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Abstract 

Hafnia based ceramics are potential promising candidates to be used as thermal barrier 

coatings (TBC) for applications in the field of propulsion. In this study, Spark Plasma Sintering 

(SPS) of fully stabilised hafnia with yttrium oxide (yttria) was investigated to provide a better 

understanding of the effect of manufacturing parameters, on the crystallography, chemistry 

and microstructure of the material. Several hafnia powders, containing different amounts of 

yttria (33 mol. %, 40 mol. % or 50 mol. %), were sintered by SPS at different temperature 

levels ranging from 1600 to 1850 °C. On these materials, X-ray diffraction patterns associated 

with scanning electron micrographs have highlighted the influence of both the sintering 

temperature and the amount of yttria on the final composition, the lattice parameter and the 

microstructure of hafnia-based materials. In the end, it is established that, for all quantities of 

yttrium employed, the main phase is Y2Hf2O7 with very high densification levels. 

KEY WORDS: HfO2-Y2O3 ceramics, Y2Hf2O7, Fluorite, Spark Plasma Sintering (SPS), 

stabilisation 

1. Introduction  

For satellite propulsion, environmental regulations tend to limit the use of highly polluting and 

dangerous propellants (such as hydrazine) while improving the performance of thrusters. More 

specifically, operating temperatures are increased and materials development should 

withstand those requirements. To answer those requirements, ceramic/metal Functionally 

Graded Materials (FGM) are developed using Atmospheric Plasma Spraying (APS). Within the 

FMG, the ceramic acts as a Thermal Barrier Coating (TBC). The present study is focused on 

the optimisation of this ceramic as its composition has a huge influence on the resistance of 

the FGM system under harsh conditions. Thus, bulk ceramic materials are densified using 

Spark Plasma Sintering (this study) or natural sintering [1,2]. Among all the material solutions 

for ultra-high temperature / TBC applications, stabilised zirconia is commonly used [3–11]. 

Also, few studies demonstrate the ability of hafnia based materials to be used for this type of 

application [6,12–15]. However, both zirconia and hafnia present phase transitions [16], 

between the monoclinic (m), the tetragonal (t) and the cubic (c) systems. Those reversible 

allotropic transformations occur at 1700 °C (m ⇌ t) and 2600 °C (t ⇌ c) for hafnia [17] and at 

about 1170 °C (m ⇌ t) and 2370 °C (t ⇌ c) for zirconia [18]. These transitions, and more 

particularly the m ⇌ t, induce huge dimensional variations [19], during heating and cooling, 

which have detrimental effects on the global structure scale. To overcome this effect, they are 

often stabilised with rare earth oxides, and particularly yttrium oxide (Y2O3). 

Zirconia and hafnia are considered as twin oxides since they present similar crystalline 

structures and the ionic radii of Zr4+ and Hf4+ are very close, 0.84 Å and 0.83 Å respectively 
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[20]. However, hafnia is a bit more refractory than zirconia as its melting point is about 100 °C 

higher, its transition temperature, from the tetragonal to the monoclinic phase, is also 600 °C 

higher and it has a lower ionic conductivity. Those points justify the choice to investigate hafnia 

instead of zirconia in the present study that concerns ultra-high temperature applications. The 

stabilisation of these ceramics with rare earth oxides (RE2O3) induces the substitution of a 

cation Hf4+ by a cation RE3+. The stabilisation of zirconia with low content yttria has been widely 

studied in the literature [6,21–28], but only few studies deal with HfO2-based materials and 

their stabilisation with rare earth oxides (at low content). i.e. Y2O3 [29], Gd2O3 or Yb2O3 [30] 

but also Sm2O3, Dy2O3 [31] and Nd2O3, Er2O3 [32]. In all cases, to preserve the electro-

neutrality of the structure, this phenomenon generates an oxygen deficient fluorite structure 

with the creation of oxygen vacancies [20]. Some oxides, such as CeO2, ZrO2, HfO2, ThO2, 

UO2 or PuO2 present an ideal fluorite structure [33] and some of them as CeO2 and ZrO2 are 

naturally ionic conductors.  

In our previous study [1], HfO2-Y2O3 ceramics, which were prepared by cold isostatic pressing 

and high temperature natural sintering, demonstrated promising results for high yttria content 

compositions. Especially, ionic conductivity was reduced by two decades at 500 °C and one 

decade at 900 °C for HfO2 monoliths containing between 12 and 33 mol. % of Y2O3 which could 

be potentially interesting in developments for environmental barrier coating applications (EBC). 

The use of high content of rare earth oxide for the stabilisation of hafnia is not very common in 

the literature. Indeed, most of the data are dedicated to the stabilisation of hafnia with low yttria 

content (often around 8 mol. %) [34,35]. Zhu et al. [15] studied higher amounts of stabiliser (up 

to 25 mol. % of Y2O3). They highlighted that higher amounts of Y2O3 in HfO2 led to a decrease 

in thermal conductivity, showing the importance of optimising the composition of HfO2-Y2O3 

ceramics to increase their performances for TBC applications.  

In the present work, very high amounts (33 mol. %, 40 mol. % and 50 mol. %) of yttria are 

investigated, as they seemed promising to reduce both the thermal conductivity and the 

diffusion of charged species, such as O2-. In addition, in the present study, we use an 

alternative sintering method for these materials: the Spark Plasma Sintering (SPS) process 

[36]. This innovative technique relies on a very high powder densification speed as the heating 

rates can reach several hundreds of degrees per minute. Moreover, pressing and sintering are 

performed simultaneously through the application of a uniaxial pressure and a high intensity 

current (several thousands of A). Consequently, this technique provides high densification 

rates with limited grain growth allowing the conservation of the powder particle size. These 

features are beneficial to obtain denser materials with better mechanical properties and higher 

oxidation resistance, compared to the materials produced by natural sintering. However, this 

sintering process is also often responsible for carbon contamination [37], material reduction 

and segregation of the elements inside the sample. The sintering of ZrO2-Y2O3 ceramics using 

SPS has been studied by several authors such as Dvilis et al. [38], Fregeac et al. [39], Bernard-

Granger et al. [40], or Polla et al [41]. Different properties have been investigated after spark 

plasma sintering, such as optical transmission, electrical conductivity or mechanical properties 

(hardness, flexural strength, Young modulus). Also, their works clarified the link between the 

sintering temperature and the resulting microstructure and densification rate. For example, 

Dvilis et al. [38] studied the effect of the sintering temperature on the transparency of ZrO2-

10Y2O3 ceramics. As the transparency properties strongly depend on the microstructure and 

more particularly the grain size and porosity, the control of the evolution of the grain size with 

the sintering temperature has been enhanced. Also, a study in the field of nuclear energy 

presents the densification of yttria-stabilised hafnia using SPS, but with low yttria content 

(8.65 wt% of Y2O3) [42]. With this doping rate and considering their protocol before sintering, 

the authors have succeeded in obtaining almost dense pellets (> 90 % of the theoretical 

density) with a crack free and homogeneous microstructure. Few works also studied the 
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formation of RE2Hf2O7 phases, and for some of them including Y2Hf2O7, but the samples are 

not elaborated using SPS sintering [19,43,44]. Finally, Wang et al. [45] reviewed the work done 

about the development of A2B2O7 (including Y2Hf2O7)  materials using different elaboration 

processes for applications which require transparent ceramics. However, in their review, 

Y2Hf2O7 ceramics are not sintered using SPS. 

In this work, the influence of the nature of the stabiliser as well as its added amount has been 

studied using Spark Plasma Sintering (SPS). Thus, the objective of this study is on the one 

hand to investigate the possibility to use the SPS, instead of the standard natural sintering 

technique, for the sintering of HfO2-Y2O3 ceramics stabilised with high yttria contents 

(33 mol. %, 40 mol. % and 50 mol. %), and on the other hand, to optimise the process 

parameters to obtain materials with the desired characteristics. In order to find the most 

appropriate sintering conditions, a systematic and iterative work has been performed to 

investigate the impact of the sintering temperature and the amount of Y2O3 content on both the 

crystallographic structure, as well as the chemical and microstructural homogeneity of the 

material.  

2. Experimental procedure 

2.1. Raw materials and sample manufacturing 

A four-step manufacturing process is adopted to obtain dense pellets (39 mm in diameter, 

about 2 mm thick) of HfO2, stabilised with different amounts of Y2O3, 33 mol. %, 40 mol. % and 

50 mol. %. The manufacturing process is divided into the following phases: preparation of the 

mixture, pre-synthesis phase, SPS sintering and annealing treatment.  

The protocol used for the first step of the manufacturing (preparation of the mixture) is identical 

to our previous study [1]. Thus, the two precursors, HfO2 (purity 99.9 %, D50 < 1µm) and Y2O3 

(purity 99.99 %, 0.5<D50<1 µm) are dried at 120 °C for at least 12 h and weighted to obtain the 

desired molar rates and ball-milled during 4 h into ethanol with zirconia media. Then, ethanol 

is extracted using a rotary evaporator and the resulting powder mixtures are screened through 

a 50 µm sieve to break weak agglomerates formed during the drying. The median diameter d50 

of the raw powders are measured with a laser granulometer and are found to be 0.175 µm and 

0.656 µm, respectively for HfO2 and Y2O3. For the composition with 33 mol. % of Y2O3 a 

commercial mixture of powders is also considered in this study. Materials are named xYSHf 

with x the Y2O3 mol. % in the composition. 

The second step is the pre-synthesis phase, where the powder mixtures are heat treated at 

1550 °C for 2 h under air in a super Kanthal furnace. The aim of this step is to ensure the 

initiation of the formation of the desired cubic phase before the SPS sintering step, thus 

avoiding as much as possible reactive sintering in the SPS. The temperature of this thermal 

treatment (1550 °C) is too low to obtain a pure cubic phase powder. However, an increase of 

this temperature would have led to a partial sintering of the powder, which is not desired at this 

step. After this thermal treatment, weak agglomerates are broken in an agate mortar. At that 

point, it should be mentioned that the particle size distribution measured on the two 33YSHf 

powders is different (values summarised in Table 1 and Figure 1). Indeed, the median 

diameters are similar for both powders. However, the commercial powder exhibits a 

monomodal distribution while the powder from the laboratory is bimodal. This last point may 

be explained by the difference of initial particle size between the precursors of yttria and hafnia 

in the laboratory mixture. In addition, the span, which describes the particle size distribution, 

can be calculated from these results with the following formula: 
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      Span = 
(𝑑90−𝑑10)

𝑑50
                                          (1) 

where d90, d50 and d10 are the diameters of the particles for which 90 vol. %, 50 vol. % and 
10 vol. % of the particles are already counted. 

The higher the value of the span, the more the particle size distribution is large. Generally, a 

span value close to 1 is correlated with a narrow particle size distribution. Here, the value of 

the span is almost identical for the two mixtures and relatively low, which reveals, in both cases, 

a good homogeneity in the particle size distribution.  

Table 1: Characteristics of the 33YSHf powder mixtures used in the study (* measured with a laser granulometer). 

Composition Denomination Supplier D50 (µm) * Span 

Laboratory mixture  
HfO2 + 33 mol% Y2O3 

33YSHf 
(laboratory) 

American 
Elements 

 
2.56 

 
3.13 

Commercial mixture 
HfO2 + 33 mol% Y2O3 

33YSHf (CP) Marion 
Technology 

 
2.84 

 
3.03 

 

 

Figure 1: Particle size distribution of the 33YSHf commercial and laboratory powder mixtures. 

The third manufacturing step is the sintering by SPS. A graphite die (Figure 2 (a)), with an 

internal diameter of 40 mm, is used to sinter about 20 g of powder (depending on the density 

of the mixture and the targeted thickness). To ensure a correct current transmission through 

the different parts of the mould, Papyex® sheets are settled between the die and the powder 

mixture.  
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Figure 2: (a) Schematic view of the graphite die, (b) a typical sintering cycle and (c) a representative displacement 
curve of the sample 50YSHf - 1800 °C, versus time as a function of the temperature (measured by a pyrometer). 

To assure the reproducibility of the experiments, the initial compaction rate of the green 

compact must be the same before the sintering. Indeed, the final shrinkage rate depends on 

the initial compaction rate. Thus, the powder mixture introduced into the graphite die is 

uniaxially pressed at ambient temperature. After that, the die is settled in the SPS chamber to 

begin the sintering process. A representative sintering cycle is shown in Figure 2 (b). Fixed 

elaboration parameters are the heating rate (100 °C/min until 800 °C and 50 °C/min until the 

final temperature), the uniaxial pressure (30 MPa), the atmosphere (vacuum up to 800 °C and 

argon (Ar) sweep until final temperature) and the sintering dwell-time (5 min). Above 800 °C, 

Ar is introduced into the chamber to limit the formation of oxygen vacancies. Since the objective 

of this study is to investigate the influence of the sintering temperature on the crystalline 

structure as well as the chemical and microstructural homogeneity of the materials, the only 

elaboration parameter varying is the sintering temperature (between 1600 °C and 1850 °C). 

The investigated sintering temperatures for each composition are gathered in Table 2. At the 

beginning of the cycle, and below 300 °C, the heating is controlled by a current ramp and 

beyond, in the 300-2500 °C range, the temperature is monitored by a lateral pyrometer.  

Table 2: Compositions of the studied samples and the respective sintering parameters.  

 
Composition 
of the sample Reference Provider 

Sintering temperature (°C) 

1600 1650 1700 1750 1800 1850 

HfO2 + 
33 mol% Y2O3 

33YSHf 
(laboratory) 

Laboratory 
mixture 

x   x   

33YSHf 
(CP) 

Commercial 
Mixture 

 x    x 

HfO2 + 
40 mol% Y2O3 

40YSHf 
Laboratory 

mixture 
 x x  x x 

HfO2 + 
50 mol% Y2O3 

50YSHf 
Laboratory 

mixture 
 x x  x x 
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At the end of the cycle, the sintering shrinkage is completed, which denotes the full 

densification of the pellets. This can be confirmed by the plateau visible at 1750 °C on the 

displacement curve (Figure 2 (c)).   

The fourth and final step of the manufacturing process is the annealing treatment under air 

at 900 °C during 10 h in order to re-oxidise the samples and eliminate the carbon 

contamination, due to the graphite die that occurs during the sintering at high temperatures. 

The annealing conditions have been chosen considering our previous studies on similar or 

same compositions densified by the natural sintering route [1,2].  

2.2. Sample characterisations  

After samples elaboration, the cross-section surface and the top surface of the pellets are 

mechanically grinded with SiC papers and polished with diamond suspensions down to ¼ µm.  

The crystal structure and phase composition are studied by X-ray diffraction (XRD). Diffraction 

patterns are collected using an Empyrean PANalytical X-ray diffractometer equipped with a Cu 

anode and a linear X’Celerator detector, set in the θ − θ Bragg-Bretano geometry. The 

machine operates at 45 kV and 40 mA using a step size of 0.016° and 30s counting time per 

step, while the patterns are recorded from 10° to 110°. Furthermore, phase identification and 

profile fitting, using the full pattern Pawley method, are carried out with the HighScore Plus 5.1 

software. Peak profiles are modelled using a pseudo-Voigt peak shape with a split width and 

shape asymmetry type, while the peak width (FWHM) is described using the Caglioti function 

[46]. A 7-term Chebyshev type I background function is used and the refined parameters are 

the specimen displacement, the lattice parameters, the Caglioti U, V and W variables and the 

peak shape 1, 2 and 3. 

The crystalline phases, identified with the aid of ICDD PDF-4+ 2022 database and considered 

in the Pawley analysis as well, are: the Y2Hf2O7 (PDF #01-085-7578), the Y1.69Hf0.31O3.155  (PDF 

#04-024-8877), the HfO2 (PDF #00-053-0560) and the Y2O3 (PDF #00-041-1105). A 

quantitative phase analysis is also performed using the so-called “Direct Derivation (DD)” 

method proposed by Toraya in 2018 [47] , which is an option in the HighScore Plus 5.1 

software.  

The microstructural and chemical characterisation is performed using a Tescan Mira3 Schottky 

FEG-SEM equipped with an EDAX Octan Elite EDS (Energy Dispersive Spectroscopy) and an 

EDAX Velocity EBSD (Electron Back Scattered Diffraction system) detector. The SEM images 

are acquired at 15 kV with beam current around 5 nA.  

The carbon content inside the material is measured with a high precision elemental analyser 

Inductar CS. This analyser is equipped with an induction furnace and an infrared detector, 

which detects the CO2 formed during the melting of the sample under oxygen flux. As the 

melting temperature of hafnia is very high, a binary additive (SnW) is added with the sample 

into the furnace to lower its melting temperature. 

3. Experimental results 

3.1. Microstructure and chemical composition  

XRD, SEM, EDS and EBSD analyses were carried out to provide information about the 

influence of the amount of Y2O3 and the sintering temperature on the chemistry and the 

microstructure. With appropriate SPS sintering conditions, pellets have been successfully 

densified. Indeed, as residual porosity (measured with the Archimedes’ method) is below 1 %, 

the materials are considered as fully dense. 
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X-ray diffraction analysis were carried out both on powders, after the pre-synthesis step 

(1550 °C - 2 h), and on polished surfaces of sintered samples by SPS. A representative 

example is presented in Figure 3(a), where the raw data of sample 40YSHf after the pre-

synthesis step and after the SPS sintering step (at 1700 °C) are superimposed.  

On Figure 3(b), three peaks are detectable for the black curve, corresponding to the powder 

before sintering. After identification, they were respectively associated to the two precursors 

which are Y2O3 and HfO2 and to the final foreseen product Y2Hf2O7. Regarding the red curve 

corresponding to the sample after sintering, the specific peak of Y2Hf2O7 is observable with a 

shoulder on the low angles, which is associated to another intermediate phase Y1.69Hf0.31O3.155. 

For sintered materials, XRD analyses revealed that pure hafnia and yttria are no more 

detected, or, for some samples, only in very small proportions. However, the presence of an 

intermediate Y-Hf-O phase is detectable and corresponds to the hump observed at the base 

of the major peak. 

 

Figure 3: (a) X-ray diffraction patterns of a 40YSHf sample after SPS sintering (1700 °C) and of a 40YSHf powder 
mixture after the pre synthesis heat treatment (1550 °C) before sintering and (b) zoom on the X-ray diffraction 

patterns (46<ϴ<52) and phase identification of the samples from (a). 
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The X-ray diffraction patterns of the 40YSHf sample sintered at 1700 °C is presented in Figure 

4 with a zoomed image inside. The data are recorded for 2ϴ from 10 to 110 ° but are presented 

from 20 to 70 ° to provide a better visualisation. The solid lines correspond to the experimental 

(red) and calculated (black) data and the blue solid line at the bottom is the difference between 

the calculated and observed profile (Rwp = weighted profile residue). The Rwp is close to 5, 

which attests the accuracy of the calculated fit. The different identified phases are quantified 

and are represented in the zoomed part by the green (Y2Hf2O7), pink (Y1.69Hf0.31O3.155), light 

blue (HfO2) and brown (Y2O3) lines. 

  

Figure 4: X-ray diffraction patterns of a 40YSHf sample sintered by SPS at 1700 °C and corresponding Pawley 
refinement with quantification of the phases obtained with the Direct Derivative Quant Method. 

The sample sintered by SPS technique presents 23.0 wt% of yttria-rich phases (mostly 

constituted of the intermediate phase Y1.69Hf0.31O3.155). The presence of precursors is still 

detectable too but in very low content (< 1 wt%). The presence of the intermediate phase in 

significant proportion seems to be related to the sintering process itself. In all cases, 

Y1.69Hf0.31O3.155 and Y2O3 phases crystallise in the same space group Ia-3 and are chemically 

very close.  

Figure 5 shows the X-ray diffraction patterns of different spark plasma sintered samples. The 
influence of the sintering temperature and the amount of Y2O3 on the crystallinity of the 
structure is clearly visible. As a result, the more the amount of Y2O3 and the sintering 
temperature are high, the more the structure is constituted of bigger crystallites. Moreover, the 
hump observed for all the samples close to the major peak, which corresponds to the presence 
of the intermediate phase, is less visible for lower amounts of Y2O3 (Figure 5 (a)) and for higher 
sintering temperatures (Figure 5 (b)). This point, which will be quantified below means that the 
formation of the cubic phase Y2Hf2O7 is favoured with the increase in temperature and for 
40 mol. % of Y2O3 compared to 50 mol. %. This observation is correlated with the simultaneous 
disappearing of the intermediate phase (Y1.69Hf0.31O3.155) and initial phases (Y2O3 and HfO2). 
Moreover, a peak shift to lower angles is clearly visible with the increase in the yttria amount 
for a constant sintering temperature or with the increase in temperature for a constant amount 
of yttria. This shift is related to the evolution of the chemical composition associated to the 
stoichiometry of the fluorite phase. 
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Figure 5: X-ray diffraction patterns of (a) 40YSHf and 50YSHf samples sintered at 1850 °C and (b) 40YSHf 
samples sintered at 1650 °C and 1800 °C. 

A deeper study has been performed to analyse the influence of sintering temperature and 

amount of yttria in hafnia on the values of the lattice parameter of the main Y2Hf2O7 phase. 

Moreover, the proportions of intermediate phase and precursors (initial phases) have been 

quantified for each sample. The precursors are present in smaller amounts compared to the 

intermediate phase. Actually, the Y1.69Hf0.31O3.155 phase is an intermediate solid solution 

composition generated during the formation of the fluorite phase.  

Results regarding the lattice parameter for 33YSHf, 40YSHf and 50YSHf are presented in the 

Figure 6(a). Two main observations can be deduced from these outcomes. Firstly, the increase 

in temperature leads to an increase in the lattice parameter. However, it seems that a slight 

decrease could be recorded for the highest temperatures. Secondly, the higher the amount of 

Y2O3, the higher the lattice parameter. Additionally, the commercial mixture (33YSHf (CP) for 

samples elaborated at 1650 °C and 1850 °C) seems to allow a better formation of the cubic 

phase as the lattice parameter is close to the theoretical lattice parameter of the cubic Y2Hf2O7 

phase determined in the JCPDS file, which is 5.196 Å. This fact may be explained by an 

optimised preparation of the commercial mixture, which can induce a better chemical 

homogeneity of the powder mixture. This last point can generate a difference in the diffusion 

processes as a more homogeneous mixture of the raw powders provides a better inter diffusion 

between the compounds and thus a better formation of the desired phase. The better chemical 

homogeneity of the commercial powder is clearly visible in the Figure 1 as the particle size 

distribution is monomodal whereas the powder from the laboratory is bimodal. Moreover, for 

higher amounts of Y2O3 and higher sintering temperatures a peak shift to lower angles is 



10 
 

observable in Figure 5. This peak shift implies an increase of the lattice parameter (Figure 

6(a)) . 

 

Figure 6: (a) Evolution of the lattice parameter of the cubic Y2Hf2O7 phase with the sintering temperature for yttria 
containing compositions (CP indicates the commercial powder) and (b) evolution of the proportion of the yttria rich 

phases (Y1.69Hf0.31O3.155  and Y2O3) with the increase in sintering temperature for different amounts of Y2O3 in 
HfO2. 

The quantification of the phases with the Direct Derivation Method confirmed that the 

proportion of the Y1.69Hf0.31O3.155 phase decreases with the increase in temperature and with 

the diminution of the amount of Y2O3 (Figure 6(b)). The variation between the amount of 

principal (Y2Hf2O7) and intermediate phases explains the increase of the lattice parameter with 

the temperature as the formation of the main phase is favoured.   

As it has been demonstrated with XRD analysis, microstructural analysis (SEM-BSE) 

confirmed that chemical inhomogeneities are detected. Additionally, the samples present grain 

size heterogeneities. Indeed, Figure 7(a) displays SEM images of 40YSHf samples sintered 

between 1650 °C and 1850 °C. It is clearly visible that the proportion of black spots, which 

represent the intermediate phase and Y2O3, decreases with the temperature increase. 

Moreover, the more the sintering temperature is high, the more microcracks (mostly 

intergranular) appear in the microstructure at 1800 °C and 1850 °C. This is a witness of the 

damage of the sample.  
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Figure 7: (a) SEM (BSE) images of 40YSHf samples sintered using SPS as a function of the sintering 
temperature: evolution of the proportion of yttria-rich phases and (b) EDS analysis of the 40YSHf sample sintered 

at 1700 °C associated to the SEM corresponding image. 

Those observations have been coupled to chemical analysis with an EDS system on some 

zones of interest. A representative case is shown in Figure 7(b) for the 40YSHf sample. The 

elemental EDS cartography allows us to conclude that fine grains located in dark areas 

corresponds to Y2O3 rich regions.  

Moreover, BSE images reveal the presence of four chemical composition nuances (Figure 8 

(a)), which can be correlated to the different phases detected through XRD analyses. Dark 

spots (zone 1) are Y2O3-rich areas containing pure Y2O3 inside them whereas white spots 

(zone 4) are HfO2-rich regions (Figure 8 (b)). In the same figure two intermediate nuances are 

also observable (zones 2 and 3), which could correspond to different concentrations of the 

elements in the Y-Hf-O system. As the precise stoichiometry of this phase is not easily 

determinable, it is associated to Y1.69Hf0.31O3.155 using XRD. 
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Figure 8: SEM-BSE observations of the 33YSHf sample sintered using SPS at 1750 °C: (a) observation of four 
contrasted zones, corresponding to different chemical compositions and (b) zoom on the zone 1: black spots 

inside the dark nuance corresponding to pure Y2O3. 

To complete and confirm the previous results, EBSD analyses were carried out to allow the 

precise determination of the grain size distribution on each sample and thus link the grain size 

to the sintering temperature. For 33YSHf samples, only one population of grain size is 

observed. For 40YSHf and 50YSHf samples, two populations of grain size are present in each 

sample, unless for 40YSHf sintered at 1850 °C. Then, two analyses at different scales have 

been done to determine both the ratio between the two populations of grains and the average 

grain size of each population. For the smaller grain size, several spots of small grains have 

been isolated in one EBSD map to optimise the calculation time. Figure 9 presents an example 

of an EBSD image of a 40YSHf sintered sample. In Figure 9 (a), the analysed coloured zones 

are related to the Y2Hf2O7 phase whereas the black areas correspond to Y2O3-rich zones 

presented in Figure 9 (b). These areas, which are constituted of finer grains, are composed of 

Y1.69Hf0.31O3.155 and Y2O3.   
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Figure 9: Representative EBSD analysis (grain maps) of a sintered sample (40YSHf, 1650 °C) at two different 
scales (a) HfO2-rich zones and (b) zoom on dark areas of an Y2O3-rich zone. 

From these EBSD analyses, grain size has been determined for all the samples and the results 

are reported in the Figure 10. It can be deduced that an increase in sintering temperature 

implies grain growth. However, with the SPS sintering technique, this grain growth is limited to 

a few µm. Indeed, in all cases, the final grain size of the coarse grain population is below 

10 µm. This demonstrates that the SPS process is successful in limiting the undesired grain 

growth. Moreover, this study allows quantifying the evolution of grain size for both fine and 

coarse grain populations. 
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Figure 10: Grain size evolution with sintering temperature, from the EBSD analysis for (a) the population of the 
coarsest grain size (Y2Hf2O7 phase) and (b) the population of the smallest grain size (Y2O3-rich phases). 

Moreover, for the 50YSHf composition, the evolution of the coarsest grain size, which 

correspond to the Y2Hf2O7 phase is rather linear whereas for the 40YSHf, the grain size 

decreases above 1800 °C. This last point can be explained by the fact that only one population 

of grain size has been detected for this composition at this temperature (Figure 11), which is 

strongly correlated with the lower amount of yttria-rich areas in the 40YSHf. Indeed, compared 

to the 50YSHf sample sintered at the same temperature, the 40YSHf is chemically more 

homogenous. Considering this point, the decrease in grain size may be explained by chemical 

homogenisation effects as the yttria-rich phases diffuse through the matrix part and contribute 

to reduce the overall size of this part, which becomes chemically more and more 

homogeneous. 

 

Figure 11 : EBSD grain map of the 40YSHf sample sintered at 1850 °C, showing the presence of only one grain 
size population.  

3.2. Carbon contamination of samples sintered by SPS  

For all the samples densified by SPS technology, the use of a graphite die during the sintering 

process at very high temperatures implies carbon contamination. This is visible on the 

monolithic materials obtained after sintering whose colour is mostly very dark. So, the influence 

of the sintering temperature on the carbon contamination has been also studied and the results 

are gathered in Figure 12. In order to quantify the amount of carbon absorbed during the 

process, a gas analyser based on infrared absorption has been used on sintered samples 

before the annealing post treatment. Moreover, to try to determine the critical temperature 

implying carbon contamination, a sample has been also sintered by SPS at lower temperature 

(1550 °C).  

 

Figure 12 : Quantification of the proportion of absorbed carbon during the SPS process as a function of the 
sintering temperature. 
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Actually, the colour of the sample does not seem directly related to the quantity of carbon in 

the sample as the sample sintered at 1550°C is fully white and exhibits the highest amount of 

C. However, it could be explained by the mechanism of electrochemical reduction discussed 

in the following part and the physical stabilisation of carbon (gaseous form or solution). 

Moreover, it seems that there is no variation of absorption between the different rates of yttria 

in hafnia.  

4. Discussion 

4.1. Microstructure and chemical composition  

This study aims to understand the impact of sintering temperature and amount of Y2O3 on 
densification, chemistry, microstructure and crystallographic structure of hafnia-based 
ceramics.  

All the studied samples are considered to be fully dense. Indeed, figure 7(a) demonstrates that 

full densification is achieved for a sintering temperature of 1700 °C and does not evolve up to 

1850 °C. However, the sample sintered at 1550 °C (50YSHf) is not dense (23 % of open 

porosity and 1 % of closed porosity) indicating that densification mechanisms still occur for 

temperatures between 1550 and 1700 °C. Li et al. [48] studied the sintering of nano-sized 

ZrO2-3Y2O3 powder mixtures ceramics and in particular the link between the sintering 

temperature and the relative density. They highlighted the fact that above 1400 °C, ceramic 

samples are dense (99 %) having nano-sized particles (6-8 nm) and that a further increase in 

sintering temperature does not lead to an increase in densification rate. Even if the composition 

is different to those investigated in this study, the same tendency is observed in the present 

work. As hafnia is a bit more refractory than zirconia and the mixtures have larger particle 

sizes, it is not surprising that the densification happens at higher temperatures compared to 

zirconia. Additionally, the pressure applied during sintering is different in the study of Li et al. 

(40 MPa) compared to the present case (30 MPa), which has an impact on the densification 

and the final particle size. 

The fact that the increase of the sintering temperature, in the case of yttria-stabilised hafnia, 

leads to a grain growth, has already been observed for zirconia based compositions obtained 

by different processes including SPS, but for lower amounts of stabiliser. For instance, Dvilis 

et al. [38] studied the influence of the sintering temperature on the grain size of HfO2-ZrO2 

ceramics elaborated by SPS and found that an increase of the sintering temperature from 1200 

to 1400 °C leads to an increase of the grain size from 307 nm to 1.766 µm. This is linked to 

the fact that at 1200 °C, the sintering process is not complete resulting to a grain size 

corresponding to the initial powder size. In the present work, the grain size also increases with 

the sintering temperature and remains in the micrometric range. However, the densification 

occurs at a higher temperature compared to their study, which is most probably related to the 

larger size of the raw powders in our study. The increase of the grain size with the sintering 

temperature could also be related to the higher crystallinity of the structure, as revealed by 

XRD analyses in our study. Indeed, at the end of the sintering process, for high temperatures, 

sintering is governed by grain growth mechanisms, as the elimination of open porosities occurs 

at lower temperatures during the intermediate stage of sintering, as explained by Flaureau et 

al. [49]. Moradkhani et al. [50] suggested that for their nanoSiC-Al2O3 composites, the volume 

fraction of SiC nanoparticles is correlated to the grain size. The addition of SiC nanoparticles 

located at the grain boundaries limits the grain growth in the matrix but also the sintering, thus 

having an impact on the final density. Even if a comparison can be done between Moradkhani’s 

work and the present study, this example should be considered with caution, as there is no 

solid solution formation with SiC-Al2O3 compositions. They mentioned the Zener’s model which 

demonstrates that the presence of a secondary phase implies a limitation of the grain growth 

for the matrix part. In our case, the matrix may be constituted of Y2Hf2O7 and the secondary 
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phase composed of yttria-rich phases (Y1.69Hf0.31O3.155 and Y2O3). The Zener’s model is 

described by the following equation: 

𝐺 =  
4𝑟

3𝑓
                                                      (2) 

where G is the grain size of the matrix (µm), r the grain size (radius) of the secondary phase 

(µm) and f the volume fraction of the secondary phases (%). Figure 13 represents the 

comparison between the experimental determination of the matrix grain size and the matrix 

grain size obtained by the Zener’s model. To use the model, the volume fraction of the 

secondary phases has been determined using XRD analyses whereas the grain size of the 

secondary phases has been obtained from EBSD grain maps. As the XRD data are initially in 

wt%, an assumption has been done concerning the secondary phases to convert them to 

volume fractions: thus, the density of the secondary phases has been considered equal to the 

density of Y1.69Hf0.31O3.155 as it is the predominant phase inside the yttria-rich areas.   

 

Figure 13: Comparison between the grain size of the matrix for 40YSHf and 50YSHf samples using the Zener's 
model (based on the experimental size of the secondary phase obtained by EBSD analysis and the experimental 
volume fraction of the phases determined from XRD analysis) and the experimental size of the matrix (obtained 

by EBSD analysis). 

Considering, the uncertainty in the determination of the volume fraction of the secondary 

phases and that an error is done on the density of these secondary phases, the experimental 

and calculated values are in good agreement. 

Thus, both the sintering temperature and the presence of the intermediate phase or precursors 

could affect the final grain size of the samples manufactured by SPS. The intermediate phase 

remaining during the solid solution formation acts as a grain growth inhibitor in this case.  

The volume fraction of the yttria-rich phases evolves with the sintering temperature but also 

with the amount of Y2O3. Indeed, stoichiometric calculations show that 33 mol. % of Y2O3 leads 

to complete Y2Hf2O7 formation. Higher amounts of Y2O3 lead to the formation of Y2Hf2O7 plus 

some residual Y2O3, or at least, to yttria rich Y-Hf-O phases.   

The summary of theoretical results compared with experimental data is presented in Table 3. 

 
Table 3: Experimental/theoretical comparison between the proportion of the main phase and yttria-rich phases for 

the different compositions (in wt%). 

 Theoretical values SPS sintering (1850 °C) 

Y2Hf2O7 Y1.69Hf0.31O3.155 and 
Y2O3 

Y2Hf2O7 Y1.69Hf0.31O3.155 

and Y2O3 

33YSHf 100 0 86 14 

40YSHf 90 10 84 16 

50YSHf 74 26 76 24 
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So, the more the amount of Y2O3, the more the quantity of yttria-rich phases. This is in good 

agreement with the XRD results presented in the Figure 6(b). For the material with 50 mol. % 

of Y2O3 sintered by SPS, the proportion of these phases is 24 wt%, which is very close to the 

theoretical value (26 wt%); for 40 mol. % this experimental proportion is 16 wt%, which is 

6 wt% higher than theoretical forecasts. Also, for 33 mol. % of Y2O3, the experimental 

quantifications associated with SEM analysis reveals the presence of yttria-rich phases (of 

about 14 wt%) even if the theoretical calculations indicate the formation of the main phase 

at 100 wt%. This deviation may be attributed to, both the process itself and the nature of the 

powders. Indeed, using the SPS technique, dwell time sintering was fixed to 5 min and heating 

rates were 100 °C/min and 50 °C/min. These conditions, which are rather different from natural 

sintering [1] reduce the time useful for reaction and diffusion mechanisms between the different 

species of the composition, which limit the formation of the main fluorite phase. As diffusion 

mechanisms imply in the solid solution formation are time and temperature dependant, this 

explains the differences between spark plasma and naturally sintered samples.  

Thus, diffusion processes, responsible for the complete formation of the desired phase and 

the reduction of heterogeneities, does not have time to fully occur during SPS processes. On 

the other hand, the short dwell time, associated with the uniaxial pressure applied during the 

process, provides small grain size and very high density. As a result, chemical homogeneity is 

better using natural sintering than using SPS for the same composition [1].  

Additionally, another explanation for the presence of yttria-rich phases is that diffusion rate of 

Y3+ ions is different from diffusion rate of Hf4+ ions in the final solid solution Y2Hf2O7. This 

difference leads to possible micropores in place of the initial Y3+ location, which may limit 

sintering as they become closed pores remaining after elaboration. This “Kirkendall effect”, 

has previously been observed in the literature, for HfO2-Y2O3 compositions [51] and for 7YSZ-

Gd2O3 composites [52]. In consequence, for low sintering temperatures, the increase in the 

amount of Y2O3 could limit the shrinkage and thus slowing down the diffusion mechanisms 

between the species and finally, leading to a low amount of the foreseen Y2Hf2O7 phase.  

Finally, as revealed by the XRD measurements, the lattice constant of the sintered YSHf 

increases with increasing the amount of Y2O3 (Figure 6(a)). This phenomenon has already 

been observed in the literature for stabilised zirconia and in one of our previous study as well 

for stabilised hafnia [1,32,53–55]. This could be explained by the increase of the amount of 

rare earth oxide, in the matrix for which the ionic radius of the corresponding cation is larger 

than the one of Hf4+. More specifically, the ionic radii of Hf4+ is 0.83 Å whereas the ionic radii 

of Y3+ is 1.02 Å. Thus, the higher the amount of Y3+ incorporated into the HfO2 lattice, the higher 

the lattice expansion. Consequently, stoichiometric deviation from the perfect Y2Hf2O7 

composition is possible by increasing the Y2O3 amount.  

4.2. Carbon contamination of samples sintered by SPS 

Fully black pellets were obtained after SPS sintering above 1600 °C. This phenomenon is 

called the “blackening effect”. Actually, two mechanisms that are competing during the 

sintering process, are responsible for this effect: firstly, the reduction of the ceramic (as 

electrons are moving into new vacancy sites in the crystalline structure because the process 

is running under Ar atmosphere); secondly, the carburation of the ceramic at high 

temperatures. Moreover, some authors highlighted the fact that their ceramic specimens 

became electronically conductive during the sintering which means that electrons moved into 

the crystalline structure. This phenomenon can be explained by the dissociation of uncharged 

vacancies, according to the equation 3 [56] : 
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Vo
x =  Vo

. + e’ = Vo
¨ + 2e’                             (3)              

To re-oxidise the samples and eliminate the carbon contamination, samples were annealed at 

900 °C during 10 h under air. The black colour mostly disappeared but few samples were not 

homogeneously oxidised. Indeed, this annealing process generates two types of damages, 

especially for samples sintered at the highest temperatures: (i) large pores and cracks appear, 

particularly on one face of the pellets and (ii) small intergranular pores are formed through all 

the thickness of the sample. Moreover, increasing the annealing temperature up to 1550 °C 

amplifies these phenomena as it can be seen on SEM examinations (Figure 14). 

   

Figure 14 : SEM (BSE) observations of two re-oxidised samples after annealing treatment at 1550 °C under air (a) 
large cracks on one side of the 50YSHf sample sintered at 1700 °C and (b) small intergranular pores in the 

40YSHf sample sintered at 1800 °C. 

Thus, above a certain sintering temperature in the SPS process, the material is damaged. The 

first type of degradation, specifically observed close to one surface, could be related to the 

temperature gradient generated within the thickness of the material during the sintering. 

Indeed, due to a thermal gradient occurring during the sintering process itself and the high 

heating and cooling rates (as the ceramic powders are not electrically conductive), residual 

mechanical stresses are present in the samples after sintering. These residual stresses might 

relax during the annealing process, which can consequently generate cracks. Fattahi at al. [57] 

studied the impact of the sintering temperature on the properties of TiC-SiCw composites. For 

samples sintered at 2000 °C they note a diminution of flexural strength and hardness 

compared to samples sintered at 1900 °C. Moreover, they observe the formation of extra pores 

at 2000 °C. Also, in our study, for very high sintering temperatures (between 1800 °C and 

1850 °C), the lattice parameter does not seem to evolve anymore (Figure 6). Thus, Y2O3 has 

reached a maximum of solubility in Y2Hf2O7. The diffusion mechanisms may be stopped 

because of the damage of the material and this can be correlated to a too high amount of C in 

the material. 

The second type of damage is likely to be related to the carbon contamination. There is no 

evidence of the mechanism conducting to carbon contamination but some hypotheses suggest 

that gaseous carbon phases could be generated during heating. These carbon-based gases, 

mainly CO and CO2, can be trapped into pores and, become closed pores with densification 

[37], and decompose into solid carbon and gases. Thus, during the annealing process, the 

solid carbon could become gaseous again. This may explain the formation of intergranular 

porosities as Morita et al. [37] find that carbon phases segregates along grain boundaries.  

Moreover, this mechanism could justify the fact that even if white pellets were obtained at 

1550 °C, the amount of carbon was higher than in the pellets sintered at higher temperatures. 

Indeed, the densification rate of white pellets is lower as it has been evaluated around 

76 vol. % with the Archimedes’ method, and is mostly constituted of open porosity (for 

23 vol. %). So, for those samples, we can assume that the densification level is not high 
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enough to allow the decomposition of gaseous carbon into solid phases, which are responsible 

for the black colour of the pellets. Thus, for sintering temperatures below 1600 °C, the high 

amount of carbon present in the samples is mainly due to gaseous phases trapped into closed 

pores (1 vol. % of closed porosity). Additionally, with the used technique, the detection of 

gaseous carbon is easier than the one of carbon in solution. Thus, we can say that the 

carburation of the compounds is present at temperatures higher than 1600 °C, even if the 

quantification of C in the materials is very difficult with simple techniques. 

5. Conclusion 

This work showed that SPS can be successfully used for the elaboration of HfO2-Y2O3 

materials allowing the quick manufacturing of dense pellets with fine microstructure.  

1) It is a fast technique for the production of dense material at lower temperatures 

compared to natural sintering, which is important since the grain overgrowth can be 

avoided. As the pressing and sintering steps are executed at the same time, the 

number of manufacturing steps is reduced.  

2) However, there are still few challenges that should be addressed and further 

investigated as it generates significant microstructural heterogeneities. The blackening 

effect due to oxygen vacancies formation and carbon contamination during the 

process induces damages (pores and cracks) in the samples during the annealing 

process. Optimising the manufacturing conditions by aiming to limit the reduction of 

the oxide, is part of our perspectives.   

3) Furthermore, temperature as well as the amount of Y2O3 play a crucial role on the 

crystallographic, microstructural and chemical homogeneity of the sintered material.  

The increase in the sintering temperature leads to the formation of a monophasic 

material of the foreseen cubic phase Y2Hf2O7, reducing significantly the proportion of 

secondary phases such as the yttria-rich phase. In addition, this implies an increase 

of lattice parameter, crystallinity of the structure and grain size. However, above 

1800 °C, the amount of the cubic phase does not evolve anymore. So, the ideal 

sintering temperature should be below 1800 °C.  

4) The increase of the amount of Y2O3, which may be favorable for a decrease of the 

ionic conductivity, generates the formation of a higher proportion of the additional 

intermediate phase and an increase of lattice parameter and grain size for the same 

sintering temperature. The impact of the presence of a high amount of intermediate 

phase on the final properties of the material is currently under investigation and will be 

presented in a forthcoming work. 

In addition, further investigations on thermal and ionic conductivity will be held in another study 

to select the optimised ceramic composition for further use in the FGM field.  
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