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Abstract : 

Within the development of SFR nuclear reactors, yttrium-doped thoria has been 

suggested by previous researchers as an electrolyte in sensors monitoring oxygen in liquid 

sodium. In this paper, Th1-xYxO2-x/2 electrical properties were assessed by impedance 

spectroscopy before their chemical durability was evaluated in liquid sodium. Pellets always 

kept their mechanical integrity although sodium penetration was evidenced through the 

modification of the cleavage surfaces. Post-immersion impedance spectroscopy showed a 

decrease of grain boundaries contribution, even if the global conductivity was not 

significantly affected. These good performances could be strongly affected by the presence of 

impurities since silicon-doping increased the sodium penetration.  

 

 

Keywords : yttrium-doped thoria, sodium corrosion, electrical properties, impedance 

spectroscopy, oxygen monitoring sensors   
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1. Introduction 

Among the concepts designed in the frame of the fourth generation of nuclear reactors 

[1], which all aim to provide safer and resource-saving energy, France has opted for the 

development of a Sodium-cooled Fast Reactor (SFR), owing to its historical experience in this 

field through the operation of the Phenix and Super-Phenix units [2]. In such reactors, the 

chemistry of liquid sodium acting as a coolant in the primary vessels must be carefully 

monitored. Particularly, the oxygen content, which controls the corrosion rate of the stainless 

steel claddings, must be kept under few ppm [3]. With this aim, the use of potentiometric 

sensors is envisaged. They are usually composed of an internal metal/oxide reference, 

separated from the liquid sodium media by a ceramic electrolyte ensuring the conduction of 

O
2-

 anions. As a key component of the device, the electrolyte material should respect several 

requirements in order to guarantee good performances over a time period compatible with the 

reactor operation (i.e. at least 18 months). The ceramic must be purely ionic conductor, 

thermo-mechanically resistant and compatible with sodium at high temperature (about 

400°C).  

In this context, the use of fluorite-type yttria-thoria solid solutions (i.e. Th1-xYxO2-x/2, 

space group Fm-3m) was suggested very early on [4, 5] since the Y
3+

-doping produces 

oxygen vacancies and turns the ceramic into an ionic conductor [6]. For low values of the x 

doping rate (typically from 0.01 to 0.1 depending on the study reported), the conductivity was 

found to increase proportionally with the yttrium content [7, 8]. For larger doping rates, a 

maximum in the conductivity was generally observed around x = 0.15 [9, 10], with a decrease 

at higher values due to elastic interactions between oxygen vacancies and dopants, as 

observed for all similar fluorite-type oxides [11]. The effect of temperature on the 

conductivity of Th1-xYxO2-x/2 ceramics was also investigated on a wide range of temperature, 

typically going from 300 to 1100°C. Depending on the authors and the temperature domain 

studied, the activation energy related to ionic conduction was found to vary between 1.25 and 

1.46 eV for x ≤ 0.01 and dropped down to 1 - 1.15 eV when yttrium loading reached 0.08 ≤ x 

≤ 0.15 [9, 12-14]. Also, these values can be lowered when working at high temperature (i.e. 

above 1100°C) [13], as the defects association (YM-   pairs) decreases [8, 15]. 

Even if yttrium-doped thoria is generally considered to be much less sensitive to 

sodium corrosion compared to zirconia [16], also frequently used in oxygen sensors [17], only 

very few studies are reported in the literature regarding its chemical durability. Indeed, 

different potential failures were evidenced, but appear to be mainly linked with mechanical 

effects [16, 18-21]. Fractures often occurred very rapidly after contact with liquid sodium 
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between 360 and 400°C, but more likely due to thermal shock rather than to sodium corrosion 

[16, 22]. Several authors also reported on the embrittlement of the electrolyte ceramic through 

the formation of cracks during Na-testing at 400°C. In this case, they correlated the 

phenomena to the localized corrosion of grain boundaries due to the presence of silicon as an 

impurity [23, 24]. Jakes et al. confirmed the crucial role of the electrolyte ceramic purity, and 

were able to identify Na2ThO3, Na2ThSiO5 and Na2SiO5 in the corrosion layer formed after 

1400 to 3300 hours of contact with liquid sodium in the 320-450°C range [25]. Nevertheless, 

only few authors directly evidenced the effect of sodium corrosion on the ceramic 

microstructure [24, 26]. Among them, Wheatley et al. observed the bulk material after 

immersion in liquid sodium at 400°C and pointed out both trans- and intergranular fractures, 

this latter being a clear sign of grain boundaries weakening. They also showed that the sodium 

penetration rate increased with the concentration of dissolved oxygen in the 100-500 ppm 

range [27].  

Moreover, only very few studies, if any, addressed the electrical properties of 

Th1-xYxO2--x/2 ceramic electrolytes after their corrosion. As it constitutes a key-point to be 

assessed in order to guarantee the efficient operation of electrochemical oxygen sensors in 

aggressive liquid sodium media, this paper is then dedicated to the impact of sodium 

corrosion on the microstructure and the conductivity of yttrium-doped thoria ceramics. In a 

previous study [28], the preparation of the samples through oxalic co-precipitation and further 

sintering at high temperature was reported, leading to dense and homogeneous pellets with 

controlled microstructures. As a continuation of this work, this paper first investigated their 

initial electrical properties. Corrosion tests in liquid sodium bearing a high concentration in 

oxygen were then undertaken at 500°C for several hours. The impact of these tests on the 

microstructure of the pellets and their electrical properties was further investigated by the 

means of SEM observations and impedance spectroscopy measurements. Finally, samples 

voluntarily incorporating low amounts of silicon were also studied to estimate the influence of 

impurities. Based on these results, the effect of the synthesis method initially employed for 

the preparation of the Th1-xYxO2-x/2 ceramics as well as that of the yttrium incorporation, on 

their electrical properties will be discussed. Advanced insights on the Na-corrosion 

mechanisms of the samples, including the potential formation of secondary phases, will also 

be deduced from impedance spectroscopy measurements and thermodynamic calculations.    
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2. Experimental 

2.1 PREPARATION AND CHARACTERIZATION OF (TH1-XYX)O2-X/2 OXIDE SAMPLES 

All the chemicals used during the preparation of the samples, including thorium nitrate 

Th(NO3)4.5H2O, were supplied by Sigma-Aldrich and were analytical grade (purity ≥ 99%). 

As already reported in our previous works [12, 28], thorium-yttrium mixed oxides, Th1-xYxO2-

x/2 (0.01 ≤ x ≤ 0.22), were prepared through the protocol described by Horlait et al. [29] and 

based on the precipitation of oxalate precursors. In this purpose, acidic solutions containing 

Th
4+

 and Y
3+

 cations in nitric media were mixed in the desired ratio with a large excess of 

oxalic acid. In order to study the potential effects of impurities, 0.2 to 1 wt.% of Si was also 

added in some cases. The precipitate rapidly formed was separated by centrifugation at 13000 

rpm, washed several times with water then ethanol, and finally dried overnight in an oven at 

90°C. Thorium-yttrium oxalates were further converted into final oxide powders by heating 

for 4 hours at 600°C under air. Such operating conditions ensured both the complete 

decomposition of the organic moieties (leading to a low amount of residual carbon in the 

samples), as well as the preservation of a high specific surface area [30] aiming to optimize 

the sintering capability of the powders. 

The oxide samples were then shaped by uniaxial pressing at 200 MPa. A typical 

powder mass of about 200 mg was used, and resulted in pellets of 8 mm in diameter and about 

1.3 mm in height (green density ≈ 45%). Following the results reported in [28], the green 

pellets were densified at two different temperatures (1600 and 1700°C) for three heating times 

(2, 4 and 8 hours). In these conditions, dense pellets (approximately 6 mm in diameter and 1.1 

mm in height) were systematically obtained for doping rates in the range 0.08 ≤ x ≤ 0.22 

(typically above 96% of the theoretical density) while lower densities were observed at 

1600°C for x = 0.01 (Table 1). A low doping rate in yttrium was also found to be more 

favorable in terms of grain growth, with average grain sizes 2 to 4 times higher than for the 

other compositions sintered at 1700°C. This set of samples then allows to study in parallel the 

effects linked to the chemical composition and to the microstructure of the electrolyte 

materials regarding liquid sodium corrosion.  

2.2 SODIUM CORROSION TESTS 

Static corrosion tests in liquid sodium were undertaken in dedicated 316L steel 

containers filled with 6-7 g of high purity grade sodium supplied by MSSA (Métaux 

Spéciaux). Prior to experiments, the oxygen concentration, which is a crucial point to consider 
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when assessing corrosion kinetics, was estimated to about 80 ppm by MSSA through sodium 

distillation under vacuum at 300°C and chemical analysis of the Na2O residue. This value, 

which is higher than that usually accepted for continuously purified sodium in reactor 

(typically below 5 ppm) [31], was chosen on purpose to run our tests. It is expected to 

increase significantly the corrosion kinetics and then represents penalizing conditions for the 

performance of the electrolyte ceramic. Indeed, previous studies undertaken at high oxygen 

concentration (typically around 140 ppm) systematically led to the failure of the ceramics and 

concluded to the important effect of oxygen on long-time performance [24, 26]. Nevertheless, 

due to the difficulties linked with controlled sodium purification, corrosion experiments at 

very low oxygen contents were out of the scope of this paper. 

Sintered pellets of Th1-xYxO2-x/2 were then inserted in a homemade sample holder 

aiming at a total immersion of the ceramics in a few grams of liquid sodium. The two parts of 

the steel vessel containing sodium and the samples were further sealed by Cryotherm RV 

connectors, which insured tightness to air up to 600°C. They were finally moved into an oven 

for corrosion tests at 500°C during 100 to 820 hours. 

At the end of the test, the steel container was moved out of the oven, put upside down 

in order to allow the sodium to flow out of the pellets and cooled down at room temperature. 

Residual sodium was kept for further chemical analyses. The sample holder was carefully 

extracted then soaked into ultra-pure ethanol in order to remove residual traces of sodium. 

This process, based on the solubilisation of sodium ethoxide [32], was generally reported to 

be harmless for the materials studied [33]. 

Table 1. Characteristics of Th1-xYxO2-x/2 sintered pellets used in this study [28]. 

x 0.01 0.08 0.15 0.22 

Calculated density (g.cm
-3

) 9.95 9.58 9.24 8.88 

Sintering conditions Average grain size (µm) / density (%TD) 

1600°C - 4h 1.16 / 92 0.41 / 96 0.39 / 98 0.36 / 98 

1600°C - 8h 1.26 / 93 0.45 / 98 0.40 / 99 0.41 / 98 

1700°C - 2h 2.13 / 95 0.60 / 98 0.45 / 99 0.51 / 99 

1700°C - 8h 4.01 / 98 0.87 / 98 0.71 / 99 0.83 / 99 

Uncertainty attached to grain size : ± 10 % 

Uncertainty attached to density values : ± 1 % 
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2.3 CHARACTERIZATION BY SEM AND SI 

 

Scanning Electron Microscopy (SEM). Prior to corrosion tests in liquid sodium, pristine 

Th1-xYxO2-x/2 pellets were observed by the means of 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 2 – 3.1 kV coupled with high vacuum 

conditions was chosen to observe the samples without any additional preparation step such as 

metallization. After the corrosion tests, the post-immersion observation of the pellets was 

conducted with a LaB6 gun EVOHD15MA from Zeiss using a BSED detector. 

Complementary X-EDS analyses were also performed by the means of a SDD Xmax50 from 

Oxford Instruments. It is important to note that the use of different microscopes and detectors 

could generate slight variations in contrast of the micrographs that should not be interpreted 

as microstructural evolutions.  

 

Electrical characterizations. The electrical properties of the samples were investigated 

before and after sodium corrosion tests by means of impedance spectroscopy, using a 

Solartron 1260 impedancemeter between 0.1Hz and 10MHz. As electron hole conduction 

dominates for yttrium-doped thoria at elevated oxygen partial pressures (typically above 10
-6

 

atm.) [7-9, 34], the experiments were undertaken between 350°C and 700°C under Ar/H2 3% 

atmosphere. In such conditions, which correspond to an equivalent pO2 of about 10
-30

 atm. in 

our system, the material is expected to be a pure ionic conductor [8]. 

Prior to analyses, both sides of the pellets were coated with platinum Metalor 6082 paint. 

Three samples were then simultaneously analyzed in order to compare their properties in the 

exact same conditions of temperature and oxygen partial pressure. The oxygen partial 

pressure was monitored thanks to a zirconia oxygen pump-sensor device (GEN'AIR, Setnag) 

while temperature was controlled with a ± 1°C accuracy in the 350-700°C range. The 

impedance diagrams collected (Nyquist representation) were fitted with the ZView software 

(Scribner Associates Incorporated). The numbers in the diagrams indicate the logarithm of the 

measuring frequency. 

It is important to note that for each chemical composition and sintering conditions considered, 

several pellets coming from the same batch of powder were analyzed. Such double or triple 

checking led to estimate the uncertainty attached to the conductivity value to about 20 to 30% 
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for most of the samples studied. This important bias was mainly linked with the difficulties 

encountered during the fitting procedure. 

Finally, activation energy related to the ionic conduction of the samples was determined from 

experiments performed at different temperatures using an Arrhenius law such as [35, 36] : 

       
  
  

 
  (1.) 

  

3. Results 

3.1 ELECTRIC CHARACTERIZATION OF PRISTINE OXIDES SAMPLES 

As a matter of example, the Nyquist diagrams collected for the samples sintered 

during 8 hours at 1600°C are gathered in Figure 1. For the lowest yttrium incorporation rate 

considered (x = 0.01), the first arc located at high frequency corresponds to a capacitance 

ranging from 10
-12

 to 10
-11

 F and was assigned to the bulk contribution. The second one, 

which was found in a medium range of capacitance (i.e. around 10
-9

 F) corresponds to the 

blocking phenomena. In this study, they were mainly assigned to the grain boundaries, as the 

very high density of the samples precludes the presence of numerous pores within the pellets 

[28]. Also, the good separation between the first two arcs argues in favor of a very small pore 

size [37]. Finally, the last semi-circle observed at low frequency (10
-6

 F) represents the 

electrode contribution. It is important to note that for the highest yttrium contents studied (i.e. 

x ≥ 0.08), only two arcs were observed on the Nyquist diagrams, and assigned to the bulk 

(high frequencies range: 10
-12

 - 10
-11

 F) and electrode (low frequencies domain around 10
-6

 F) 

contributions.  
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Figure 1. Nyquist diagrams collected at 500°C on sintered Th1-xYxO2-x/2 samples (T = 

1600°C, t = 8h). Full range of frequencies investigated and focus on the high frequencies 

domain for 0.08 ≤ x ≤ 0.22 : x = 0.01 (); 0.08 (); 0.15 (); 0.22 (). 

 

The bulk conductivity of the samples was then determined through the fitting of the 

Nyquist diagrams (Table 2) and revealed an increase by about one order of magnitude with 

the yttrium content between x = 0.01 et x = 0.08 (e.g. from 2.4×10
-4

 S.m
-1 

to 1.7×10
-3

 S.m
-1

 at 

500°C). This difference directly arises from the formation of oxygen vacancies concomitantly 

to the Y
3+

 incorporation in the fluorite-type structure of ThO2. However, the conductivity did 

not follow a linear variation versus the yttrium substitution rate x, as close values were 

generally obtained in the 0.08 ≤ x ≤ 0.22 range (typically from around 5×10
-3

 S.m
-1 

at 500°C 

to 3×10
-1

 S.m
-1 

at 700°C). Thus, it was impossible to establish a direct connection between the 

conductivity and the yttrium content in the solid (i.e. with the amount of oxygen vacancies). 
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However, this trend remains in excellent agreement with the results reported in the literature, 

which generally state a maximum conductivity between x = 0.08 and x = 0.15 [9, 14], 

although few authors investigated Y
3+

 incorporation rate as high as x = 0.22.  

Table 2. Comparison of the Th1-xYxO2-x/2 electrolyte ceramics bulk conductivities determined 

in this work (expressed in S.m
-1

) with selected values reported in the literature [9, 14, 38]. 

Doping  

rate (x) 

500°C 600°C 700°C 800°C 

This study 
Gabard 

[38]  
This study 

Schouler 

[14] 
This study 

Schouler 

[14]  

Gabard 

[38]  

Lasker 

[9] 

0.01 2.410
-4

 6.010
-4

 2.410
-3

 1.610
-3

 1.010
-2

 1.010
-2

 7.510
-2

 7.110
-2

 

0.08 1.710
-3

 5.310
-3

 1.410
-2

 - 2.010
-1 

- 2.810
-1

 - 

0.15 4.210
-3

 6.510
-3

 2.510
-2

 2.510
-2

 3.010
-1 

2.610
-1 

3.910
-1

 1.610
-1

 

0.22 6.110
-3

 - 1.410
-2

 - - - - - 

 

The variation of the conductivity was then examined as a function of the temperature 

to assess the activation energies (Table 3). Whatever the yttrium incorporation rate, a linear 

trend was observed in the variation of ln (T) versus the reciprocal temperature, meaning that 

no modification occurred in the conduction mechanism in the whole temperature range 

studied (i.e. 350°C-700°C). Owing to the atmosphere used during the measurements (Ar/H2 

3%) and as it was stated before, one can then assume that the conduction is purely ionic in our 

experimental conditions [8]. 

Table 3. Activation energies (expressed in eV) related to the bulk conductivity of 

Th1-xYxO2-x/2 ceramics prepared in various sintering conditions. 

x 

EA (eV) 

1600°C – 8h 1700°C – 2h 1700°C – 8h 

0.01 1.27  1.27  1.30  

0.08 1.14  1.15  1.15  

0.15 1.15  1.21  1.20  

0.22 1.23  1.33  1.28  

Uncertainly attached to EA value : ± 0.1 eV 
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 Finally, as the Th0.99Y0.01O1.995 samples presented an additional ark on the Nyquist 

diagrams, the conductivity assigned to grain boundaries was evaluated for this sample. It was 

found to be about one order of magnitude lower than that obtained for the bulk. However, this 

difference tended to decrease when increasing the temperature of the measurement (typically 

from 1.0210-4 S.m
-1

 and 1.3010
-5

 S.m
-1

 at 450°C for bulk and grain boundaries 

conductivities, respectively, to 7.2010
-3

 S.m
-1

 and 3.2710
-3

 S.m
-1

 at 650°C for samples 

obtained after sintering at 1600°C for 8 hours). Moreover, the conductivity values remained 

mostly unchanged for the four sintering conditions investigated. Also, as for the bulk 

conductivity, the variation of ln (T) was found to be linear versus the reciprocal temperature, 

which led to the determination of activation energies (Table 4). This latter were found to be 

0.3 to 0.4 eV higher than those determined for the bulk, which appears in good agreement 

with the literature. Indeed, Guo et al. also depicted variations of the activation energy when 

going from grain to grain boundaries conductivity of Y-doped fluorite-type oxides. This 

increase was found to vary from 0.2 eV for yttrium doped zirconia to 0.6 eV for yttrium 

doped ceria. It was interpreted in the frame of the space charge model [39]. 

  

Table 4. Activation energies associated to grain boundaries conductivity in Th0.99Y0.01O1.995 

samples sintered for various conditions. 

Sintering 

conditions 
1600°C – 4h 1600°C – 8h 1700°C – 2h 1700°C – 8h 

EA (eV) 1.63 ± 0.10 1.64 ± 0.10 1.68 ± 0.10 1.70 ± 0.10 

 

3.2 BEHAVIOR IN LIQUID SODIUM 

The Th1-xYxO2-x/2 electrolyte ceramics were further tested in liquid sodium for several 

hundredths of hours at 500°C (Table 5). Beyond exploring various yttrium incorporation 

rates, different sintering conditions were also considered. Particularly, increasing the sintering 

temperature from 1600 to 1700°C led to the variation of the average grain size by a factor of 2 

to 3 [28], which allowed us to assess the effect of the microstructure on the resistance of the 

ceramics to liquid sodium corrosion. For all the samples, the mass loss was estimated while 

surface and fractographic SEM observations were conducted on the pellets. 
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Table 5. Summary of the corrosion tests performed in liquid sodium at T = 500°C on the 

Th1-xYxO2-x/2 ceramics. 

x Sintering conditions Test duration (h) Analyzed zones 

0.01 

1600°C – 8h 
100 Surface + Bulk 

820 Surface 

1700°C – 8h 

100 Surface 

200 Surface + Bulk 

500 Bulk 

1700°C – 2h 
100 Surface 

500 Surface 

0.08 

1600°C – 8h 
100 Surface + Bulk 

820 Surface 

1700°C – 8h 
100 Surface + Bulk 

200 Bulk 

1700°C – 2h 500 Surface + Bulk 

0.15 

1600°C – 8h 

100 Surface + Bulk 

820 Surface 

200 Bulk 

300 Bulk 

1700°C – 8h 

100 Bulk 

200 Bulk 

300 Bulk 

500 Bulk 

1700°C – 2h 500 Surface + Bulk 

0.22 

1600°C – 8h 
100 Surface 

820 Surface 

1700°C – 8h 
100 Surface 

200 Bulk 

1700°C – 2h 500 Surface + Bulk 

 

Whatever the duration of the corrosion test, the chemical composition of the sample 

and the sintering conditions, the visual aspect of the pellets did not appear to be significantly 

modified, as no embrittlement or cracks formation was observed. Moreover, the mass 

variation of the pellets was systematically found to be negligible. The very high chemical 

durability of the samples at the macroscopic scale was also enlightened through ICP-AES 

measurements conducted on soda coming from the hydrolysis of sodium contacted with 

Th0.85Y0.15O1.925 for 500 hours. In this case, the analyses always remained under the detection 

limit (i.e. 0.1 ppm) and did not evidence any thorium nor yttrium in the leachate. 

In order to evidence the impact of the yttrium content on the chemical durability at the 

microscopic scale, 820 hours long sodium corrosion tests were further undertaken on samples 

sintered at 1600°C for 8 hours. The samples were first marked using a diamond indentor to 

monitor the same location of the samples through SEM. Different zones were then selected 
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and observed before and after the corrosion tests (Figure 2). For all the locations investigated, 

no significant evolution of the surface topology was noted (the difference of contrast observed 

between the two SEM micrographs was due to the use of different detectors). Indeed, no 

additional micro-cracks nor pores were detected after the corrosion tests. Furthermore, it is 

important to note that no significant digging or grooving of grain boundaries was observed 

while it is commonly described during hydrometallurgical reprocessing of ceramics (i.e. 

aqueous dissolution) [40] and was already reported for corrosion processes in liquid metal 

media [41]. Based on these observations, and even if EDS experiments were not performed at 

the surface of corroded samples, it could be assumed that the chemical composition of the 

samples remained unchanged all during the corrosion tests.  

Similarly to the surface, several fracture observations were undertaken before and after 

the sodium corrosion (t = 100-820 hours) for samples sintered during 8 hours at 1600°C and 

1700°C (Table 5). From a general point of view, micrographs of pristine sintered samples 

mostly exhibited transgranular fractures. SEM observations (see figure S2 supplied as 

supplementary data) revealed the presence of numerous cleavage planes, which attested from 

the very high cohesion between the grains constituting the ceramic material. Also, one can 

note that the samples prepared with x = 0.01 presented significant amounts of both intra and 

inter-granular porosity, in good agreement with the results of our previous works dedicated to 

Th1-xYxO2-x/2 sintering [28]. 
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 x Pristine pellet After Na corrosion 

 0.01 

  

 0.15 

  

Figure 2. SEM micrographs of Th1-xYxO2-x/2 samples before and after Na corrosion test 

(T = 500°C, t = 820 h). 

 

After sodium corrosion, the samples with x = 0.01 clearly exhibit intergranular 

fractures on the outer layer of the pellet. Simultaneously, both intergranular and intragranular 

fractures were detected in the bulk (Figure 3), while complementary SEM-EDS analyses 

revealed the presence of sodium in the region close to the surface (exhibiting intergranular 

fracture) and none in the bulk. Nevertheless, no clear demarcation was observed, which 

hampered the possibility to accurately correlate the duration of the sodium corrosion tests 

with the progression of a roll-front. Also, as the results obtained were similar for the two 

sintering conditions examined, neither the porosity nor the grain size variation (from 1 to 4 

µm) seemed to play a significant role on the Na penetration in the prepared Th1-xYxO2-x/2 

ceramics. 
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Time 

(h) 
x = 0.01 x = 0.15 

100 

 
  

200 

 

 

 

≥ 300 

 

  

Figure 3. SEM observations of Th0.99Y0.01O1.995 (1700°C - 8h) and Th0.85Y0.15O1.925 (1600°C - 

8 h) pellets obtained after corrosion in liquid sodium at 500°C for various durations.  

 

In contrast to what was observed for the samples presenting the lowest yttrium rate, 

two distinct zones were clearly evidenced after the Na-corrosion of Th0.85Y0.15O1.925 ceramics. 

Indeed, after 100 hours of immersion in liquid sodium, the inner microstructure presented two 
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types of cleavage surfaces. From the surface to 50 µm below, the fractures appeared to be 

mainly intergranular. This observation, which was made on both sides of the pellet, appeared 

to be characteristic of the sodium corrosion of oxides [42, 43]. Nevertheless, the authors 

systematically assigned such an effect to the presence of SiO2 as an impurity in the grain 

boundaries, which is not the case in this study. Beyond this depth, the bulk material was 

characterized by the transgranular fractures already evidenced in the pristine samples. The 

corroded depth was also found to increase with the immersion time, and reached about 110 

µm for a 200 hours corrosion test. In this case, a complementary EDS scanning allowed us to 

confirm the presence of sodium overall the intergranular fracture region while it remained 

under the limit of detection in the transgranular one (Figure 4). Such sodium penetration in 

the material could be explained by the existence of cracks preexisting in the material that 

further opened during the corrosion process. However, it would account for the existence of 

two distinct habit planes in the fractured samples. It is then more likely that liquid sodium 

penetrated the samples through the grain boundaries and/or triple junctions, even if no digging 

or grooving was observed in the surface micrographs. 

 

 

Figure 4. Quantitative variation of the Na concentration on a 165 µm line crossing the 

boundary between different cleavage surfaces observed for Th0.85Y0.15O1.925 pellet submitted 

to corrosion test in liquid sodium (T = 500°C, t = 200 h). 
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Based on the observations made on Th0.85Y0.15O1.925, the sodium penetration rate in the 

solid then averaged around 0.5 µm.hour
-1

 during the first 200 hours of the corrosion test. 

Nevertheless, for longer corrosion tests in liquid sodium, the determination of the penetration 

rate became difficult as the limit between inter- and intragranular fractures zones was found to 

blur. Experiments were also undertaken for samples with x = 0.08 and x = 0.22, although it 

was not possible to investigate numerous reaction times. Nevertheless, the general trend 

appeared to be similar to that observed for x = 0.15. As a matter of example, the sodium 

penetration rate was estimated to 0.45 µm.hour
-1

 for x = 0.22, which acts in favor to a low 

impact of the yttrium incorporation on the corrosion rate. The peculiar phenomena observed 

for x = 0.01 could then be linked to the microstructure of the ceramics, which presented a 

more important porosity associated to a larger average grain size. 

3.3 ELECTRIC CHARACTERIZATION AFTER CORROSION TESTS BY LIQUID SODIUM 

Even if the failure of oxygen electrochemical probes operating in liquid sodium was 

generally correlated to the corrosion of the electrolyte ceramics [16], only few studies were 

dedicated to the evolution of the electrical properties for yttrium-doped thoria consequently to 

the immersion of the materials in liquid sodium. Impedance spectroscopy measurements were 

then conducted on corroded samples in order to point out if the blocking contributions, 

usually assigned to the presence of grain boundaries in the ceramics, could be affected by the 

intergranular attack of the pellets. With this aim, Th1-xYxO2-x/2 samples (0.01 ≤ x ≤ 0.22) were 

immersed in liquid sodium at 500 °C for 100 to 200 hours. The SI measurements were 

undertaken following the methodology already described. Nevertheless, as the pellets were 

difficult to handle and to prepare after the corrosion tests, the electrical characterizations were 

limited to a few samples only. 

As a matter of example, the Nyquist diagrams recorded for samples with x = 0.01 and 

x = 0.22, both before and after the immersion in liquid sodium, are presented in Figure 5. 

Similarly to the data treatment detailed in the first section of the paper, the Nyquist diagrams 

were deconvoluted in two or three contributions. For all the yttrium incorporation rates, the 

bulk conductivities (Table 6) did not vary from original values throughout the corrosion test, 

and whatever its duration. Owing to the uncertainties attached to the measurement (up to ± 

20%), the bulk conductivity could be considered as dimly affected by the sodium corrosion.  
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Figure 5. Nyquist diagrams collected from pristine (blue) and Na-corroded pellets (t = 100 

hours, red) for Th0.99Y0.01O1.995 and T = 550°C (a) and for Th0.78Y0.22O1.89 and T = 500°C (b). 

 

Also, when addressing the samples containing the higher amounts of yttrium (i.e. x > 

0.01), the corrosion test did not modify the general aspect of the Nyquist diagram. As a result, 

no contribution assigned to blocking phenomena was observed, as it was the case for the 

pristine pellets. On the contrary, the immersion of Th0.99Y0.01O1.995 samples in liquid sodium 

led to a strong modification of their electrical properties. Indeed, the amplitude of the 

contribution assigned to the blocking processes was found to be significantly decreased, 

which resulted in the increase of the total conductivity by a factor of 4 (Table 6), then slightly 

approaching the bulk conductivity. As the blocking phenomena were mainly assigned to grain 

boundaries in the pristine samples, this result then confirmed that the interaction with sodium 

mainly occurred at the grain boundaries level during the corrosion process. Moreover, the 

activation energy attached to the blocking contribution was lowered by about 0.2 eV after 

immersion in liquid sodium. Nevertheless, the values determined from samples recovered 

after 100 and 200 h corrosion tests remained very close, which precludes any conclusion on 

the impact of corrosion time.  
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Table 6. Conductivity values (expressed in S.m
-1

) attached to bulk and blocking contributions 

of pristine and Na-corroded samples, measured at 500°C under Ar/4%H2 atmosphere. 

 Bulk (S.m
-1

) Block (S.m
-1

) 

 Pristine Na-corroded Pristine Na-corroded 

x = 0.01 

(100h Na) 
3.110

-4
 3.710

-4
 4.610

-5
 1.810

-4
 

x = 0.01 

(200h Na) 
3.210

-4
 2.910

-4
 5.310

-5
 2.310

-4
 

x = 0.08 1.410
-3

 9.910
-4

 

 x = 0.15 3.710
-3

 3.810
-3

 

x = 0.22 2.310
-3

 1.510
-3

 

3.4 EFFECT OF IMPURITIES 

 

Finally, and even if the different characterizations of the material all concluded to the 

preparation of highly pure ceramics, the presence of extremely small amounts of impurities 

within the grain boundaries can not be fully excluded. In parallel, several authors already 

evidenced a drastic decrease of the chemical durability of Th1-xYxO2-x/2 ceramics when 

impurities were detected, especially in the case of silicon [23-25, 27]. Na-corrosion tests were 

then performed on Th0.85Y0.15O1.925 samples incorporating 0.2 to 1 wt.% in silicon (i.e. 1.5 and 

7.3 % in mole of cations, respectively) to evaluate the impact of the Si-incorporation on the 

ceramics behavior.  

The deleterious character of silicon was first evidenced during the fabrication of the 

samples. Indeed, for the highest amount tested (i.e. 1 wt.%), the pellets obtained after 

sintering at 1700°C for 8 hours, were not found to be mechanically resistant. In these 

conditions, only fragments were contacted with liquid sodium. After 500 hours of corrosion 

test at 500°C, only the sample incorporating 0.2 wt.% of silicium was found to keep its 

mechanical integrity. Indeed, and even if residual sodium was detected at the surface of the 

pellet, only some microcracks were observed. Conversely, increasing the amount of silicon in 

the pellet led to an important embrittlement of the samples through the formation of an 

important number of cracks (Figure 6). Moreover, all the micrographs recorded after 

fracturing of the corroded samples revealed a sodium penetration in the whole pellets 

thickness whatever the silicon amount considered. In parallel, the fracture appeared to be 
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mainly intergranular, which evidenced once again the penetration of sodium through the grain 

boundaries. For the highest Si-doping studied, the bulk of the pellet appeared to be completely 

covered by sodium. In these conditions, the dark spots observed were associated to the 

presence of residual metallic sodium which further reacted with air to yield sodium carbonates 

and soda. Nevertheless, although these results clearly back up the harmful character of silicon 

pollution on the chemical durability of Th1-xYxO2-x/2 ceramics in liquid sodium, no sign of 

secondary phase, such as Na2ThO3 or Na2SiO3 was evidenced.  

 

Si wt.% Global view Bulk Outer layer 

0.4 

   

1 

   

Figure 6. SEM micrographs of Th0.85Y0.15O1.925 pellets fractured after corrosion tests in liquid 

sodium at 500°C for 500 hours.  
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4. Discussion 

4.1 IMPACT OF PREPARATION METHOD AND CERAMICS MICROSTRUCTURE ON BLOCKING 

PHENOMENA 

 

 During the study of yttrium-doped ceria and zirconia, which can be seen as fluorite-type 

analogues to Th1-xYxO2-x/2 solid solutions [39, 44-47], different hypothesis were formulated to 

explain the contribution of grain boundaries to the resistivity of the samples. Particularly, the 

observation of high blocking contributions for the lowest yttrium contents [14, 38, 39] 

questioned the links existing between the yttrium concentration, grain size and presence of 

impurities, on the one hand, and grain boundaries resistivity and bulk conductivity, on the 

other hand. Several authors working on the yttria-zirconia system pointed out the crucial role 

played by the impurities. Particularly, they underlined that their concentration was usually 

higher within the grain boundaries than in the bulk, and could enhance significantly the 

resistivity [45, 48, 49]. In contrast, Guo et al. assigned such an increase in the resistivity to the 

formation of a space-charge layer induced by yttrium-enrichment at the grain boundaries [44].  

 In this sense, our observations evidencing the absence of blocking phenomena for x  

0.08 contrasts with previous results reporting grain boundaries contribution for such samples 

[38, 48, 50]. This difference probably illustrates the very high homogeneity of the cationic 

distribution within our samples prepared by wet chemistry methods (herein oxalic co-

precipitation). Also, in this study, a prevailing role of impurities or dopant segregation 

appears to be very improbable. Indeed, TEM-EDS analyses undertaken on Th0.99Y0.01O1.995 

samples sintered at 1600°C or 1700°C during 8 hours did not reveal any significant 

segregation of Y
3+

 towards grain boundaries or triple junctions and did not evidence the 

presence of unforeseen impurities (see Figure S1 supplied as supplementary material). 

The model developed by Kleitz et al. [46] and further used by Gabard was then 

retained to explain the highest blocking contribution observed for x = 0.01 [38]. These authors 

assumed that the current lines going through the grain boundaries were deviated by 

"blockers", thereby creating a zone electrically isolated on either side of such entities, which 

generated a strong decrease of the ionic mobility in these regions. The increase of field lines 

with the conductivity then lead the blockers to be short-circuited, which can explain the 

absence of the grain boundaries contribution for high yttrium doping rates. As Gabard et al. 

also clearly observed a blocking contribution assigned to grain boundaries when working with 

x = 0.005 [12], one can suggest that a minimal doping rate exists, beyond which the number 

of charge carriers minimize the role of blockers. Based on our results, this threshold value 
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should be typically in the 0.01 ≤ x ≤ 0.08 range. It is still important to note that this 

phenomenon was observed in a medium range of capacitance (i.e. around 10
-9

 F), for which 

charges went through important distances, i.e. larger than the grain size and then sufficient for 

them to be disturbed by the blockers. Such process then cannot occur in the high frequency 

range. 

4.2 IMPACT OF YTTRIUM CONTENT AND MICROSTRUCTURE ON CONDUCTIVITY 

 

For the lowest yttrium incorporation rate considered in our study (x = 0.01), the 

activation energies related to the bulk conductivity (Table 3) were generally found to be close 

to 1.30 eV. They decreased when increasing yttrium content up to x = 0.08 then increased 

again up to x = 0.22, typically around 1.28 eV (Figure 7). These values were close to that 

already reported in the literature for similar materials (although prepared in different 

conditions) [8, 12, 14, 51, 52]. Indeed, Schouler et al. reported EA values around 1.25 eV for 

yttrium doping in the 0.1-1 mol.% range which further reached 1.15 eV for higher yttrium 

contents up to 15%. A similar trend was also observed by Hammou when working in a higher 

temperature range (1000-1400°C) [13]. Additionally, he also showed an increase of the 

activation energy beyond x = 0.15 which was further confirmed by Hartmanova (EA = 1.32 eV 

for x = 0.20) [8, 52]. The activation energy then clearly reached a minimum value between 8 

and 15 mol.% in yttrium, which was correlated to the conductivity maximum. Although this 

behavior was already reported for numerous fluorite-type materials such as REE- or Ca-doped 

ceria [8, 36, 53], its origin still remained unclear. Nevertheless, it is likely to arise from the 

formation of YM-VÖ pairs with yttrium incorporation. Such defects tended to decrease the 

energy associated to the anionic site and to lower the barrier to oxygen migration as the sites 

get connected with increasing yttrium content. However, complex effects can appear for high 

doping rates (e.g. defects clusters), leading the activation energy to rise and to a partial 

blocking of the conductivity [36].  
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Figure 7. Variation of the activation energy related to bulk conductivity versus the Y 

incorporation rate (x) in Th1-xYxO2-x/2 solid solutions prepared in various sintering conditions : 

1600°C - 8h () ; 1700°C – 2h () ; 1700°C – 8h (●). 

 

Additionally, it is important to note that the activation energy values remained mostly 

identical when varying the sintering conditions. For instance, Figure 8 gathers all the bulk 

conductivity data collected for x = 0.15, which present limited variations, typically in the 

1.15-1.20 eV range. The microstructure of the electrolyte ceramic can be considered as a 

second order parameter as it did not affect significantly the electrical properties. This 

conclusion could appear in contradiction with the results reported by Schouler and Muccillo, 

who observed higher blocking contributions for large-grain microstructures [48, 54]. 

Nevertheless, such an effect was mostly indirect as it resulted from the increase of impurities 

concentration (including silicon) at the grain boundaries when increasing the grain size. Aoki 

et al. also stated that the grain growth generated an important segregation of impurities 

towards the grain boundaries then increased blocking phenomena [45]. For high sintering 

temperatures, Badwall et al. also reported similar observation in the triple junctions [55].  
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Figure 8. Variation of ln(T) versus the reciprocal temperature for Th0.85Y0.15O1.925 

ceramics sintered in various conditions : 1600°C - 4h (♦), 1600°C - 8h (■), 1700°C - 2h (▲) 

and 1700°C - 8h (●). 

  

 As it was stated previously, the purity of the samples prepared in this study probably 

precludes any prevailing role of the microstructure over electrical properties. Indeed, the 

contribution of the grain boundaries was observed for each sample prepared with x = 0.01 and 

never for the other compositions. The grain size for the samples with x = 0.01 and sintered at 

1600°C for 4 hours was only 50% larger than for that prepared at 1700°C for 8 hours with the 

higher doping rates. As the impurity concentration in the grain boundary should vary linearly 

with the grain size, the difference in the grain size can not account for the observation of a 

blocking contribution due to the highest concentration of segregated impurities. Also, if a 

significant amount of impurities was present in our samples, one should have expected the 

compound sintered during 8 hours at 1700°C for x = 0.01 to present the highest blocking 

contribution, which is not the case here. 

4.3 STUDY OF CORROSION MECHANISMS BY IMPEDANCE SPECTROSCOPY 

Following the model developed by Kleitz et al. [46], already used to discuss the results 

obtained on pristine samples, a blocking coefficient noted R was calculated from the 

impedance spectroscopy data collected from corroded samples. It corresponds to the ratio of 
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the resistivity assigned to blockers (Rblock, mostly due to the contribution of grain boundaries 

in this work) with the global resistivity as follows [37, 56]: 

   = 
      

             
 (2.) 

 

In this model, the blocking area (i.e. the grain boundary) is modeled by a capacity put 

in parallel with a resistance, representing the blocked ions and their difficulty to diffuse across 

the grain boundary, respectively.  

After the Na-corrosion tests performed on Th0.99Y0.01O1.995 ceramic, the blocking 

factor was found to decrease by 15 to 40% between 400 and 650°C (Figure 9). This reduction 

was even more pronounced for the sample contacted with liquid sodium during 200 hours. 

Based on the SEM observations performed post-immersion, the variation of the blocking 

factor can not be correlated to macroscopic defects, such as the formation of cracks within the 

pellets. Moreover, such a phenomenon would have led R to increase. The variations stated 

are then likely due to physico-chemical processes operating at the grain boundary. Several 

hypotheses can be formulated: 

i) the first could be linked to the penetration of sodium within the grain boundaries 

themselves. As sodium is strongly conducting, it could locally enhance the electronic 

conduction, thereby decreasing the blocking contribution. Nevertheless, if SEM-EDS analyses 

pointed out the presence of sodium in the first tenths of microns of corroded Th0.99Y0.01O1.995 

ceramic, they did not account for Na penetration on the whole thickness of the pellet.  

ii) the second could be based on the formation of electronic defects in the material, which 

would decrease the blocking contribution. Indeed, Gabard already showed that when yttrium-

doped ceria or yttrium-doped thoria became electronic conductors (through electron formation 

at low pO2, or hole formation at high pO2, respectively), the blocking contribution could be 

strongly decreased [38]. Guo et al. [39] also observed that the grain boundary arc disappeared 

after a reductive annealing under Ar/H2. Here, the electronic conductivity could be induced by 

the reaction of the oxide with Na as following : 

2x Na + ThO2   →   x Na2ThO3 + (1-x) ThO2 + x VO
..
 + 2x e

- 
(3.) 

A similar reaction was observed when thoria was in contact with Zr [57] :  

y Zr + ThO2   →   y ZrO2 + ThO2-2y + 2y VO
..
 + 4y e

-
 (4.) 
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In this case, thoria was found to turn black on a large distance, which is an evidence of 

the formation of F-centers. Such a color modification was also noticed for alumina in contact 

with sodium at high temperatures (500°C) [42, 43]. In our conditions, the reaction is 

obviously kinetically limited and restrained to the grain boundaries. However, the global 

increase of the conductivity would lead to the decrease of the blocking contributions. 

 

 

Figure 9. Blocking factors R calculated from the impedance spectroscopy data collected 

between 400 and 700°C for x = 0.01. Pristine samples are indicated by squares while leached 

pellets are marked by triangles. Na-corrosion tests were performed during 100h (red) and 

200h (blue). 

 

4.4 FORMATION OF SECONDARY PHASES 

 

To complement the corrosion tests performed on both pure and Si-doped samples and 

the subsequent SEM observations, theoretical calculations were made to study the potential 

formation of ternary oxides as secondary phases in the back-end of the corrosion reaction as 

follows : 
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                            (M = Th, Si) (5.) 

For the two oxides considered, the    
 
 
 values (expressed in J.mol

-1
) were calculated 

at 500°C using the HSC Chemistry 5.1 software. These conditions then correspond to the 

temperature used during the corrosion tests (Table 7). Although Na2ThO3 data were missing 

from the database, they were estimated from the Gibbs free energy of formation reported by 

Dash et al. [58]. In both cases, the    
 
 
value appeared to be negative, meaning that the 

formation of the ternary oxide is thermodynamically favored. Also, in case of Si 

contamination in the samples, Na2SiO3 was expected to form preferentially.  

 

Table 7. Calculated Gibbs free energies assigned to the formation of Na2SiO3 and Na2ThO3 at 

500°C and associated dissolved oxygen contents required for the formation of the ternary 

oxides.  

Equation    
 
 
 (kJ.mol

-1
)   

      
 (µg.g

-1
) 

SiO2 + Na2O    →   Na2SiO3 - 230 3.6  10
-13 

ThO2 + Na2O   →   Na2ThO3 - 79 6.1  10
-3

 

 

 

The oxygen content dissolved in the liquid sodium that is required for the formation of 

the ternary oxides was also determined. With this aim, the oxygen activity present when the 

formation equilibrium of Na2MO3 was reached (see equation 5.) was calculated based on the 

expression of Gibbs free energy. As MO2 and Na2MO3 are solid phases, only the activity of 

dissolved Na2O differed from 1, leading to :  

 

   
 
 
            = 0 (6.) 

Using the Henry’s law, and assuming that the activity of Na2O in liquid sodium remains 

constant, one can then write :  

       
  

  

  
       (7.) 

where   
   is the oxygen content in liquid sodium (expressed in µg per g of sodium) and 

  
       is the solubility of oxygen in the liquid sodium (µg.g

-1
). Although several empiric 

relations were reported in the literature to describe the variation of the oxygen solubility in 
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liquid sodium, that established by Noden between 130 to 550°C appeared to be the most 

commonly used and was therefore applied in this work [59] : 

     
                 

      

 
 (8.) 

Considering equations (6.), (7.) and (8.), it was then possible to determine the threshold value 

beyond which Na2MO3 oxides are expected to form :  

      
    

   
 
 

  
      

       (9.) 

Based on the results reported in Table 7, the formation of both Na2SiO3 and Na2ThO3 should 

be observed even for very low amounts of dissolved oxygen (i.e. typically below 1 ppm), 

which corresponds to highly-purified and nuclear-grade sodium. This result then differed 

significantly from the value reported by Jayaraman, who argued for a threshold concentration 

of 1250 ppm at 500°C [16]. Nevertheless, this value corresponded to the oxygen saturation at 

500°C and was thus highly doubtful. As the oxygen content is our experiments is close to 80 

ppm, the formation of ternary oxides of sodium with Th or Si is then thermodynamically 

expected. 

 Also, it is important to note that neither Na2ThO3 nor Na2SiO3 were evidenced from the 

SEM observations of our corroded samples. There was then probably a kinetic limitation to 

their formation, especially in the case of Na2SiO3 which is the most stable in our operating 

conditions. Another possibility is that this phase was formed in very limited amounts and only 

at preferential locations such as grain boundaries and triple junctions. Indeed, these latter are 

generally considered to enhance nucleation kinetics of secondary phases and are also expected 

to contain more silicon.  

 Nevertheless, the amount of ternary oxide must be large enough to lead to a sufficient 

increase of the conductivity, according to equation (3). The formation of this ternary oxide 

must generate a kind of porosity at the grain boundary after its dissolution in the sodium, 

which allows the sodium to penetrate more deeply. The quantity of sodium at the grain 

boundary must be large, as it is easily detected (but not accurately located) by EDS in SEM 

observations. This mechanism of formation and dissolution of this ternary phase on 

preferential sites would explain that no grooving of the grain boundaries is observed at the 

surface. This mechanism would explain why large amount of Si in the ceramic or oxygen in 

the sodium would accelerate the grain boundary corrosion, by favoring the ternary phase 

formation. 
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5. Conclusion  

The evolution of the microstructure and of electrical properties of Th1-xYxO2-x/2 

electrolyte ceramics prepared through wet chemistry method was assessed throughout 

corrosion tests in liquid sodium. The characterization of pristine samples by the means of 

impedance spectroscopy first showed a maximum of conductivity between x = 0.08 and x = 

0.15, in very good agreement with the data reported in the literature. If these results appeared 

to be independent on the sintering conditions chosen, thus on the microstructure of the 

ceramics, the synthesis method chosen still appeared to impact the samples resistivity. Indeed, 

only samples with low yttrium contents (i.e. x = 0.01 herein) exhibited blocking phenomena, 

which were interpreted thanks to the blocking model rather than through impurities within the 

grain boundaries or the space charge model. This observation then backed up the use of wet 

chemistry methods, including oxalate precipitation, for the elaboration of highly pure Th1-

xYxO2-x/2 electrolyte ceramics. 

The chemical durability of the ceramics was then studied in static liquid sodium at 

500°C for several hundreds of hours, with an oxygen content of about 70-80 ppm. Such 

operating conditions are far more severe than that expected in SFR-type reactors, but were 

chosen on purpose to exacerbate the corrosion phenomena and make them compatible with 

the laboratory time-scale. In spite of these penalizing conditions, all the results showed that 

the pellets kept their mechanical integrity, while the penetration of sodium was evidenced in 

the bulk through the observation of inter-granular cleavage surfaces. This feature suggested 

direct interaction of grain boundaries with sodium, even if the mechanism involved remained 

difficult to describe accurately. The preferential corrosion of grain boundaries was also 

evidenced through impedance spectroscopy measurements performed post-immersion, which 

systematically revealed a drastic decrease of the blocking phenomena contribution. The 

preferred mechanism would rely on the formation and the dissolution of a ternary oxide phase 

at the grain boundaries, allowing the penetration of sodium and the increase of the overall 

conductivity of the sample. Moreover, this process would be fastened in presence of 

impurities, such as silicon, which favor the formation of ternary oxides. This underlines the 

need for ultra-pure material, which are more likely obtained through wet-chemistry methods 

rather than powder metallurgy, were the existence of grinding steps could generate the 

incorporation of impurities.  

Taking advantage of the method developed in this work, complementary tests have to 

be conducted. Particularly, the influence of the oxygen content has to be investigated to 

conclude on the kinetics of penetration of sodium through grain boundaries. A better 
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understanding of the corrosion mechanisms could help in finding countermeasures to limit the 

penetration depth. Finally, advanced tests in dynamic systems (loop or oxygen control device) 

will allow to evaluate the long-term behavior of such ceramics in the presence of liquid 

sodium. 
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