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ABSTRACT 

Crucibles fabricated out of thorium oxide were used for holding molten U based alloys in our 

laboratory. In order to obtain high dense crucibles, thoria powder was synthesized by using the oxalate 

precipitation cum deagglomeration and by combustion synthesis. The precursors thus obtained were 

calcined in air to get thoria. The powder properties such as bulk density, specific surface area, residual 

carbon content, size distribution of particles, crystallite size were studied. The sinterabilities of these 

powders were compacted by sintering the compacts at 1323 – 1873 K. The process conditions for 

preparing high density thoria ceramic were identified.  
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1. INTRODUCTION 

Thorium oxide finds extensive application in the nuclear industry that includes its use in 

pressurized heavy water reactors (PHWRs) for flux flattening and in the blankets of fast breeder reactors 

(FBRs) [1] as well as its use as an inert matrix fuels for partitioning and transmutation of Pu and minor 

actinides [2,3]. Due to its chemical inertness, it is used in many applications. For instance crucibles 

fabricated out of thoria were used for holding molten alloys [4]. However fabrication of high density 

thoria is an energy and cost intensive process. Low temperature synthesis viz., gel combustion and oxalate 

deagglomeration are attractive alternatives for preparing sinteractive thoria. In view of the above, studies 

were carried out to optimize the conditions for fabricating high density pellets and crucibles out of thoria 

in our laboratory. Towards this, thoria was synthesized by i) oxalate precipitation and deagglomeration, 

ii) doping the oxalate with Mg
+2

 and Ca
+2

 ions and deagglomeration, and iii) citrate combustion synthesis 

with group V-B ions (V
+5,

 Nb
+5

, Ta
+5

) . The precursors were calcined in air at appropriate temperatures to 

get pure thoria or thoria doped with cations (0.5 mol%) [5–8]. Compacts of all these calcined powders 

were sintered at 1323 – 1873 K in air. This article compares the sinterabilities of the thoria pellets 

reported in the earlier work carried out in our laboratory [5–8]  for arriving at a suitable route for 

preparing high density thoria crucibles. 

 

2. EXPERIMENTAL 

The details of the synthesis of sinteractive thoria powders or doped thoria powders and their 

characterization were described elsewhere [5–8]. In addition to these, pure thoria powders were prepared 

by citrate combustion synthesis by using hot plate and microwave as the heat source. Thorium nitrate of 

nuclear grade obtained from M/s. Indian Rare Earths Ltd., Mumbai and citric acid (AR grade) obtained 

from M/s. Merck, India were used for the citrate combustion syntheses. In a typical experiment, 

stoichiometric amounts of thorium nitrate and citric acid were dissolved in about 100 mL of distilled 

water separately. These solutions were mixed together and heated on a hot plate until the mixture ignited. 

The resultant ash was calcined in air at 1073 K and its powder properties such as specific surface area, 

bulk density, residual carbon, X-ray diffraction, size distribution of particles were measured. A similar 

procedure was followed to prepare pure thoria powders with the source of heating as microwave instead 

of hot plate. Compacts were prepared by pelletising in a double action hydraulic press at a pressure of 120 

MPa and sintered at 1473 – 1873 K in air. The sinterabilities of these compacts were compared by 

measuring their sinterabilities by liquid immersion technique. 
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3. Comparison of powder property and sinterability 

All the powders synthesized by the above routes [5–8] were found to be nanocrystalline and their 

crystallite size ranged from 5-30 nm. Oxalate deagglomerated thoria powders [5] prepared by aqueous 

route had a higher crystallite size and lower specific surface area relative to that obtained through the non 

aqueous route. High resolution transmission electron microscopy (HRTEM) image of the oxalate 

precursors obtained by ultrasonication in propan-2-one is shown in Fig. 1. The morphology of this 

precursor was distinctly different. Belle et al. [9] suggested that the non-aqueous precipitation route 

would yield a precipitate with lower crystallite size than that of the aqueous route. However the results 

reported in ref [5] revealed that discernible correlation between the polarity of the dispersion medium and 

that of the crystallite size is not evident. The crystallite size, specific surface area of the powder and the 

sintered densities of the compacts are shown in Table 1 [5–8]. The sintered densities of thoria obtained by 

aqueous route were in the range of 95-97% theoretical density (%T.D.) while that by the non aqueous 

route were 93-97 %T.D. These values are higher than those reported by Balakrishna et al. [10] and Pope 

et al. [11]. 

Thorium oxalate powders doped with MgO and CaO [6] were reported to be free flowing and less 

agglomerated when oxalic acid was added to thorium nitrate solution. Ananthasivan et al. [6] found that 

when the mode of addition of reagents was reversed, these precursors were sticky and less free flowing. 

The crystallite size and the specific surface area of thoria powders were not influenced by the 

concentration of dopants. The crystallite size of these powders was found to be10-11 nm while their 

specific surface area was 12-20 m
2
 g

-1
. The sintered densities of the compacts, the specific surface area 

and the crystallite size of thoria powders doped with MgO and CaO are shown in Table 2. All the 

powders sinter to a density better than 95 % T.D. and thoria doped with MgO sinters better. Doping with 

MgO / CaO (0.5 mol% maximum) appeared to have increased the sinterability marginally than that of 

pure thoria. 

Thoria powders doped with group V-B cations prepared by the citrate combustion synthesis [7] 

were shown to possess a crystallite size of about 15-20 nm while the specific surface area ranged from 10-

30 m
2
 g

-1
. The crystallite size and specific surface area pertaining to 0.25 mol% concentration of the 

dopant reported in ref [7] are listed in Table 3. Powders doped with vanadia showed significant difference 

than that of niobia or tantala and it is reported that vanadium accelerated the combustion synthesis. 

Vanadia doped thoria was reported to be less porous, less granular and had least total pore volume than 

the rest of the powders. Doping with group V-B cations was found to accelerate the sintering. Vanadia 

doped thoria exhibited a density as high as 98 % T.D. at a sintering temperature 1423 K. 

The properties of thoria derived through citrate combustion by using hot plate or microwave as 

the heating mode is shown in Table 4. It is evident that the sintered densities of combustion derived pure 

thoria are lower than the rest of the samples. Further the reduction in the sintered density at higher 

temperatures is more predominant in these powders, a phenomenon often called as desintering. Further 

studies are required to investigate the desintering phenomena. 

Table 5 compares the maximum sintered densities reported for thoria compacts (both pure and 

doped) sintered at different temperatures. Fig. 2 shows the variation of sintered density with temperature. 

The crystallite size of the feed powder used for the compaction is also shown along with. It is found that 

the crystallite size of the combustion derived pure thoria powders was higher than that of the precipitation 

derived powders and their sintered densities were comparable at low temperatures (1473 K). The 

precipitation synthesized pure thoria powders showed an increase in the sintered density with temperature 

when compared to their combustion derived counter parts. It was also observed that the combustion 

derived pure thoria powders exhibited poor sinterabilities at 1873 K when compared to the precipitation 

derived powders. Doping thoria with cations (M
+2

 or M
+5

) facilitates higher densification at lower 

temperaturesDoping thoria with MgO (0.5 mol%) seems to be a good method to avoid the reduction in 

sintered density at high temperature viz., 1873 K.   
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4. CONCLUSIONS 

Nanocrystalline thoria and doped thoria powders could be obtained from both the combustion and 

precipitation synthesis. The data cited in ref [5-8] sinterability of precipitation synthesized powders was 

marginally better than that of the combustion derived powders. Doping thoria with group II cations 

appears to be a better option [6] than with group VB cations for achieving a better sinterability. The 

reduction in the sinterability at higher temperature has been shown to be  profound for pure thoria derived 

through combustion [8]. These studies suggest that the precipitation synthesis would be the optimum 

route for obtaining thoria powders of high sinterability. The sintering routine of combustion derived 

thoria could be optimized to avoid “run away” sintering leading to the reduction in the sintered densities 

at high temperature. 
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Table 1. Properties of thoria prepared by oxalate deagglomeration [5] 

Mode of 

precipitation 

Dispersion 

medium 

Crystallite 

size / nm 

Specific surface 

area / m
2
 g

-1
 

Value of sintered density (in 

%T.D.) at a temperature of 

1473 K 1673 K 1873 K 

Aqueous route 

Water 15.6 12.51 96.1 96.9 96.1 

Ethanol 15.2 13.85 95.8 96.6 96.9 

Methanol 14.8 15.79 96.4 96.8 95.4 

Propan-2-ol 19.3 12.24 96.2 97.0 96.4 

Propan-2-one 19.1 10.17 96.2 97.3 96.0 

Non aqueous 

route 

Ethanol 5.5 14.34 96.6 93.4 96.2 

Methanol 2.3 17.45 96.6 93.4 96.0 

Propan-2-ol 2.2 17.65 95.1 93.7 92.1 

Propan-2-one 3.4 30.63 96.6 94.9 95.2 

 

Table 2. Properties of thoria doped with MgO and CaO derived through oxalate deagglomeration [6] 

Powder 
Dopant 

concentration 

(mol%) 

Crystallite 

size / nm 

Specific surface 

area / m
2
 g

-1
 

Value of sintered density (in 

%T.D.) at a temperature of 

1473 K 1673 K 1873 K 

ThO2  11 12.8 96.9 93.0 96.4 

ThO2 (MgO 

doped) 

0.10 11 16.7 97.0 95.0 96.1 

0.25 11 14.2 96.7 97.7 98.1 

0.50 11 18.3 96.9 98.8 98.6 

ThO2 (CaO 

doped) 

0.10 10 16.8 95.5 95.5 95.9 

0.25 10 17.3 97.2 93.0 95.5 

0.50 10 19.8 97.0 94.3 96.7 

 

Table 3. Thoria derived through citrate combustion [7] 

Powder Dopant 
Concentration 

 mol% 

Crystallite 

size / nm 

Specific surface 

area / m
2
 g

-1
 

Value of sintered density (in 

%T.D.) at a temperature of 

1423 K 1473 K 1523 K 

ThO2 

Vanadia 0.26 15-20 10.45 96.4 98 92.7 

Niobia 0.24 15-20 14.10 93.3 93.5 94.6 

Tantala 0.25 15-20 21.44 90.1 94.2 96.2 

 

Table 4. Thoria derived through citrate combustion [8] 

Powder 
Mode of 

heating 

Crystallite size 

/ nm 

Specific surface 

area / m
2
 g

-1
 

Value of sintered density (in %T.D.) at 

a temperature of 

1473 K 1673 K 1873 K 

ThO2 Hot plate 26 11.20 96.6 93.7 93.1 

ThO2 Microwave  25 9.10 97.6 93.8 92.8 



 Thorium Energy Conference 2015 (ThEC15) 

October 12-15, 2015, Mumbai, India 
 

 

Table 5. Crystallite size and sintered density of thoria powders 

Sample Synthesized by 
XCS 

/ nm 

T1 

/ K 

S.D. @ T1 

/ Mg m
-3

 

T2 

/ K 

S.D. @ T2 

/ Mg m
-3

 
Ref 

ThO2 Precipitation
1
 19.3 1473 96.2 1873 96.3 [5] 

ThO2 Precipitation
2
 15.6 1473 96.1 1873 96.1 [5] 

ThO2 Precipitation
3
 11 1473 96.9 1873 96.4 [6] 

ThO2 (CaO, 0.50 mol%) Precipitation
3
 10 1473 96.9 1873 98.6 [6] 

ThO2 (MgO, 0.50 mol%) Precipitation
3
 10 1473 97 1873 96.7 [6] 

ThO2 (V2O5, 0.26 mol%) Combustion 15-20 1473 98 1523 92.7 [7] 

ThO2 (Nb2O5, 0.49 mol%) Combustion 15-20 1473 94.1 1523 94.6 [7] 

ThO2 (Ta2O5, 0.51 mol%) Combustion 15-20 1473 94.2 1523 94.6 [7] 

ThO2 Combustion, HP 26 1473 96.6 1873 93.1 [8] 

ThO2 Combustion, MW 25 1473 93.8 1873 96.7 [8] 
1
Propan-2-ol used for deagglomerating the oxalate precursor; 

2
 Water was used for deagglomerating the 

oxalate precursor; 
3
: Propan-2-one was used for deagglomerating the oxalate precursor; XCS: X-ray 

Crystallite size; T1 & T2: Temperatures; S.D. : Sintered density; HP: Hot plate as a heating source; MW: 

Microwave as a heating source 
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Figure 1.  

HRTEM of thorium oxalate particles 

obtained by deagglomeration in 

propan-2-one 

Figure 2.  
Variation of sintered densities of ThO2 with 

temperature 

 


