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Abstract : 

Sintering of Th1-xYxO2-x/2 ceramics (x = 0.01, 0.08, 0.15 and 0.22), planned to be used as solid 

electrolytes in oxygen sensors for sodium-cooled fast nuclear reactors, was investigated. High 

densification state (i.e. up to 98%TD) was reached after 4 hours of heat treatment at 1600°C 

and beyond. In addition, ESEM observations showed a major effect of yttrium on grain size 

due to solute drag effects. Sintering maps were plotted for all the samples and evidenced 

different stages driven by densification and grain growth. Grain growth was found to be 

strongly slowed down for x > 0.01, resulting in high values of relative density correlated to 

submicrometric grain size. Also, activation energies related to densification and grain growth 

were evaluated around 450 and 500-650 kJ.mol
-1

, respectively. These results led to deliver 

guidelines for the formulation and sintering of Th1-xYxO2-x/2 ceramics in prospect of their use 

as a solid electrolyte.  

 

Keywords : yttria-doped thoria, densification, grain growth, sintering map, microstructure. 
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1. INTRODUCTION 

In the framework of the development of the fourth generation of nuclear reactors, which 

aims to provide safer and resource-saving electronuclear energy, a Sodium-cooled Fast Reactor 

(SFR) is in a basic design phase in France [1]. In this concept, the peculiar chemistry of liquid 

sodium contained in the primary vessels must be monitored carefully. Particularly, the oxygen 

content must be kept under a specific value (usually few ppm), as it controls the corrosion rate 

of the stainless steel claddings [2]. The use of potentiometric sensors, in which the difference of 

oxygen activity between environing sodium and an internal reference induces a voltage drop 

according to Nernst’s law, is then currently envisaged. In such systems, the reference and the 

sodium are separated by a solid electrolyte, which can be brazed on a metallic tube. This 

electrolyte material should be compatible with sodium at high temperature (about 400°C), 

mechanically resistant and purely ionic conductor [3]. In this context, the use of yttria-doped 

thoria electrolyte (i.e. Th1-xYxO2-x/2) was early suggested [4]. Several methods were then used 

to produce mixed oxides, going from powder metallurgy processes (i.e. mechanical mixtures of 

pure oxides) [5] to wet chemistry methods which generally yield to homogenous solid solutions 

[6,7]. The incorporation of Y
3+

 in the fluorite-type structure of ThO2 (space group Fm-3m) 

produces oxygen vacancies which turns the ceramic into an ionic conductor [8]. Moreover, 

doped thoria was generally reported to be much less sensitive to sodium corrosion compared to 

zirconia, which is frequently used in oxygen sensors [9]. 

Conversely to elaboration methods and assessment of the electrical properties, the 

sintering of yttria-doped thoria and the control of its final microstructure was rarely addressed 

in the literature. Yet, operating in an extreme environment such as liquid sodium generates 

important requirements on the electrolyte microstructure, including fine grain size and high 

density, in order to resist to sodium corrosion and mechanical stress [7]. The elaboration of a 

sintering map, which links the grain size with the relative density [10], then appears as a very 

important tool to foresee the final microstructure of the electrolyte. However, very few papers 

in the literature dealt with the elaboration of sintering maps for actinide-based materials, 

including dioxides. Particularly, the densification of ThO2 was mainly studied as a function of 

the preparation route [11,12], specific surface area of the starting powder [13] or content in 

doping actinide elements, including uranium and plutonium [14,15]. Predictive studies were 

only reported recently by Kutty et al. who established the Master Sintering Curve of ThO2 

doped with 0.5 wt% of CaO [16] or with U3O8 [14], as well as by Clavier et al. [17] who 

plotted the sintering map of ThO2 using HT-ESEM observations coupled to dilatometry 

measurements. Also, the mechanisms driving the densification of M
3+

-doped ThO2 remain 
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widely unknown [18]. Mainly divalent (CaO) [19] and pentavalent metal (Nb2O5, …) [20,21] 

oxides were studied as sintering aids for thoria, although with few hints concerning the effect of 

the doping ratio. Moreover, the few studies dedicated to the densification processes in the 

ThO2-Y2O3 system mainly started from mixtures of powders [22] while the development of wet 

chemistry routes, which directly yield to homogenous solid solutions as raw powder material, 

can induce major modifications in the diffusion mechanisms operating during the sintering at 

high temperature. 

In this context, we undertook an exhaustive study dedicated to the sintering of Th1-

xYxO2-x/2 solid solutions initially prepared from oxalic route. First, a classical dilatometric study 

led to assess the optimal operating conditions in terms of heating temperature and duration to 

achieve the complete densification of the pellets. The sintering maps of several yttria-doped 

thoria were then plotted, with the aim to provide guidelines for the elaboration of electrolyte 

materials to be operated in liquid sodium. Finally, the mechanisms responsible for densification 

and grain growth were assessed for several yttrium contents and associated activation energies 

were determined.   

 

2. EXPERIMENTAL 

2.1 PREPARATION AND CHARACTERIZATION OF (Th1-XYX)O2-X/2 OXIDE POWDERS 

 All the chemicals used during the preparation of the powdered samples, including 

thorium nitrate Th(NO3)4.5H2O, were supplied by Sigma-Aldrich and were of analytical grade 

(purity ≥ 99%). As already reported in our previous works [23], thorium-yttrium mixed 

oxides, Th1-xYxO2-x/2 (0.01 ≤ x ≤ 0.22), were prepared through the initial precipitation of 

oxalate-type precursors following a protocol similar to that described by Horlait et al. [24]. 

Thorium and yttrium nitrate salts were first dissolved in 1M HNO3 in order to reach a final 

concentration in cations close to 0.5M. The two solutions were then mixed together in the 

desired stoichiometry then poured quickly in a beaker containing a large excess of oxalic acid. 

The solid phase instantaneously formed was quickly separated by centrifugation at 4500 rpm 

(typically less than 1 minute after precipitation) to avoid grain growth and preserve powders’ 

reactivity. The precipitate was finally washed several times with deionized water then ethanol, 

and then dried overnight in an oven at 90°C. By these means, quantitative precipitation (i.e. > 

99.8%) of both thorium and yttrium was achieved, as previously evidenced by ICP-AES 

measurements conducted on both supernatants and solid phases [23]. 
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Oxide powders were further obtained by thermal conversion of the oxalate precursors 

at 600°C during 4 hours (air atmosphere). Such operating conditions both allowed an efficient 

elimination of the residual carbon coming from the decomposition of the organic parts of the 

precursors, and a good reactivity of the final powders in terms of specific surface area [23]. 

This latter parameter was evaluated thanks to a Micromeritics Tristar 3020 apparatus using 

BET method based on nitrogen adsorption/desorption at 77K. Before the analyses, the 

samples were outgassed at 90°C for 4 hours to eliminate the water molecules adsorbed onto 

the surface of the solids.  

Additionally, SEM observations were carried out thanks to a FEI Quanta 200 ESEM 

FEG microscope equipped with a Large Field Detector (LFD) and a Back-Scattered Electron 

Detector (BSED). A low acceleration voltage of 5-10 kV coupled with low vacuum 

conditions (50 Pa water vapor) was chosen to observe the samples without any additional 

preparation step such as metallization. 

 

2.2 THERMAL ANALYSES AND SINTERING 

 

Pellets preparation and sintering. Before sintering, oxide samples were pelletized by 

uniaxial pressing (200 MPa) at room temperature. Typical mass used was about 200 mg, 

resulting in green pellets of 8 mm in diameter and about 1.3 mm in height (green 

density ≈ 45%). For sintering purposes, green pellets were further placed in graphite boats and 

heated between 1400 and 1700°C for 2 to 8 hours in a graphite furnace (AET Technologies) 

under primary vacuum. A rate of 10°C.min
-1

 was systematically applied on heating while 

natural cooling was used down to room temperature.  

 

Density measurements. Density of the sintered samples was first determined by geometrical 

measurements of the dimensions of the pellets with the help of a precision calliper. The 

obtained values, so called geometric densities, led to an estimation of the global porosity 

within the samples. In parallel, relative densities, which accounts for the contribution of 

closed porosity, were determined by helium pycnometry measurements, thanks to a 

Micromeritics Accupyc 1340 apparatus. Open porosity was then determined by difference of 

the results obtained through these two complementary techniques. An uncertainty of about 1% 

was systematically considered for density values, which came from the precision of the 

calliper used and on the geometrical defects of the pellets, on the one hand, and from the 

small amount of sample analyzed by He-pycnometry, on the other.  
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Dilatometry. Dilatometric measurements were conducted on a Setaram Setsys Evolution 

apparatus, with two distinct protocols. The first one aimed to evaluate the optimal sintering 

temperature of the Th1-xYxO2-x/2 oxides for the various compositions considered. Samples 

were initially disposed between two alumina platelets, and then heated up to 1600°C under air 

flow, considering a heating rate of 10°C.min
-1

. Natural cooling was further operated down to 

room temperature. 

Dilatometric measurements were also undertaken in order to estimate the activation 

energy associated with the densification of the samples. In this purpose, the Dorn’s method 

[25–27], based on incremental isothermal heat treatments, gave a fast and direct access to EA 

values. The shrinkage rate of a sample, i.e. v = d(l/l0)/dt, was first recorded at a temperature 

T1, then at a temperature T2 slightly higher than T1, so that no significant microstructural 

changes occurred in the sample. During this study, samples were initially placed between two 

graphite platelets, then heated up under vacuum between 1500°C and 1650°C, considering a 

dwell time of 30 min each 25°C.  

In these conditions, the following equality is obtained:  

 

 
  

  
 
           

   
  

  
 
                 

    (1) 

 

The ratio between the corresponding shrinkage rates can thus be expressed as [17,28]: 
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From which the activation energy can be deduced:  

 

    
        

     
   

     

     
        (3) 

 

Electronic microscopy and image processing. Prior to SEM observations, sintered pellets 

were polished to reach an optical grade (1µm diamond spray). Grain boundaries were further 

revealed by thermal etching (heat treatment of 30 min at 1300°C) which was considered not 

to modify significantly the microstructure of the samples [29]. Several images (typically 4 to 

8) were recorded on each sample in order to reach good representativeness. High vacuum 
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conditions, associated to a very low accelerating voltage (2 – 3.1 kV), were chosen to obtain 

high resolution images. 

SEM images were then processed using successively ImageJ [30] and Gimp softwares 

[31] in order to determine average grain size as well as grain size distribution. In this aim, 

grain boundaries were manually drawn, leading to populations of 250 to 600 grains per image, 

depending on the image quality and the heat treatment applied to the sample. In these 

conditions, the average grain size could be obtained with a relative discrepancy of 2% [32]. 

Finally, the equivalent disc diameter was determined for each operating condition with the 

ImageJ software, using the tetrakaidecahedral grain model established by Coble [33].  

 

 

3. RESULTS AND DISCUSSION 

3.1 CHARACTERIZATION OF THE POWDER SAMPLES 

Oxide powders prepared from the thermal conversion of oxalate precursors were first 

analyzed by SEM (Figure 1), in order to evaluate the impact of the yttrium incorporation ratio 

over morphology. Whatever the chemical composition considered (i.e. x = 0.01; 0.08; 0.15 

and 0.22), the powder appeared to be composed by small square-shape platelets of about 1µm 

in edge, that further assembles to form bigger aggregates. Such a morphology was frequently 

described in the literature for Th-based oxalates [11,34], and was generally reported to be 

retained upon calcination during conversion into oxide form [24,35]. Nevertheless, the short 

aging time considered during the precipitation process in this study led to significantly 

decrease the size and the thickness of the square-shape platelets (about a factor of 2) in 

comparison of what was observed in our previous work [23]. Also, one can note that the 

samples obtained for x = 0.22 exhibited additional smaller needle-like objects that came from 

the initial precipitation of a polyphase oxalate compound [23,36].  

Associated specific surface areas of both oxalate precursors and oxide powders were 

evaluated by the means of BET measurements and are gathered in Table 1, while reference 

values for pure ThO2 prepared from similar protocol are supplied for comparison purposes. 

The specific surface area values for oxalate powders typically varied between 5 and 10 m².g
-1

 

whereas that of oxides ranged from 6 and 30 m².g
-1

. Such trend, which corresponds to an 

increase in the surface area during the thermal conversion, was already explained by several 

authors by the decomposition of oxalate entities into CO and CO2 gaseous molecules and the 

subsequent formation of mesopores within the powder [35,37]. However, one can note that 
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the gap between oxalate and oxide powders significantly depends on the chemical 

composition, leading the specific surface area of oxide powers to decrease with the yttrium 

content. Indeed, increase in the specific surface area upon heating seems to be favored by low 

yttrium content (typically for x = 0.01 and x = 0.08), while surface remained almost 

unchanged for higher incorporation ratios. This observation might be linked with the 

formation of slightly heterogeneous oxalate compounds for the highest x values investigated. 

This cation heterogeneity might weaken specific zones of the grains, such as the crystallite 

boundaries, thus facilitating the elimination of gaseous species during the thermal conversion 

of oxalate. Such an effect should be even more significant for x = 0.22 which initially led to a 

polyphase oxalate sample with different decomposition kinetics.  

Finally, the density of the oxides studied herein was also calculated, using unit cell 

parameters reported in the literature for the oxides [23]. Such values will further be used for 

the determination of the relative densities during the investigations undertaken on sintered 

pellets.  

 

x = 0.01 x = 0.08 

  

x = 0.15 x = 0.22 

  

Figure 1 : SEM observations of the Th1-xYxO2-x/2 samples obtained after thermal conversion of oxalate precursors 

(T = 600°C, t = 4 hours, air). 
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Table 1 : Physico-chemical features of oxalate and oxide samples.  

Composition 
Specific surface area (m².g

-1
) Calculated density 

(g.cm
-3

) Oxalate oxide 

x = 0 

x = 0.01 

x = 0.08 

x = 0.15 

x = 0.22 

/ 

10 

7 

5 

7 

9 to 13 [38] 

30 

11 

6 

7 

9.97 [39] 

9.95 [23] 

9.58 [23] 

9.24 [23] 

8.88 [23] 

Uncertainly attached to the determination of specific surface area : ± 1 m².g
-1 

 

3.2 DETERMINATION OF OPTIMAL SINTERING CONDITIONS 

3.2.1 Dilatometric study 

The determination of the operating conditions required to reach full densification of 

oxide samples was undertaken through dilatometric measurements. The variation of the 

relative linear shrinkage of the pellets versus temperature, presented in Figure 2, appears to 

be very similar whatever the yttrium content even if the shrinkage could appear slightly faster 

for x = 0.01, which was ascribed to the high value reached by the specific surface area for this 

sample (Table 1) and/or to a more rapid homogenization of the Th/Y distribution in the solid 

prior to the densification processes in this case [23].      

For all of our samples, the shrinkage can be described in two steps. The first one, 

which took place between 800°C to 1200°C, can be assigned to the crystallite growth within 

the square-shape platelets constituting the powder. Conversely, the second one, starting 

around 1400°C, is more likely to correspond to the sintering between these platelets and led to 

a more pronounced shrinkage rate, hence to a more efficient densification process. Such a 

two-step process was frequently described during the sintering of actinide oxides initially 

prepared via oxalic precipitation [34,40]. It likely arises from the formation of micrometric 

particles composed of nanoscale crystallites after the thermal conversion of oxalate 

precursors, which further led to crystallite growth and densification phenomena within the 

square-shape platelet, as attested by several authors based on XRD measurements and in situ 

ESEM observations [41]. 
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Figure 2 : Variation of the relative linear shrinkage of Th1-xYxO2-x/2 solid solutions pellets versus temperature. 

Also, one can note that no plateau was clearly evidenced at the end of the experiments, 

meaning that the densification was still incomplete after 10 minutes of heating at 1600°C. 

This result was confirmed by the geometrical density values collected after dilatometric 

measurements, which systematically lied around 90% whatever the yttrium content. 

Moreover, these observations appear to be consistent with the data reported in the literature 

for pure ThO2, since a full densification was generally obtained
 
between 1500 and 1700°C 

depending on the nature of the starting powder and the sintering conditions [13,42]. On this 

basis, the final densification was undertaken at or above 1600°C, considering an isotherm 

dwell of one to several hours. 

 

3.2.2 Variation of the density versus operating conditions 

In order to confirm the results obtained from dilatometric measurements, the density 

of Th1-xYxO2-x/2 sintered samples was evaluated for four sintering temperatures (1400, 1500, 

1600 and 1700°C) and four heating times (1, 2, 4 and 8 hours). The values of geometrical 

density generally increased up to 96-98% for a heat treatment of 4 hours at 1600°C, in good 

agreement with the dilatometry study (Figure 3). Lower heating temperatures, i.e. typically 

1400 and 1500°C only allowed to trigger first [43] then intermediary step of sintering [44], 

which respectively correspond to the formation of necks between grains then to the 

elimination of open porosity. Also, one can note that lower density values were systematically 

measured for x = 0.01, in spite of the highest sintering rate observed from dilatometry, which 

might indicate a different sintering mechanism for this composition.  
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For higher heating temperatures or longer heating times, the density was found to 

remain constant in the upper range of values measured (i.e. typically above 95% of the 

calculated value), meaning that the sintering process was mostly driven by grain growth 

processes in these operating conditions [44]. Also, such domain of densities confirms that the 

final stage of sintering, generally characterized by the elimination of closed porosity  [44], 

was reached (see He pycnometry data supplied as supplementary material in Table S1 for 

x = 0.01 and Table S2 for x = 0.08).  

The complete densification of the samples was also confirmed by SEM observations 

performed on samples sintered during 8 hours at 1600°C (Figure 4). Whatever the yttrium 

content considered, no open porosity was detected while the grain size appeared to be 

homogenous. Nevertheless, the grain size was found to be strongly dependent on the chemical 

composition. Indeed, it ranged from 0.5 to 4.2 µm for Th0.99Y0.01O1.995 (average value of 

1 ± 0.5 µm) while for higher yttrium contents (x = 0.08, 0.15 and 0.22), the distribution of the 

grain sizes remained between 0.1 and 0.9 µm (average : 0.4 ± 0.2 µm) (see grain size 

distributions data of x = 0.01 and x = 0.15 supplied as supplementary material in Figure S1).  

 

  

  

Figure 3 : Variation of the relative density versus heating time at different temperatures (1400°C - , 1500°C - , 

1600°C - , 1700°C - ) for several Th1-xYxO2-x/2 samples.  
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Cosentino et al. already noticed similar discrepancies [6], the density of their samples 

increasing with yttrium content in the 0.06 ≤ x ≤ 0.18 range. Comparable observation was made 

for 5 and 10 mol.% yttria-doped ThO2 by Purohit et al. They explained the difference of 

densification state from the higher number of defects (oxygen vacancies) present in 

Th0.9Y0.1O1.95 [45]. Nevertheless, whereas these authors argue for a continuous effect of the 

doping ratio, the strong difference noticed in our study between x = 0.01, on the one hand, and 

for 0.08  x  0.22, on the other hand, suggests that a threshold value of the yttrium doping 

ratio (typically a few percent in mole) could hinder grain growth. Such behavior was reported 

in Y-doped zirconia but was generally correlated to the structural modifications caused by 

doping (the tetragonal lattice stabilized for 2 mol.% Y being more favorable to grain growth 

than the cubic one obtained for 8 mol.% Y) [46],[47]. However, such crystallographic effect 

did not occur for Th1-xYxO2-x/2 since previous work demonstrated that the fluorite-type structure 

is stable on the whole range of composition studied [23].  

 

x = 0.01 x = 0.08 

  

x = 0.15 x = 0.22 

  

Figure 4 : SEM observations of Th1-xYxO2-x/2 pellets after sintering at 1600°C during 8 hours. 

More likely, the inhibition of grain growth above x = 0.01 could be linked to the 

establishment of solute drag effect. Indeed, when doping a fluorite-type oxide with acceptor 
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dopant, charge-compensating defects are formed in the oxygen sub-lattice, which strongly 

enhances oxygen diffusion. Cations then become the rate-limiting species in the system. 

However, dopants were frequently reported to segregate to the grain boundary, resulting in a 

solute drag, so that grain boundary mobility is controlled by the lattice diffusion of the 

dopant [48,49]. On this basis, small amounts (i.e. typically below 1%) of dopants, such as CaO, 

TiO2 or Cr2O3,  were already proved to significantly enhance the sintering of MO2 compounds 

(with M = Ce, Th, U, Pu) [50-[52]. The formation of anion vacancies also increases the 

migration of cations, then promoting grain boundary mobility and grain growth [53]. On the 

other hand, higher values of doping generally led to grain growth inhibition [51,54]. 

Particularly, yttrium was found to strongly limit the grain growth processes in CeO2 [49] and 

ZrO2 [55] samples over 1% of doping. Correlatively, the slightly heterogeneous distribution of 

the cations in the starting powders evidenced in our previous work [23] could also induce grain 

growth inhibition for the highest yttrium contents considered. Indeed, the progressive 

homogenization of the yttrium distribution in the structure under cation interdiffusion was 

found to occur beyond 1400°C and could delay, if not hinder, the grain growth process. One 

can suppose that such heterogeneity effects become more and more significant with increasing 

yttrium content. Finally, complex defects such as vacancies clusters could also form [51], then 

limiting the diffusion within the sample. 

 

3.3 SINTERING MAP 

 

The sintering map of a ceramic material represents the variation of the average grain 

size as a function of the relative density under different densification conditions, including 

temperature, heating time or chemical composition. It thus constitutes a performant tool to 

design targeted microstructures, in order to reach the requirements linked to the various 

domains of application of ceramic materials. As a matter of fact, several examples were 

reported in the literature, either for the complex magnetic permeability of ferrite system [56], 

ultrapure alumina [57], or more recently on niobium-doped titania [58] or YAG ceramics 

[59,60]. However, only one set of data was reported by Clavier et al. [17] on radioactive 

material (i.e. ThO2) by combining in situ HT-ESEM observations and dilatometry. Such lack 

of data probably arose from the important number of experiments needed coupled to the 

hazards associated to handling of radioactive materials. 

The samples prepared in this work (sintering temperature : 1400-1700°C; dwell time : 

1-8 hours) were used to establish sintering maps for the different Th1-xYxO2-x/2 solid solutions 
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studied. In this aim, geometrical measurements were used to reach relative densities, while 

SEM micrographs performed on polished surfaces and further image analysis led to average 

grain size. The resulting sintering trajectories for x = 0.01; 0.08, 0.15 and 0.22 are plotted in 

Figure 5. Whatever the composition considered, two different processes can be identified 

during sintering, in good agreement with the trends generally observed in the literature for 

sintering maps [17,56–61]. The first one corresponds to a densification-driven step with a 

rapid increase of the density but limited grain growth. Conversely, the second step was 

characterized by prevailing grain growth with limited additional densification up to 98-99%. 

Moreover, Bernache-Assolant et al. reported that the limit between the two processes is 

generally found around 92% [62] which is also the case in our study.  

 

 

Figure 5 : Sintering trajectories of Th1-xYxO2-x/2 ceramics (1400°C - , 1500°C - , 1600°C-, 1700°C-) 

(x = 0.01 – Blue, x = 0.08 – Red, x = 0.15 – Green, x =0.22 – Purple). 

Beyond this general trend, the sintering maps also again evidence different 

microstructural evolutions depending on the yttrium content. Indeed, high doping ratios (x > 

0.01) led to a pure densification step (i.e. without simultaneous and significant grain growth) 

up to 95-96% of the calculated density. As previously stated, in this case, the grain growth is 

probably slowed down by solute drag effects. Moreover, the small granulometry of the 

0

0.5

1

1.5

2

2.5

3

3.5

4

60 65 70 75 80 85 90 95 100

A
v

er
a

g
e 

g
ra

in
 s

iz
e 

(µ
m

)

Relative density (%)

x = 0.01

x = 0.08

x = 0.22

x = 0.15

Densification
Grain growth



 

 

15 

 

starting powder probably strengthen this effect, due to the high grain boundary area per unit 

volume [63]. Nevertheless, the use of relatively high temperature of heating (typically 1600 or 

1700°C) can still allow a limited grain growth. Conversely, the grain growth stage starts as 

soon as from 83% of relative density for x = 0.01 and operates concomitantly with 

densification, probably due to the lower solute drag effect occurring for this sample. On this 

basis, it was not possible to prepare highly densified ceramics with submicrometric grain size 

for this particular composition. Since the use of a ceramic electrolyte in liquid sodium media 

requires very dense and fine grains materials to resist corrosion [7], the use of yttrium doping 

ratio around 1 mol.% should then be avoided. Conversely, high yttrium contents must be 

favored, the final choice being completed on the basis of the electrical properties and the 

resistance to corrosion damage.  

 

3.4 SINTERING MECHANISMS 

 

The microstructural evolution of porous ceramic materials can be monitored through 

grain growth, which is frequently described by the following equation [64] : 

 

     
       (4) 

 

With k depending on the temperature following an Arrhenius law such as  

 

      
 
   

  
 
    (5) 

 

where D is the average grain size at time t, D0 is the initial grain size, k0 is a rate constant and 

n is a whole number depending on the diffusion mechanism responsible for grain growth. 

Typically, for solid solutions in which dopant might segregate to grain boundaries, n = 2 

accounts for a solute drag effect with high solubility of the dopant (i.e. to a behavior close to a 

pure ceramic), while n = 3 corresponds to a low solubility [44]. 

When    is much smaller than D, i.e. in the case of nanoscale starting powders, the grain 

growth expression can be simplified by neglecting   
  in comparison with   . Then, the 

equation can be simplified as follows [50]: 

 

       
 
   

  
      (6) 
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This equation was established considering that the granulometric distribution within 

the sample remains similar whatever the heating duration. In this hypothesis, the normalized 

distribution should be invariant as a function of time [65]. Several authors were able to show 

experimentally the self-similarity of grain size distribution as a function of time for ceramic 

systems [28,32]. Monte Carlo calculations were also used to model grain growth and showed 

that the grain size distribution function was independent of time for each grain class [66]. This 

self-similarity is a result of invariance of each grain class (with a constant ratio x = D/Dmean) 

as a function of time.  

In the present work, a systematic study of the grain growth of Th1-xYxO2-x/2 ceramics 

was undertaken by varying sintering temperature and duration for several yttrium contents. As 

a matter of example, Figure 6 shows the conservation of the grain size distribution for 

Th0.92Y0.8O1.96 at 1600°C. Whatever the heating time chosen between 1 and 8 hours, the 

distribution of the relative grain size systematically follows the same sigmoidal trend, thus 

demonstrating that it could be considered as a normal distribution. Hence, no exaggerated 

grain growth phenomena took place during the various heat treatments performed. Also, 

similar results were obtained whatever the chemical composition and the sintering 

temperature considered, showing that a modification of the yttrium content did not induce any 

heterogeneous grain growth processes. 

Based on a normal grain growth distribution, it was then possible to assess the 

mechanism driving the grain growth through the determination of the n exponent value. This 

latter can be determined from the slope of the plot of ln(D) versus ln(t) as shown in equation 

(7) : 

 

             
  

  
          (7) 
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Figure 6 : Conservation of grain size distribution at 1600°C for Th0.92Y0.08O1.96. 

 

Whatever the yttrium doping ratio and the operating conditions investigated, the plot 

of ln(D) versus ln(t) was found to be linear (Figure 7). However, different behaviors were 

observed, meaning that different mechanisms were involved depending on the operating 

conditions considered. First, all the experiments undertaken at 1400°C led to a value of the n 

exponent close to 4. As this heating temperature was correlated to relative densities below 

85% of the calculated value, one could then suggest that initial and intermediate steps of 

Th1-xYxO2-x/2 sintering are controlled by pore mobility, and driven through grain boundary 

diffusion. This result is in good agreement with previous studies performed on doped-ThO2 

ceramics [19,50], and with the latest observations collected in situ by Nkou Bouala et al. on 

ThO2 microspheres [67], which already evidenced the predominance of grain boundary 

diffusion during the densification step.   
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For higher temperatures, the results obtained varied with the yttrium content and 

confirmed the peculiar behavior of the Th0.99Y0.01O1.995 compounds, already suggested by 

SEM observations and sintering maps. Indeed, all the samples prepared with x = 0.01 led to 

n = 2, i.e. to a strong solubility of the yttrium dopant in the ThO2 lattice, either in the bulk 

material or at the grain boundary. Such a result then backs up the hypothesis of a low solute 

drag effect, which subsequently does not hinder significantly the grain boundary mobility. 

Conversely, higher yttrium amounts, i.e. from 8 to 22 mol.%, led to n values above 2 (mostly 

close to 3). In this case, the segregation of yttrium to the grain boundary is then probably 

more important, resulting in an important solute drag effect, in good agreement with the 

smaller grain size observed by SEM.  

 

 

Figure 7 : Variation of ln(D) versus ln(t) to determine the n value of Th1-xYxO2-x/2 oxide (1400°C - , 1500°C - , 

1600°C - , 1700°C - ). 

 

According to equation (6) and the values determined for n in the 1500-1700°C range 

(i.e. n = 2 for x = 0.01 and n = 3 for x > 0.01), it was also possible to evaluate the activation 
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energy linked to grain growth during the sintering of the four samples considered. The results 

obtained (Table 2) demonstrate once again a specific behavior for low amount of dopant. 

Indeed, for x = 0.01, the EA value reached up to around 670 kJ.mol
-1

 while it was found close 

to 500 kJ.mol
-1

 for the other compositions investigated. Such an important gap is consistent 

with the modification of the mechanism responsible for grain growth when modifying the 

doping ratio. Also, the high value of activation energy determined for x = 0.01 fits well with 

the increased grain growth observed at high temperature for this sample. Besides, one can 

note that all the values obtained in this work remain in the same range of magnitude than 

those previously reported in the literature for ThO2 ceramics, in presence or not of sintering 

aids, which are generally found between 500 and 650 kJ.mol
-1

 [42,68,69].  

Table 2 : Determination of activation energy for each yttrium content from Dorn’s method and the grain growth 

method in comparison with the literature 

Oxide Ea (kJ.mol
-1

) Reference 

ThO2 650 [68,69] 

ThO2 – 0.5 wt% CaO 525 [42] 

ThO2 435 ± 25 [17] 

 Densification 

(Dorn’s method) 
Grain growth 

 

Th0.99Y0.01O1.995 425 ± 30 672 ± 33 

This work 
Th0.92Y0.08O1.96 450 ± 30 536 ± 27 

Th0.85Y0.15O1.925 / 507 ± 30 

Th0.78Y0.22O1.89 / 557 ± 56 

 

Additional tests were finally undertaken thanks to the Dorn’s method, which was 

usually used in the literature to determine the activation energy (EA) of sintering from 

dilatometric measurements, especially in the first stage of the densification process [27]. 

Dilatometric measurements were then undertaken between 1500 and 1650°C, and applying 

isothermal dwells of 30 min. with steps of 25°C (Figure 8).  
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Figure 8 : Determination of Th1-xYxO2-x/2 sintering activation energy using the Dorn's method. 

 

The results obtained for x = 0.01 and x = 0.08 were both found in the 400-450 kJ.mol
-1

 

range (Table 2). They remain notably lower than those evaluated from grain growth. 

Nevertheless, owing to the short duration of isothermal dwell, one can suggest that a complete 

densification of the ceramics was not reached, and that samples were still undergoing first 

stage of densification. Based on this hypothesis, EA values obtained from Dorn’s method 

would more likely characterize the initial step of sintering, i.e. establishment of necks 

between the grains. Indeed, they appear in very good agreement with the value recently 

determined by Nkou Bouala et al. for the elaboration of a neck between ThO2 microspheres 

[67]. Also, the difference observed between the activation energies measured for densification 

and grain growth processes are similar with that reported for other materials, such as LaPO4 

ceramics [70]. 

More importantly, it is noteworthy that comparable values were obtained for the two 

samples studied, meaning that the yttrium doping ratio strongly influences the grain growth 

but does not present any significant impact over densification. However, as the grain growth 

rate is limited by solute drag effects for x > 0.01, the reduction of the total surface energy 

probably proceeds more easily through densification in these samples, resulting in highly 

dense and fine-grain materials.   
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4. CONCLUSION 

 

The sintering process of Th1-xYxO2-x/2 ceramics (x = 0.01, 0.08, 0.15 and 0.22) , 

including densification and grain growth, was investigated under various operating conditions 

in terms of temperature and heating time. A densification state fulfilling the requirements 

linked with the operation of the material in liquid sodium was generally reached beyond 4 

hours of heating at 1600°C. Particularly, high densities around 98% were determined after 

heating for 8 hours at 1700°C, whatever the yttrium content was. Moreover, the variation of 

the relative density was plotted as a function of the average grain size to construct sintering 

maps. These data clearly evidenced a different behavior of the x = 0.01 sample compared to 

compounds doped with higher yttrium amounts. Particularly, an increased grain growth was 

observed, which precludes the preparation of ceramics presenting both high densification state 

and submicrometric average grain size. Such difference was assigned to strong solute drag 

effects for high yttrium contents (typically above 1%) which inhibit grain growth during the 

sintering process. This difference was also enlightened by the determination of the 

corresponding activation energies, which differ significantly with the yttrium content for grain 

growth (typically from 500 to about 670 kJ.mol
-1

) while it remains close to 450 kJ.mol
-1 

for 

the densification process. This study then shed light on the fundamentals of the 

microstructural development of Th1-xYxO2-x/2 ceramics. It also led to deliver guidelines for the 

fabrication of electrolyte materials with tailored density and grain size for several doping 

ratios.  
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5. SUPPLEMENTARY MATERIAL 

Table S1 : Experimental relative densities of Th0.99Y0.01O1.995 versus temperature and heating time 

Temperature 

(°C) 

Heating 

time (h) 

Relative 

dgeo (%) 

Relative 

dpycno (%) 

Closed porosity 

(%) 

Open 

porosity (%) 

1400 

1 66 / / / 

2 77 / / / 

4 73 / / / 

8 75 / / / 

1500 

1 74 / / / 

2 78 / / / 

4 83 / / / 

8 88 / / / 

1600 

1 85 / / / 

2 90 95 5 5 

4 92 97 3 5 

8 93 97 3 4 

1700 
2 95 98 2 3 

8 98 99 1 1 
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Table S2 : Experimental relative densities of Th0.92Y0.08O1.96 versus temperature and heating time 

Temperature 

(°C) 

Heating 

time (h) 

Relative 

dgeo (%) 

Relative 

dpycno (%) 

Closed porosity 

(%) 

Open 

porosity (%) 

1400 

1 61 / / / 

2 74 / / / 

4 71 / / / 

8 76 / / / 

1500 

1 79 / / / 

2 81 94 6 13 

4 83 99 1 16 

8 87 100 0 13 

1600 

1 88 100 0 12 

2 92 100 0 8 

4 96 100 0 4 

8 98 100 0 2 

1700 
2 98 100 0 2 

8 98 100 0 2 
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a) 

 

b) 

 

Figure S1 : Grain size distributions of (a) Th0.99Y0.01O1.995 and (b) Th0.85Y0.15O1.925 sintered during 8 hours at 1600°C.  
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