dissolved, under rigorous mechanical stirring. In order 

to obtain an alkaline suspension with a pH of approximately 9, the mineralizing 

agent, ammonia solution (NH3 wt. 25 %, Chimreactiv srl), was added. The 

suspension thus obtained was hydrothermally treated (Berghoff, Germania, 5 L 

capacity, Berghoff Products + Instruments GmbH,) and cooled controlled with 

water using a coil inserted in the reaction vessel. Following the hydrothermal 

process, a solid precipitate was obtained, which was washed and filtered to remove 

soluble impurities, followed by oven drying at 110 °C until constant weight. The 

synthesis scheme is shown in the Fig.1. 

 

 
Fig. 1 Schematic representation of the hydrothermal synthesis process used to obtain ZrO2-CeRO 

powders.  

2.2 Characterization methods 

 Chemical analysis of ZrO2-CeRO powder was performed by inductively 

coupled plasma optical emission spectrometry (Agilent 725 ICP-OES, Agilent 

Technologies Inc., Colorado Springs, CO, USA) according to ASTM E 1479-99 
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(2011). 

 The microstructure of the ZrO2-CeRO powder was studied using a 

BRUKER D8 ADVANCE X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, 

Germany) with monochromatic Kα radiation, using the Bragg-Brentano diffraction 

method. To identify the phases contained in the sample, data processing was 

performed using the DIFFRAC.SUITE.EVA release 2016 software package by 

Bruker AXS, Karlsruhe, Germany; SLEVE + 2020 and the ICDD PDF-4 + 2020 

database edited by the International Center for Diffraction Data (ICDD). 

 The sample morphology was investigated by scanning electron microscopy 

(SEM) using a Quanta 250 high resolution microscope (FEI Company, Eindhoven, 

The Netherlands) incorporated with the energy dispersive X-ray spectrometer 

manufactured by EDAX (Mahwah, NJ, USA), consisting of ELEMENT Silicon 

Drift Detector Fixed, Element EDS Analysis Software Suite APEX™ 1.0, EDAX, 

Mahwah, NJ, USA. 

 Thermal stability was analyzed by Differential scanning calorimetry 

coupled with thermal gravimetry analysis (DSC-TG) with a SETARAM SETSYS 

Evolution equipment (SETARAM Instrumentation, Caluire, France) under inert 

atmosphere. The samples were placed in alumina crucibles and heated at a heating 

rate of 10 K/min to 1450 °C, then cooled to room temperature at the same rate. 

Experimental data were processed using Calisto v.1.097 software (SETARAM 

Instrumentation, Caluire, France). 

 Thermal properties at room temperature were measured using the hot disk 

method (TPS 2200 Hot Disk, Hot Disk AB, Gothenburg, Sweden) on pairs of 

cylindrical pellets approximately 20 mm in diameter and 5 mm in height, heat 

treated at 1200 °C. 

A Kapton sensor with a diameter of 2 mm (code 7577) was inserted between the 

two cylindrical samples. This was used to generate heat and monitor the 

temperature evolution of the sample. Thermal conductivity was calculated using 

data processing software developed by the manufacturer. 

   3. Results and discussion 

3.1 Chemical analysis 

 Table 1 presents the chemical analysis of the ZrO2-CeRO powder obtained 

by hydrothermal synthesis. This analysis confirms the designed composition. The 

concentration of Zr, Y and Ln in the mother liquor resulting from the filtration of 

the hydrothermal reaction products was  <10 −3 g·L −1 . 
Table 1. 

Chemical analysis for hydrothermally synthesized ZrO2-CeRO powder. 

Sample 

cod 

Sample 

description 
Unit 

Ce 

 

Gd 

[%] 

La 

[%] 

Nd 

[%] 

Y 

[%] 

Zr 

[%] 
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ZrO2-

CeRO 

Powder 

obtained by 

hydrothermal 

synthesis 

wt.

% 

1.52 

[%] 
0.14 0.93 1.57 0.14 67.8 

SZrO2-

CeRO 

The mother 

liquid resulting 

from the 

filtration of 

hydrothermal 

reaction 

products 

g/l <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

3.2 XRD analysis 

 Fig.2 shows the X-ray diffraction (XRD) pattern of the ZrO2-CeRO powder 

synthesized by the hydrothermal method and dried at 110 °C, the quantitative phase 

analysis being presented in table 2. 
 

 
Fig. 2. X-ray diffraction of ZrO2-CeRO. 

 
Table 1 

Quantitative phase analysis of ZrO2-CeRO 

Major phases Formula PDF File Cristalization system 

 Baddeleyite ZrO2 PDF 04-015-4188 Monoclinic 

 Zirconium Yttrium 

Oxide type 

Solid solution 

ZrO2 
PDF 01-084-2546 Cubic 

 

 The hydrothermally synthesized ZrO2-CeRO powder has cubic Yttrium 

Zirconium Oxide as the main phase and monoclinic (Baddeleyite) as the secondary 
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phase.  

3.3 SEM analyzes 

 The SEM image shown in Fig.3 shows us that the ZrO2-CeRO powder 

consists of angular aggregates. The presence of elements and uniformly distributed 

in aggregates is also confirmed by EDS analysis. 

 

 
Fig. 3. SEM image of ZrO2-CeRO powder.  

 

 
Fig. 4. EDS image of ZrO2-CeRO powder.  

3.4 DCS-TG analyzes 

 In order to analyze the thermal stability and phase transformations during 

Element Weight % 

C  25.32 

O  25.87 

Y  0.84 

Zr 45.30 

La 0.37 

Ce 0.76 

Nd 1.01 

Gd 0.54 
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the heat treatment of the hydrothermally obtained ZrO2-CeRO powder, thermal 

analysis was used. 

The DSC-TG plot of ZrO2-CeRO powder heated from room temperature to 1450 

°C is shown in the figure. 
 

 
Fig. 5. DSC-TG analysis of ZrO2-CeRO powders. 

 

 The DSC-TG measurement shows a continuous mass loss up to 600 °C, and 

an endothermic peak around 76,97 °C, revealing a dehydration process of the ZrO2-

CeRO material, which is in agreement with other studies of literature [30].  

3.5 Thermal properties 

 Thermal conductivity is very important for the performance of materials in 

the TBC field. The thermal properties determined at room temperature of the 

ZrO2-CeRO material are presented in table 3. 
Table 2 

Thermal properties for ZrO2-CeRO powder. 

Sample Th. 

ConductivitY(W/m·K) 

Th. DifuzivitY(mm 

2 /s) 

Volumetric 

Spec. Heat 

(MJ/m 3 ·K) 

Spec. Heat 

(MJ/m 3 ·K) 

ZrO2-

CeRO 

0.6822 ± 0.0035 0.4118 ± 0.0167 1.6588 ± 

0.0714 

0.3806 ± 

0.0164 

 

 The thermal conductivity values obtained on the ZrO2-CeRO powder are 

similar to those obtained in the work [31] where RE2O3 materials (RE = La, Yb, Ce 

and Gd) and ZrO2 co-doped with Y2O3 was obtained by sol-gel methods. The 

thermal conductivities of RE-YSZ tetragonal powders (RE = La, Yb, Ce and Gd) 

were: 0,5181, 0,4215, 0,4851, 0,5187 and respectively 0,5347 W/mK.  
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   4. Conclusion 

 Zirconium powder co-doped with 8 wt.% synthetic mixture of rare earth 

oxides was successfully synthesized by the hydrothermal method in a one-step 

process at moderate temperature (max. 250 °C) and pressures (max. .40 atm). 

A crystalline powder consisting of cubic Yttrium Zirconium Oxide as a single phase 

and monoclinic (Baddeleyite) as a secondary phase was obtained. The obtained 

thermal conductivity is similar to those obtained in other literature studies.  

These results confirm the potential use of REE mixtures as dopants for TBC 

applications, with impact on cost reduction and low environmental impact.  
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