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Abstract 

The aim of the investigation was to synthesize 3 mol% yttria-stabilized zirconia (3Y-TZP) 

powders via polymeric precursor method (PPM). The precursor solution was preheated at 

350ºC for 3h, subsequently thermally treated at 500ºC for 3h and 800ºC for 6h. The obtained 

materials were analyzed by Thermogravimetry-Derivative Thermogravimetry (TG/DTG), 

Differential Thermal Analysis (DTA), powder X-ray Diffraction (XRD) and Scanning 

Electron Microscopy (SEM). Two commercially available Y-TZP ceramic systems were 

chosen for comparison. XRD analysis of the synthesized 3Y-TZP powders revealed the 

crystallization of the tetragonal phase, while both commercial systems showed the 

coexistence of the monoclinic and tetragonal phases. SEM analysis showed that the powders 

thermally treated at 800°C consist of agglomerated spherical nanoparticles. Morphology of 

commercial systems also revealed nanosized spherical particles. Results revealed that the 
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PPM led to ceramics with structural and morphological properties comparable to 

commercially available reinforced dental ceramics. 

Keywords: Ceramics; 3Y-TZP; Chemical synthesis; Thermogravimetry; X-ray Diffraction; 

Scanning electron microscopy. 

 

Resumo 

O objetivo da pesquisa foi sintetizar pós de zircônia estabilizada com 3 mol% de ítria (3Y-

TZP) por meio do método de precursores poliméricos (MPP). A solução precursora foi pré-

aquecida a 350ºC por 3h, posteriormente tratada termicamente a 500ºC por 3h e 800ºC por 6h. 

Os materiais obtidos foram analisados por Termogravimetria – Termogravimetria Derivada 

(TG / DTG), Análise Térmica Diferencial (DTA), Difração de raios-X (DRX) e Microscopia 

Eletrônica de Varredura (MEV). Dois sistemas cerâmicos Y-TZP comercialmente disponíveis 

foram escolhidos para comparação. A análise de DRX dos pós sintetizados de 3Y-TZP 

revelou a cristalização da fase tetragonal, enquanto ambos os sistemas comerciais mostraram 

a coexistência das fases monoclínica e tetragonal. A análise de MEV mostrou que os pós 

tratados termicamente a 800ºC consistem em nanopartículas esféricas aglomeradas. A 

morfologia dos sistemas comerciais também revelou partículas esféricas nanométricas. Os 

resultados revelaram que o MPP produziu cerâmicas com propriedades estruturais e 

morfológicas comparáveis às cerâmicas odontológicas reforçadas disponíveis 

comercialmente. 

Palavras-chave: Cerâmica, 3Y-TZP; Síntese química; Termogravimetria; Difração de raios 

X; Microscopia eletrônica de varredura. 

 

Resumen 

El objetivo de la investigación fue sintetizar polvos de zirconia estabilizada con itria al 3% 

molar (3Y-TZP) mediante el método de precursores poliméricos (MPP). La solución 

precursora se precalentó a 350ºC durante 3 h, posteriormente se trató térmicamente a 500ºC 

durante 3 h y 800ºC durante 6 h. Los materiales obtenidos se analizaron por 

Termogravimetría – Termogravimetría Diferencial (TG / DTG), Análisis Térmico Diferencial 

(DTA), Difracción de rayos X (DRX) y Microscopía Electrónica de Barrido (MEB). Se 

eligieron dos sistemas cerámicos Y-TZP disponibles comercialmente para la comparación. El 

análisis de DRX de los polvos de 3Y-TZP sintetizados reveló la cristalización de la fase 

tetragonal, mientras que ambos sistemas comerciales mostraron la coexistencia de las fases 

monoclínica y tetragonal. El análisis de MEB mostró que los polvos tratados térmicamente a 
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800ºC consisten en nanopartículas esféricas aglomeradas. La morfología de los sistemas 

comerciales también reveló partículas esféricas de tamaño nanométrico. Los resultados 

revelaron que el MPP condujo a cerámicas con propiedades estructurales y morfológicas 

comparables a las cerámicas dentales reforzadas disponibles comercialmente. 

Palabras clave: Cerámica dental; Síntesis química; Termogravimetría; Difracción de rayos 

X; Microscopía electrónica de barrido. 

 

1. Introduction 

 

Zirconia is a polymorph and its crystals can be organized in three different 

crystallographic phases: monoclinic phase (M), cubic phase (C) and tetragonal phase (T), 

which has mechanical properties improved (Garvie et al., 1975; Piconi & Maccauro, 1999). 

Pure zirconia is monoclinic at room temperature, remaining stable at that stage to the 

temperature of 1170°C. During the temperature range between 1170°C and 2370°C it enters 

the tetragonal phase and above 2370°C up to its melting point it is found in the cubic phase 

(Kelly & Denry, 2008; Chevalier & Gremillard, 2009). 

The addition of 3 mol% of yttrium oxide allows the stabilization at room temperature 

of polycrystalline zirconia in its tetragonal phase (3Y-TZP). This zirconia has as favorable 

characteristics, the size of its grain, on the order of hundreds of nanometers, and the process 

of tenacification that inhibits the propagation of cracks (Miyazaki et al., 2013; Chevalier, 

2006; Miragaya et al., 2017). Because of its superior mechanical properties, biocompatibility 

to human tissues and improved optical properties, 3Y-TZP ceramics have become 

increasingly important in recent decades as biomaterials for restorations, being widely used 

commercially in the manufacture of crowns, dental prostheses and implants (Pieralli et al., 

2017; Denry & Kelly, 2008; Zhang & Lawn, 2019; Li et al., 2014; Afrashtehfar & Fabbro, 

2019; Gautam et al., 2016). The final mechanical properties of Y-TZP ceramics depend on 

some parameters, including the fraction of grains retained in the tetragonal phase at room 

temperature that is depended on, the grain size and shape, yttria content, and the degree of 

restriction exerted on them by the matrix (Guazzato et al., 2004; Muñoz-Tabares et al., 2011; 

Zhang & Lawn, 2018; Uz et al., 2020).  

It is important to consider that due to the metastable nature of the tetragonal grains 

there is a critical grain size, linked to the concentration of yttrium above which a spontaneous 

T → M transformation of the grain may occur. Thus, a fine grain structure can inhibit the 

occurrence of a possible spontaneous transformation (Quinelato et al., 2000; Chevalier et al., 
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2004). Some important variables, however, influence the final mechanical properties and 

microstructure of the ceramic, such as, synthesis and processing methodology used, quantity 

and types of additives, as well as the heat treatment during sintering process (Presenda et al., 

2015; Retamal et al., 2016; Soubelet et al., 2018; Stawarczyk et al., 2012). 

The polymer precursor method (PPM), also known as the Pechini method, consists of 

a chemical route used to produce ceramic powders. This method offers several advantages in 

the processing of powders, such as steps that allow stoichiometric control, lower synthesis 

temperatures, possibility to work in aqueous solution and not require special care with the 

atmosphere, besides the possibility of producing powders with nanometric particle size 

(Quinelato et al., 2000; Li et al., 2019; Sangeetha et al., 2019). 

Thus, the aim of the present study was to synthesize 3Y-TZP powders by PPM to 

obtain a material with comparable characteristics with those presented by commercially 

available dental systems. 

 

2. Methodology  

 

            This study describes an experimental quantitative, qualitative and descriptive research 

according to Pereira et al. (2018), that is pointed out by a morphological and structural 

characterization of an experimental and commercial ceramics. 

 

Production of 3Y-TZP experimental powder 

 

The PPM was employed for synthesis of the 3 mol% yttria-stabilized zirconia powders 

(3Y-TZP). This method is based on metallic citrate polymerization with the use of ethylene 

glycol. Polymerization, promoted by heating of the mixture, results in a homogeneous resin in 

which the metal ions are uniformly distributed throughout the organic matrix. A solution of 

80% in mass of zirconium butoxide in butanol, (Zr(OC4H9)4, Aldrich), and yttrium nitrate 

hexahydrate, (Y(NO3)3.6H2O, Aldrich), were utilized as raw materials. The preparation 

involved the following steps: complexation reaction of metal ions with citric acid anhydrous 

(C6H8O7, Synth) and esterification reaction promoted by Ethylene glycol (C2H6O2, Synth). 

Gravimetric analyses were performed in triplicate to determine the Zr4+ ion concentration in 

the polymeric resin. Finally, a stoichiometric quantity of Y(NO3)3.6H2O was added to achieve 

a solution containing 3 mol% yttria-zirconia. The mixture was kept stirring and prolonged 

heating at 130ºC for 1 h produced a viscous transparent resin. Charring the resin at 350°C for 
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3 h in a box furnace resulted in a black solid mass, experimental powder (EP350), which was 

characterized by means of TG/DTG and DTA. The experimental powder was finally 

undergoing a heat treatment at 500°C for 3h (EP500) and then at 800°C for 6 h (EP800), in 

static air, to reach the crystallization stage as described in Table 1. 3Y-TZP powders were 

characterized by XRD to evaluate crystalline phases. The powder obtained from the heat 

treatment at 800°C for 6 h was also analyzed by SEM. 

 

Table 1- Description of 3Y-TZP experimental powders. 

Code Material 
Heat Treatment Characterizations 

Initial Final 

EP350 3Y-TZP experimental 

powder 

350°C/3 h - TG/DTG, DTA, 

XRD 

EP500 3Y-TZP experimental 

powder 

350°C/3 h 500°C/3 h XRD 

EP800 3Y-TZP experimental 

powder 

350°C/3 h 800°C/6 h XRD, SEM 

Source: Elaborated by the authors (2020). 

 

Processing of commercial dental ceramics 

 

Pre-sintered dental ceramic compacts of VITA InCeram YZ (VT) and Ceramill 

zirconia (CZ) were cut as blocks with a diamond wafering disc mounted on a specific cutter 

machine (Isomet 1000, Buehler, Lake Bluff, IL, USA) and disaggregated with the aid of a 

mortar and pestle. A detailed description of these materials is listed in Table 2. The 

commercial powders thus obtained were analyzed by XRD and SEM. 
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Table 2- Description of commercial dental materials used in this study. 

Code Commercial name Manufacturer Chemical composition 

% by weight 

VT VITA In-Ceram® 

YZ 

VITA Zahnfabrik H. Rauter 

GmbH & Co. KG, Bad 

Säckingen, Germany 

ZrO2: ≥ 95 

Y2O3: 5 

HfO2: < 3 

Al2O3 + SiO2: < 1 

CZ Ceramill® 

zirconia 

Amann Girrbach AG, 

Koblach, Austria 

ZrO2 + HfO2 + Y2O3: ≥ 

99,0 

Y2O3: 4,5 – 5,6 

HfO2: ≤ 5 

Al2O3: ≤ 0,5 

Other oxides: ≤ 1 

Source: Manufacture’s information. 

 

Characterization 

 

TG and DTA analyses were simultaneously used for thermal characterization of the 

experimental powder, EP350. Approximately 80 mg of the sample was placed in standard 

NETZSCH alumina 85 mL crucible attached to a thermoanalytical unit (TGA-50 Netszch-

Thermische Analyse, Selb, Germany) with a TA System Controller (TASC 414/2), a 

temperature range of 25–1300°C, at a heating rate of 10°C/min, and under dynamic nitrogen 

atmosphere (50 mL/min). TG measured the change in mass of the sample as a function of 

temperature. In DTA, the experimental powder and the inert reference underwent identical 

thermal cycles, while recording any temperature differences between sample and reference. 

This differential temperature of EP350 group was plotted against heating. Changes in 

temperature, either exothermic or endothermic, were detected relative to reference. The 

baseline to correct thermo-analytical curves was also performed for both analyses using 

empty alumina crucibles under the same experimental conditions. 

XRD analyses were carried out with a Rigaku Miniflex600 X-ray diffractometer 

(Rigaku International Corporation,Tokyo, Japan) using CuKα radiation source (λ = 1.54056 

Å) operating at 40 kV and 15 mA. Scans were performed from 10° to 80° (2θ) at a step size of 

0.02° with a scan speed of 2°/min. Qualitative phase analysis was performed by using the 

Joint Committee on Powder Diffraction – International Center for Diffraction Data (JCPDS– 
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ICDD) databases. The average crystallite size of the samples was derived from XRD data 

using Scherrer equation (Zsigmondy & Scherrer, 1912). 

Prior to SEM analyses 10 mg of each ceramic powder was diluted in 10 mL of ethanol 

absolute in a test tube. Then, the test tubes were taken into an ultrasonic vat and held for 15 

min. After this process, with a pipette aid, a drop of each mixture was deposited individually 

on silicon substrates, which were fixed on stubs with double face carbon tape and desiccated 

in silica gel for 2 h. The specimens were then sputtered (Q150R Plus - Rotary pumped coater, 

Quorum Technologies Ltd., East Sussex, United Kingdom) with a thin gold film for 100 s at 

40 mA and examined by a scanning electron microscope. SEM micrographs were recorded in 

the secondary electron mode on a ZEISS EVO LS15 Scanning Electron Microscope (Carl 

Zeiss, Germany) set at an acceleration tension of 10 kV. 

 

3. Results and Discussion 

 

Thermal analyses 

 

Simultaneous measurements of thermogravimetric and differential thermal analyses 

were carried out for experimental powder, EP350. Displayed in Fig. 1 are the TG/DTG curves 

plotted against temperature. Thermal analysis demonstrated that weight loss occurred in two 

well-defined stages. The first one (25– 245ºC), was accompanied by a weight loss of 5.0 %, 

and was associated to water and solvent evaporation and to desorption of the gas adsorbed on 

powder surface. The second and more significant weight loss stage (13.8%) took place from 

245 to 1300ºC and was related to the decomposition of polyester chain and carboxyl groups 

linked to metal with a consequent formation of crystalline metal-oxygen phase (Fernandes et 

al., 2018; Zhang et al., 2020; Kuo et al., 2011; Shi et al., 2014). 
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Figure 1- TG/DTG curves of 3Y-TZP experimental powder. 
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DTA curve (Fig. 2) shows both endothermic and exothermic processes involved in 

decomposition of the polyester.  

 

Figure 2- DTA curve of 3Y-TZP experimental powder. 
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The first endothermic range between 25°C and 245°C can be related to physical 

desorption and loss of ethylene glycol and water molecules. The exothermic DTA peak at 

466ºC can be related to decomposition of polyester chain and formation of metal-oxygen 

bonds, leading to crystallization of 3Y-TZP phase. Therefore, this exothermic peak may be 

responsible for transformation from amorphous to tetragonal crystalline structure (Shi, 2014; 

Kuo, 2011), which can be confirmed by the fact XRD diffraction peaks of experimental 

powder thermally treated at 500ºC for 3h (EP500) corresponding to tetragonal phase as shown 

in Fig. 3. The second DTA peak at 713ºC can be assigned to a crystalline phase arrangement. 

 

X-ray diffraction analyses 

 

Diffraction patterns of 3Y-TZP experimental powders synthesized via PPM and 

thermally treated at different temperature conditions are displayed at Fig. 3. 

 

Figure 3- XRD patterns of 3Y-TZP experimental powders. * t(h k l) means tetragonal 

crystalline planes of 3Y-TZP. 

 

Source: Elaborated by the authors (2020). 

 

EP 350 sample showed a brown color indicating a large amount of carbon, confirmed 

by amorphous profile revealed in diffractogram. Therefore, heating treatment at 350ºC for 3 h 

was insufficient to ensure complete decomposition of organic binders (Maritan et al., 2006; 
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Silva et al., 2019). XRD analysis of experimental powder treated at 500°C for 3 h (EP500) 

confirmed the beginning of the crystallization process. However, visual analysis showed a 

greyish color, indicating that the temperature was not enough to guarantee the complete 

crystallization. At 800°C (EP800) a white powder was obtained, characteristic of the complete 

decomposition of organic material. XRD pattern indicated well-defined crystallographic 

peaks reflecting the high crystallinity of the tetragonal phase. Thus, considering high 

crystallinity of the powder heated at 800°C for 6 h, this thermal treatment condition was 

adopted as the most suitable for obtaining pre-sintered experimental 3Y-TZP powders. 

In addition to rise of heat, it was observed diffraction peaks intensity increasement, 

which confirms tetragonal phase stabilization. Highest intensity peaks identified in 2θ = 

30.2°, 35.0°, 50.2°, 60.0°, 62.8° and 74.4°, related to (101), (110), (200), (211), (202) and 

(220) planes respectively, were associated only to crystallization of tetragonal phase. No peak 

associated with the monoclinic crystalline phase was identified. 

All peaks and associated planes of 3Y-TZP diffractograms observed agree with the 

crystallographic data sheet, 791769, of tetragonal zirconia, ZrO2, obtained from PCPDFWIN 

database of International Centre for Diffraction Data (ICDD). In accordance with database, 

pattern has a tetragonal cell with the following parameters: a = 3.595 Å and c = 5.185 Å. 

Synthesis of 3Y-TZP carried out by a homogeneous precipitation process and 

preheated at 400°C reported by Oliveira et al, showed crystallization of the tetragonal phase. 

However, between 400°C and 650°C coexistence of tetragonal and monoclinic phases was 

verified and above 650°C it was 100% monoclinic (Oliveira & Torem, 2001). 

Commercially powders VT and CZ were characterized by XRD in order to evaluate 

their crystallinity (Fig. 4). The analysis of the crystalline phases, as well as assignment of 

crystallographic planes was performed using crystallographic records 79-1769 (tetragonal 

ZrO2) and 89-9066 (monoclinic ZrO2) from the PCPDFWIN database as reference. 
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Figure 4- XRD patterns of Y-TZP powders: (a) EP800; (b) VT; (c) CZ. * t(h k l) means 

tetragonal crystalline planes and m(h k l) means monoclinic crystalline planes. 
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XRD pattern for EP800 sample analyzed in comparison to patterns presented by VT 

and CZ systems indicated the effective crystallization of tetragonal phase in both groups. 

However, contrary to what was expected, for the commercial systems, deleterious monoclinic 

phase was also confirmed. In different circumstances, Arata et al. described the presence of 

tetragonal phase only on the quantitative XRD analysis of VITA In-Ceram YZ system 

(Arata et al., 2014). The same results were achieved by Lazar et al. which synthesized 3Y-

TZP powders by means of a chemical coprecipitation route. In that study, characterization by 

XRD revealed a phase content of 96% tetragonal and 4% monoclinic (Lazar et al., 2008). In 

another study, synthesis of 3Y-TZP powders was carried out by several processes, including 

microemulsion, ultrasound and lyophilization. After crystallization XRD results indicated that 

powders consisted mainly of tetragonal phase. On the other hand, a small amount of unreacted 

cubic Y2O3 was also identified (Liang et al., 2008). Similar result was described after the 

synthesis of Y-TZP powders doped with 8 mol% of Y2O3 and led to cubic phase 

crystallization of ZrO2 (Ojha et al., 2010). 

By alloying zirconia with stabilizers, as yttria (Y2O3), the tetragonal (T) form of 

metastable zirconia at room temperature could be achieved (Kim, 2020). In response to tensile 

stresses at crack-tips, stabilized tetragonal zirconia transforms to a more stable monoclinic 
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phase with a local increase in volume of approximately 4–5%. Toughening mechanism is 

based on a spontaneous stress-induced martensitic transformation at the crack-tip shielding 

(Cottom & Mayo, 1996; Studart et al., 2007; Xue et al., 2020). Y-TZP materials contain 

between 1.5 and 3.5 mol% Y2O3 in solid solution as phase stabilizer, this range allows to 

almost 100% tetragonal phase content (Miyazaki et al., 2013). Biomedical grade zirconia 

usually contains 3 mol% Y2O3 as a stabilizer (3Y-TZP) (Piconi & Maccauro, 1999), which 

possesses superior mechanical properties due to its relatively fine grain size (Kelly & Denry, 

2008; Stawarczyk et al., 2012; Presenda et al., 2015). There is a strong dependence of the 

grain size with the transformation toughening effect in zirconia materials. From Y-TZP 

powders may be obtained very fine grain microstructures (particle size of 0.5 μm) (Piconi & 

Maccauro, 1999). It is known that 3Y-TZP particles is less stable above a critical grain size 

(<1 μm) and more susceptible to spontaneous T → M transformation. While smaller grain 

sizes are associated with a lower transformation rate. Moreover, below a certain grain size 

(∼0.2 μm) leads to a reduction on fracture toughness, just because the transformation is not 

possible (Denry & Kelly, 2008; Cottom & Mayo, 1996; Bravo-Leon et al., 2002). 

The traditional tool used to determine the size of the crystallites from XRD data is 

Scherrer equation (1): 

 

                                                                                     (1) 

 

where Dh k l is the so-called average crystallite size, K is a constant depending on particle 

shape and assumed to be equal to 0.9,  is a wavelength of X-rays (1.54060 Å), h k l is the full 

width at half maximum (FWHM) of the peak in rad and h k l is a position of the peak. 

The average crystallite size of Y-TZP powders was calculated from standard peaks 

and is represented in Table 3. Size calculated from the Scherrer equation was 13.85 nm 

(EP800), 27.24 nm (VT) and 31.43 nm (CZ). Thus, the value of crystal size determined from 

X-ray data of synthesized 3Y-TZP was in good agreement with those presented by 

commercial dental systems. 
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Table 3- Average crystallite size of Y-TZP powders calculated from the Scherrer equation. 

Sample FWHM (2) Average crystallite size (nm) 

EP800 0.591 13.85 

VT 0.301 27.24 

CZ 0.260 31.43 

Source: Elaborated by the authors (2020). 

 

SEM analyses 

 

Representative SEM analyses are presented in Fig. 5 (from A to C). Illustrations 

revealed that there was great variability in terms of shape and size of the particles present in 

Y-TZP samples tested. From characterization of EP800 by SEM (Fig. 5A) it was verified that 

morphology consisted of agglomerated spherical nanosized grains. The agglomerates formed, 

due to the high surface area, were larger than those presented by VT and CZ groups, as shown 

in Fig. 5B and 5C, respectively. 
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Figure 5- SEM micrographs of Y-TZP powders: (A) EP800; (B) VT; (C) CZ. Magnification 

15000x. 

   

 

Source: Elaborated by the authors (2020). 

 

In both commercial systems, morphology analyses revealed small homogeneous 

particles with size related to nanoparticles. Images also revealed that VT system presented 

particles with more homogeneous distribution in terms of size and shape. 

Some studies have reported similar morphology for powders prepared by other 

chemical routes (Díaz-Parralejo et al., 2011). 3Y-TZP powders prepared by a microemulsion 

route revealed particles with diameters of 29-33 nm (Liang et al., 2008). Y-TZP crystals 

synthesized by hydrothermal method, doped with 3 to 9 mol% of Y2O3, presented nanometric 

agglomerates with particle sizes ranging from 4-6 nm (Hayashi et al., 2009). In another study, 

SEM images revealed clearly visible outlines grains with irregular size. Although the average 

grain size was calculated to be 0.47 μm, many wide grains larger than 1 μm were identified 

(Tong et al., 2016). 

Therefore, from the results obtained in the present study, crystallization process of 3Y-

TZP powders revealed 100% tetragonal crystalline phase. Thus, it was confirmed the 
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efficiency of chemical synthesis by PPM ensuring that monoclinic phase crystallization did 

not occur during heat treatment. In addition, morphological properties of 3Y-TZP 

experimental powders synthesized, which consisted of clusters formed by spherical particles, 

can be related to the high surface area of the ceramic nanoparticles. These properties were 

found to be comparable to those of similar materials prepared by other chemical routes and 

solid-state reaction methods. 

 

4. Conclusions 

 

As anticipated, the choice of PPM as a chemical route proved to be efficient in 

producing crystalline and single-phase 3Y-TZP ceramic powders. Thermal behavior revealed 

a weight loss of 18.8% involved in decomposition of polyester chain. Exothermic process at 

466ºC confirmed the crystallization of 3Y-TZP phase. Considering the heat treatment 

conditions studied, powder thermally heated at 800ºC for 6 h presented high crystallinity of 

tetragonal phase. Also, as compared to commercial dental systems, 3Y-TZP experimental 

powder revealed the same order of particle size. From the general analysis of SEM results it 

was concluded once again that PPM has been shown to be efficient in synthesis of 

homogeneous and nanostructured powders. Therefore, further studies evaluating the 

mechanical and biological properties will be carried out. 
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