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सार 
भापअ कें ि के ईंधन रसायिनकी ूभाग में सोल जेल असेम् बली सेट अप का ूयोग करके आंतिरक 

जेलीकरण ूिबया द्वारा थोिरयम-यूरेिनयम िमिौत सूआ म गोले बनाए गए। सीधे संहनन के िलए 

उपयुक् त भोज् य पदाथर् ूाप् त करने के िलए A r H+8%  2 गैस िमौण और वायु के अंदर 600 से 800 

िडमी सेंटीमेड के बीच अलग-अलग तापमान पर िनः तािपत िमिौत आक् साइड सआू म गोलों को उं मा 

उपचािरत िकया गया। पृं  ठीय के्षऽ, संदलन शिक्त, टैप घनत् व और आकार के िलए सआू म गोले 

अिभल क्षिणत िकए गए। अलग-अलग संहनन दाबों का ूयोग करके कच् ची गुिटकाएं तैयार िकए गए 

और उच् च घनत् व (Th0.96U0.04)O2 वाले गुिटकाओं को ूाप् त करने के िलए िसंटिरत िकए गए। िसंटिरत 

गुिटकाएं फेज प् युिरटी, आक् सीजन/धातु अनुपात और सूआ म गोलों के िलए अिभलक्षिणत िकए गए। 

पिरणामों से इस बात का संकेत िमलता है िक आंतिरक जेलीकरण ूिबया द्वारा तैयार िकए गए नमर् 

िमिौत सूआ म गोलों से सोल जेल सआू म गोला गुिटकाकरण (एसजीएमपी) िविध द्वारा वांिछत सूआ म 

गोले और आक् सीजन/धातु के अनुपात के साथ 92-96% सैद्धांितक घनत् व (टीडी) के बीच के घनत् व 

वाले (Th0.96U0.04)O2 िसंटिरत गुिटकाओं का सफलतापूवर्क संिवरचन िकया जा सकता है।  
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ABSTRACT 

Mixed thoria-urania microspheres were prepared by internal gelation process using a 

sol-gel set up in Fuel Chemistry division, BARC. The calcined mixed oxide microspheres 

were heat treated under Ar+8%H2 gas mixture and air at different temperatures, ranging from 

600 to 800°C, to obtain feed material ideal for direct compaction. The microspheres were 

characterised with regards to surface area, crush strength, tap density and size. Green pellets 

were prepared using different compaction pressures and were sintered to obtain high density 

(Th0.96U0.04)O2 pellets. The sintered pellets were characterised for phase purity, O/M ratio and 

microstructure. The results indicate that (Th0.96U0.04)O2 sintered pellets of densities ranging 

from 92-96%TD with desired microstructure and  O/M ratio could be successfully fabricated 

by Sol Gel Microsphere Pelletisation (SGMP) route from soft mixed oxide microspheres 

prepared by Internal gelation process.  

Keywords: (Th,U)O2 microspheres, Internal gelation process, Sol-Gel Microsphere 

Pelletisation (SGMP), Sintering. 

1   INTRODUCTION  

The conventional and advanced ceramic fuel pellets for PHWR, LWR and LMFBR 

are fabricated by conventional powder pellet route starting from UO2, PuO2 and ThO2 

powders [1]. A major drawback of this route is radiotoxic dust hazard arising from U, Pu and 

Th bearing fine dust particles (<1µm). The fine powders from these materials enhance the 

background radiation of the fabrication plant which may increase radiation exposure of the 
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operators [2-4]. Also, fine powders are non free-flowing and hence not suitable for remote or 

automated processing. The alternative Sol Gel Microsphere Pelletisation (SGMP) process is 

an advanced method for fabrication of ceramic nuclear fuel pellet of controlled density with 

homogenous microstructure by using dust free and free flowing microsphere (dia:100-

1000µm) as a starting material for pellet making and sintering[5-9].  Further, SGMP route 

offers the following additional advantages over the conventional powder route: 

(i) Excellent micro-homogeneity in the fuel pellets as the heavy metal nitrates are mixed 

      in liquid state prior to gelation. 

 

(ii) Fabrication of high density fuel pellets (≥ 96%TD) with uniformly distributed closed 

spherical pores for PHWR, LWR as well as low density ((≤ 85%TD) fuel pellets with 

open pore structure, suitable for fast reactors. 

 

(iii)  Elimination of powder generating process steps such as mixing, pre-compaction, 

granulation etc.   

 

(iv)  Amenable to remotisation and automation of fabrication process, thereby minimizing 

personnel exposure to radiation and thus attractive   particularly with regard to highly 

radiotoxic plutonium and U233 bearing fuels.  

In the present investigation (Th0.96U0.04)O2 pellets  were fabricated at RMD from soft 

(Th,U)O2  microspheres prepared by internal gelation process at Fuel Chemistry Division 

BARC as a part of a collaborative program between Radio Metallurgy Division and Fuel 

Chemistry Division.  

Preparation and characterization of the (Th,U)O2 microspheres used in the present 

study for the fabrication of pellets, was reported earlier[10]. For the preparation of these 

microspheres the process parameters of internal gelation process were standardized to 

obtain product with desirable surface area, crush strength and tap density. Surface area, 

crush strength and tap density of the microspheres have significant effect on the density 

and the microstructure of the final pellet [11]. The microspheres were subjected to 

different heat treatment schemes, pelletised under different compaction pressures and 

finally sintered in different atmospheres to evaluate the potential of this method for the 

fabrication of pellets with desired specifications. 
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2 PREPARATION OF (Th,U)O2  MICROSPHERES  

The microspheres were prepared by forcing the feed solution, containing thorium 

nitrate solution, uranyl nitrate solution and HMTA-urea solution maintained at 0°C, through a 

capillary having an internal diameter of 0.8 mm by application of overhead pressure in a sol-

gel set up shown in Fig. 1. The droplets entered the gelation medium, gelled in a few seconds 

and were separated from oil on a belt separator. These gel particles were subsequently 

transferred into the wash tank.  The gel particles were washed 4 times with sufficient quantity 

of carbon tetrachloride to remove the oil adhering on the surface of the gel particles. They 

were then washed with 6% ammonium hydroxide solution to remove the residual chemicals. 

The gel particles after washing were transferred into the stainless steel trays of drying oven 

and were initially heated at 100ºC for 8 hr and then at 250ºC for 4 hr to obtain dried 

microspheres of UO3 .xNH3 .yH2O (where x and y are dependent on preparation conditions) 

homogeneously dispersed with hydrated ThO2. The dried microspheres were then loaded in 

two alumina boats and were calcined in a heat treatment furnace in a fume hood at 500°C for 

1 hr in a continuous flow of air and cooled to room temperature in the same atmosphere. The 

heat treated microspheres were crack-free, with good sphericity and   smooth surface as 

shown in Fig. 2.  The product was characterized with respect to optical microscopy, tap 

density, crush strength and surface area. The physical properties of thoria-urania 

microspheres calcined at 500°C are shown in Table 1.   

These microspheres were further calcined at various temperatures under oxidising and 

reducing atmospheres at RMD to obtain tap density and crush strength suitable for fabricating 

pellets by direct compaction and sintering. The pellets were characterised in terms of 

composition, density, microstructure, solid solution formation etc. Shrinkage behaviour of the 

pellets was studied using high temperature dilatometer.  

3  FABRICATION OF PELLETS 

3.1  Heat Treatment of Microspheres 

  The microspheres (batch size: 200g) prepared at FCD, BARC  were loaded in alumina 

boats and heated at temperatures ranging from 6000C to 8000C in a batch type Mo resistance 

heated furnace in reducing (Ar+8%H2) atmosphere. A few batches were also calcined in air 

in MoSi2 resistance heated furnace. The variation of tap density, crush strength and specific 

surface area values at different temperature and atmosphere are shown in Table 2. 
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It can be seen from the table that the tap density increased from 1.59 g/cc to 1.70 g/cc 

in Ar+8% H2 when the microspheres were heated up to 800oC. The crush strength increased 

from 2.1 N/particle to 3.9 N/particle and the specific surface area decreased from 6.8 m2/g to 

4.5 m2/g. This can be explained on the basis of densification of the material at elevated 

temperatures.  However, when the microspheres were heated to 800oC in air the observation 

was quite different.  The tap density marginally increased to 1.60 g/cc from 1.59 g/cc at 

500oC ( Table 1) and specific surface area marginally decreased from 8.2 m2/g to 7.7 m2/g 

(Table 1). Contrary to the expected effect of heating, the crush strength value decreased 

from 2.1 N/particle at 500oC to 1.7 N/particle at 600oC. These observations may be 

attributed to the decomposition of UO3 to U3O8 under these conditions [12]. The oxygen 

pressure generated due to this decomposition reaction may be preventing temperature 

induced densification.  Low crush strength values helps in preventing berry structure in the 

pellets even at low compaction pressures and high specific surface area offers better 

sinterability to the material but low tap density may be a concern in obtaining higher green 

densities. 

3.2  Compaction 

The heat treated microspheres were taken for direct compaction in a double action 

hydraulic press using die steel tool set of 11.6 mm diameter. During the initial experiments, 

pellets were compacted with pressures in the range of 225 MPa to 450 MPa.  Stearic acid 

solution (1 w% in acetone) was employed as die wall lubricant. Since a compaction pressure 

of 450 MPa resulted in pellets with better green densities and integrity, all further pellets 

were prepared using a compaction pressure of 450 MPa. The green density values of the 

pellets prepared from microspheres calcined at different temperatures in Ar + 8% H2 

atmosphere and also in air at 800oC are shown in Table 3.  

  
The green density of the pellet compacts mainly depends upon the tap density and 

crush strength of the feed and the compaction pressure. The selected compaction pressure of 

450 MPa gave satisfactory green pellets from the microspheres subjected to different heating 

schemes. The green density varied from 50% TD to 55 % TD.  Its increasing trend from 

600oC to 800oC in Ar+%H2 heated microspheres suggests domination of tap density over 

crush strength in achieving higher green densities. Contribution of crush strength in 

obtaining higher green density is reflected in the case of 800 oC air calcined sample. Here, 

the tap density is less than that the microspheres heated to 600 oC in Ar+8%H2, but the green 
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density of the pellet is comparable to the microspheres heated to 750oC in Ar+8%H2 because 

of the lower crush strength of 1.7 N/particle. 

3.3  Sintering 

Sintering of the green pellets was carried out in reducing (Ar+8% H2 ) as well as in 

oxidising (Air) atmosphere. All metal bell furnace with tungsten heating element was used 

for sintering in Ar+8% H2 atmosphere.  Sintering in air was carried out in a ceramic lined 

furnace with MoSi2 heating element. In each case sintering was done at 1600oC for four 

hours. Table-4 shows the sintered density obtained in different sintering atmosphere. 

The final sintered density of the pellets under a given set of conditions mainly 

depends upon its green density and the surface area of the feed material. In the case of 

microspheres calcined in Ar+8% H2 atmosphere  dominance of green density in achieving 

higher sintered density can be seen ( Table 4) particularly for the feed microspheres calcined 

at higher temperatures. However, when the pellets were sintered in air atmosphere, much 

higher density (~96%TD) could be achieved. This must be due to the presence of some 

uranium in higher oxidation state in the oxidising sintering atmosphere [13]. Higher surface 

area of the feed microsphere may also contribute for the accelerated densification. XRD and 

O/M analysis were carried out to confirm the absence of second phase and hyper-

stoichiometry of the oxide phase.  

 

4 CHARACTERIZATION  

4.1  Phase Analysis 

The X-ray diffraction pattern of sintered pellets was taken using CuKα radiation and 

graphite monochromator and the O/M was determined thermo-gravimetrically.  The XRD 

patterns of the pellets sintered at 1600°C in air and in Ar+8% H2 gas mixture are given in 

Fig.3. It can be seen that the pellet sintered in air is free from the presence of U3O8 phase. 

However, slight shift of the pattern towards higher 2θ value, indicates the presence of 

marginal hyper-stoichiometry in the oxide. This fact is confirmed from the values of O/M 

listed in Table 5. Estimation of the composition of the oxide on the basis of lattice parameter 

of the oxide sintered in Ar+8%H2 atmosphere, confirmed the presence of 4 mole % of UO2. 
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4.2   Metallography 

For metallography, the sintered pellet was mounted in Bakelite and ground using 

successive grades of emery paper. The final polishing was done using diamond paste. Fig.4 

shows the as polished structure of sintered (Th0.96U.04)O2 pellet with pores distributed 

uniformly. It is observed that microsphere boundaries are more or less merged in the sintered 

pellet. Sample pellets were etched by cathodic etching technique. The araldite mounted 

polished sample was etched using an etching gun ( Beam voltage-6-8 KeV, current - 200-

250µA,) placed in an ion chamber having high purity Ar gas.  Fig. 5 shows etched 

microstructure of a sintered (Th0.96U0.04)O2 pellet sintered in air atmosphere at 1600ºC. The 

grain size was observed to be 4-5 µm and uniformly distributed. 

4.3   Shrinkage Studies 

The shrinkage behaviour of (Th0.96U0.04)O2  compact was studied using a high temperature 

dilatometer[14].The sample pellet was loaded between a spring loaded pushrod  and  a 

stopper inside a sample holder. The sample was heated at a predetermined heating rate and the 

change in length was monitored using an LVDT transducer.  The green pellet used for this 

study was prepared from microspheres calcined at 700ºC in reducing atmosphere (Ar+8% H2). 

The pellet dimensions were 7 mm diameter and 8 mm height. Fig. 6 shows the shrinkage 

behavior (in the axial direction) of (Th0.96U0.04)O2 pellets in Argon atmosphere. The 

percentage shrinkage (ΔL/Lo x100) values are plotted against temperature at a heating rate 

of 3ºC/minute, where Lo is the initial length of the pellet and ΔL is its increment. It can be 

seen from the figure that the onset of shrinkage occurs at around 1050 ºC. At 1600 ºC, the 

shrinkage was about 12%.   

5  CONCLUSION 

(Th0.96U0.04)O2 sintered pellets of densities ranging from 92-96%T.D were 

successfully fabricated by Sol Gel Microsphere Pelletisation (SGMP) route from soft mixed 

oxide microspheres prepared by internal gelation process. Sintered pellets with desired 

microstructure, O/M ratio could be fabricated using calcined microspheres by direct 

compaction and sintering. Also efforts are on to scale up the production of (Th, U)O2 pellets 

on kilogram scale  by SGMP route to demonstrate the feasibility of fabrication of fuel for 

AHWR. 
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Table 1 

Physical properties of 500ºC calcined thoria-urania microspheres 

 

 

 

 

 

 

 

 

Table 2 

Variation of tap density, crush strength and specific surface area values for the 

microspheres heated under different conditions 

 
Heat treatment 

conditions a 

Tap density 

(g/cc) 

Crush strength 

(N/particle) 

Specific surface 

area (m2/g) 

Atmosphere Temp. 

( oC ) 

   

Ar + 8% H2  600  1.62 2.1 6.8 

Ar + 8% H2  650    1.65 2.3 6.4 

Ar + 8% H2  700  1.66 2.6 5.2 

Ar + 8% H2 750  1.68 3.1 4.8 

Ar + 8% H2 800  1.70 3.9 4.5 

Air 800 1.60 1.7 7.7 
a Duration of heating = 2 h 

    Characteristics Observation 

Average size of  microspheres   930 µm  

Tap density  1.59 g/cm3 

Specific surface area  8.2 m2/g 

Crush strength 2.1 N/Particle 
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Table 3 

Green density values of (Th0.96U0.04)O2 pellets as a function of heat treatment conditions  

 

Heat treatment 

conditions 

Green 

Density b 

(% T.D.) c Atmosphere Temperature a

( oC ) 

Ar + 8% H2  600 50.3

Ar + 8% H2 650 51.0 

Ar + 8% H2  700 52.5

Ar + 8% H2 750  53.4 

Ar + 8% H2 800 54.8 

Air 800 53.1 

 
a  Duration of calcination= 2 h 
b  Compaction pressure = 450 MPa 

 c  Calculated TD = 10.04g/cc 

Table 4 

Sintered density values of (Th0.96U0.04)O2 pellets  fabricated by SGMP route 

Heat treatment 

conditions 

Sintering 

atmosphere 

Sintered 

densityb 

(% T.D.) Atmosphere Temperature a

( oC ) 

Ar + 8% H2  600 Ar + 8% H2 91±0.4 

Ar + 8% H2 650 Ar + 8% H2 92.4±0.3 

Ar + 8% H2  700 Ar + 8% H2 93.5±0.4 

Ar + 8% H2 750  Ar + 8% H2 94.1±0.5 

Ar + 8% H2 800 Ar + 8% H2 94.3±0.3 

Air 800 Air 96.1±0.5 

 

a  Duration = 2 h 

b  Sintering temperature = 1600 oC, duration = 4 h 
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Table 5 

O/M ratio values of (Th0.96U0.04)O2 pellets sintered in reducing and oxidising 

atmosphere 

 

 

 

 

 

 

 a Sintering temperature = 1600°C  

 

 

                                             

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  Sol-Gel set up housed inside a walk-in fume-hood 

Heat treatment conditions Sintering 

atmosphere  

O/M value 

Atmosphere Temperature a  ( oC ) 

Ar + 8% H2 500 Air 2.012±0.01 

Ar + 8% H2 600 Ar + 8% H2 2.012 

Ar + 8% H2 700 Ar + 8% H2 2.001 

Ar + 8% H2 750  Ar + 8% H2 2.008 

Ar + 8% H2 800 Air 2.011 
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           Fig. 2   (Th,U)O2 microspheres calcined in air at 500°C 

 

 

                                  

     

 

 

 

 

 

 

 
 

Fig. 3 XRD patterns of sintered (Th0.96U0.04)O2 pellets fabricated by SGMP route. 
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Fig. 4 As polished Microstructure of (Th0.96,U0.04)O2 pellet, sintered in air 
 

       

 

 

 

 

 

 

 

 

 

 

Fig. 5 Microstructure of (Th0.96,U0.04)O2 pellet, sintered in air, cathodic etched. 
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Fig. 6 Shrinkage verses temperature plot (Th0.96,U0.04)O2 pellet in Ar atmosphere 
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