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Abstract 

Dilatometric and thermal-gravimetric investigations have been carried out for the sintering 
process of oxide nuclear fuel in gaseous Ar – 8% H2 atmosphere at temperatures up to 1600°С. The 
pressed compacts were fabricated under real production conditions of the OAO MSZ with application 
of two different technologies, so called “dry” and “wet” technologies. Effects of the grain size growth 
after the heating to different temperatures were observed. In order to investigate the effects produced 
by rate of heating on properties of sintered fuel pellets, the heating rates were varied from 1 to 8 °С per 
minute. Time of isothermal overexposure at maximal temperature (1600 °С) was about 8 hours. Real 
production conditions were imitated. The results showed that the sintering process of the fuel pellets 
produced by two technologies differs. The samples sintered under different heating rates were studied 
with application of scanning electronic microscopy analysis for determination of mean grain size. A 
simulation of heating profile for industrial furnaces was performed to reduce the beam cycles and 
estimate the effects of variation of the isothermal overexposure temperatures. Based on this data, an 
optimization of the sintering conditions was performed in operations terms of OAO MSZ. 
Keywords: sintering, uranium dioxide, structure, dilatometry, thermo-gravimetry, optimization. 
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Introduction 
One of the main tendencies in the technologies used for fabrication of nuclear fuel for industrial 

Nuclear Power Plants (NPP) is production of fissile materials with required compositions, properties, 
structural and phase conditions. The sintering process as a final stage of the material compacting 
represents a complex process for final formation of the required properties defined by the material’s 
structure. From the standpoint of the structural formation, the sintering process includes the following 
time-dependent stages: compaction (shrinkage), growth of strength in the compacted material, re-
crystallization, growth of grain sizes, decreasing the number and volume of pores. Besides, the 
sintering process may be accompanied by some chemical and phase transformations, which are defined 
by the stress homogenization and relaxation processes of various origins.  

The paper presents some experimental results obtained in investigations of kinetic effects in the 
sintering process of oxide nuclear fuel pellets in combination with thermal-gravimetric analysis and 
the mass-spectrometric one of gases released in the sintering process.  

Object of investigations 
Kinetics of the sintering process and removal of the binding components were investigated for 

the pressed fuel compacts produced under real production conditions of the OAO MSZ. The fuel 
compacts were pressed from oxide powders produced by two different technologies: the reducing 
pyro-hydrolysis and the gas-flame methodology. It is noteworthy that physical, chemical and 
technological properties of the oxide powders are somewhat different. The powders produced by the 
gas-flame technology are characterized by the lower value of total specific surface and, as a 
consequence, by the higher value of the grain size in agglomerates [1]. This fact has been confirmed 
by the morphological studies [2, 3] with application of the scanning electronic microscopy (SEM) in 
order to determine the minimal size of crystallites. Fractional compositions of the powders were also 
slightly different.  

The pressed compacts were fabricated with application of two different technologies, so called 
“dry” and “wet” technologies. “Wet” technology represents a sequence of the following main 
operations: blending of the oxide powder with the binder (aqueous solution of polyvinyl spirit), 
admixing of the alloying components, compacting of the mixture, grinding of the compacted mass, 
sieving and drying. “Dry” technology represents a sequence of the following main operations: 
production and compaction of granulate in the chain of mills, blending of granulate with zinc stearate. 
The sintering process is a final stage in fabrication of fuel pellets. The sintering process of fuel 
compacts was carried out under laboratorial conditions.  

Methods and equipment 
High-temperature dilatometer DIL 402 C and the synchronous thermal analysis device STA 

409 CD coupled with quadrupole mass-spectrometer QMS 403 Aeolos® (product of Netzsch 
Company) were used to investigate kinetic effects of size variations and removal of the binders during 
the sintering process. The sintering process was performed in the reducing (Ar – 8% H2) environment. 
Two methodologies were used to investigate kinetic effects in the sintering process of fuel compacts: 
the sintering process with constant rate of heating, the sintering process with stage heating. 

The sintering process with constant rate of heating [4] is a classical methodology for 
determination of the following parameters:  

1. the start and end of the sintering process evaluated from time or temperature dependency of the 
compact shrinkage; 

2. the sintering temperature corresponding to the maximal shrinkage rate; 
3. activation energy of the sintering process. 

The method of stage heating was used to imitate real production conditions of the sintering 
process. These two methodologies in combination with thermal-gravimetric and mass-spectrometric 
analyses allowed us to obtain complete information about kinetic behavior of fuel compacts in the 
sintering process. 

Sintering with constant rate of heating 
The heating rates were varied from 1 to 8 °С per minute for investigation of the effects induced 

by different heating rates on properties of the sintered fuel pellets. Time of isothermal holding at 
maximal temperature (1600 °С) was chosen longer than 7 hours. The results of dilatometric 
measurements are presented in Figs. 1, 2. It may be concluded from these figures that fuel pellets 
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produced by different technologies are characterized by higher absolute temperatures for the start of 
shrinkage in the sintering process but this effect is more noticeable for the samples produced by “dry” 
technology. Within the range of the heating rate from 2 to 6 °C/minute the shrinkage effect starts from 
1000-1100 °С for “dry” pellets and from 900 °С for “wet” pellets. Dependency of temperature with 
maximal shrinkage rate on the heating rate is presented in Fig. 3. It can be seen that temperature with 
maximal compaction rate increases when the heating rate becomes higher. The presence of horizontal 
part between the heating rates from 4 to 6°С/minute can be noted for the fuel pellets produced by 
“wet” technology. 

The samples sintered with different heating rates were assayed with application of SEM (Fig. 
4), and mean grain size was determined by the secant methodology (Fig. 5). The following conclusions 
may be derived from the obtained results. In the case of “dry” technology, if the heating rate increases 
up to 6°С/minute, then mean grain size increases too and reaches a value of 15,1 μm. In the case of 
“wet” technology, no unambiguous dependency of mean grain size on the heating rate was revealed. 
So, some additional studies should be carried out.  

The fuel compacts heated up to 550, 700, 1100 and 1600 °С without holding at these 
temperatures were used to investigate kinetic effects in the growth of grain size during the heating 
process. Internal structure of the fuel samples was studied with application of the raster electronic 
microscope KARL ZEISS EVO-50. Minimal sizes of the crystallites were determined for the starting 
powder, pressed powder, “raw” fuel compacts, fuel compacts heated up to different temperatures and 
sintered fuel pellets. The crystallite size in the starting powder was equal to 200-300 nm. As far as 
treatment progressed (compacting, crashing, rubbing and pressing) the crystallite size remained the 
same (200-300 nm in pressed powder as well as in “raw” compact). Heating of the fuel compacts up to 
550 and 700 °С produced no substantial effect on the crystallite size. When the fuel compacts were 
heated up to 1100ºС, formation of inter-crystallite necks started and followed by the formation of 
grains. The size of the newly-formed crystallites is over 500-600 nm. So, the starting point for the 
shrinkage process in “raw’ fuel compact and the starting point for grain formation, i.e. the starting 
point for reduction of intra-granular porosity, belong to the same temperature interval. When the fuel 
compacts were heated up to 1600 °С, grain size was equal to 1-2 μm and reached a value of 12-14 μm 
after the sintering process (7-8 hours at 1600 °С).  

Method of stage heating 
The method of stage heating has the most important practical significance for determination of 

accuracy and optimal form for time-dependent temperature profile in the sintering process. As it 
follows from Fig. 6, thermal expansion of the samples produced by “dry” technology prevails over 
compaction up to the higher temperatures (~ 950 °C) in comparison with the samples produced by 
“wet” technology. Further heating of the samples up to 1600 °С results in a sharp increase of the 
compacting effect. Maximal compaction rate takes place at the beginning of the isothermal holding 
period, not in the heating process (see Fig. 6). The sintering process practically completes in the first 
100 minutes of the holding time at maximal temperature. After 100 minutes the sintering process 
gradually decays and, in contrast to the samples produced by “wet” technology”, approaches a plateau. 
Behavior of the samples at the cooling stage is controlled by the processes of thermal expansion. 

The device for synchronous thermal analysis STA 409 CD was used to perform thermal-
gravimetric analyses of the fuel pellets during their heating up to 1600 °С. Application of the 
quadrupole mass-spectrometer allowed us to identify the gases released from the pellets in the 
sintering process.  

Temperature dependencies of shrinkage (three samples) and loss of mass (one sample) for the 
fuel pellets produced by “wet” technology are presented in Fig. 7. One can see that maximal loss of 
mass (about 1% from total mass of the fuel pellet) takes place within the temperature rage from 350 to 
400 °С. Mass-spectrometric analyses showed that, within the same temperature range, the fuel pellets 
released СО2, СО and Н2О (Figs. 8). Also, main removal of the binders occurs just in this temperature 
range [5]. Further, when temperature increases up to the starting point of the sintering process 
(950 °С), thermal expansion of the samples is accompanied by negligible emission of СО2 and СО. At 
temperatures above 950 °С and during the isothermal holding period at 1050 °С, intense sintering 
process starts (the beginning of shrinkage process). The sintering process is accompanied by loss of 
mass due to reduction of uranium dioxide up to the stoichiometry composition and total removal of the 
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binders [6]. The further heating results in the higher shrinkage rate. However, by this time the reducing 
process is completed and, as a consequence, mass does not change. The further heating up to the 
isothermal holding temperature (1600 °С) results in a sharp increase of the sintering rate. 

The same experiments were carried out for the “dry” fuel pellets (Figs. 9, 10).  
One can see from the temperature dependencies of shrinkage and loss of mass (see Fig. 9) that 

maximal loss of mass (about 1,2% from total mass of the fuel pellet) also takes place within the same 
temperature range (350–400 °С). In these experiments the mass range, which can be measured by the 
mass-spectrometer, was extended up to 300 a.m.u. in order to identify the heavier components of the 
binders.  

Mass-spectrometric analyses showed release of СО2, СО and small amounts of water within the 
same temperature range (Figs. 10). Also, like the case of “wet” technology, main release of the binders 
takes place within just this temperature range [5]. 

Initial composition of gaseous medium is shown in Fig. 11a where characteristic peaks of 
argon (masses – 20, 36 and 40 a.m.u.), hydrogen (2 a.m.u.), oxygen and water (16, 17, 18, and 32 
a.m.u.) can be seen. Broadening the range of measurable mass allowed us to detect two peaks of heavy 
components, products of zinc stearate Zn(С17Н35СОО)2 dissociation induced by ionization processes in 
mass-spectrometer. The first peak corresponds to the time moment of 100 minutes and temperature 
about 230 °С while the second one – to the time moment of 190 minutes and temperature about 400 °С 
(Fig. 11).  

The further heating of the samples up to the starting point of the sintering process (1100–
1200 °С) results in the further thermal expansion accompanied by negligible emission of CО2 and СО. 
Loss of mass at 950 °С also occurs due to reduction of uranium dioxide up to the stoichiometry 
composition. Intense sintering process takes place at higher temperatures up to 1600 °С. One else step 
in temperature dependency of the mass loss at the last temperature increasing (up to 1600 °С) is shown 
in Fig. 10. Such a step was not observed for the fuel pellets produced by “wet” technology. Probably, 
this step is caused also by reduction of uranium dioxide up to the stoichiometry composition. 

Mean grain size in the sintered fuel pellets produced by “wet” technology was equal to 8 μm, 
density - 10,55±0,03 g/cm3, while the same parameters under real production conditions were equal to  
8-10 μm and 10,60 g/cm3, respectively. In the case of the fuel pellets produced by “dry” technology, 
mean grain size and density were equal to 18-20 μm and 10,57±0,03 g/cm3, respectively, while the 
same parameters under real production conditions were equal to 25-27 μm and 10,60 g/cm3, 
respectively. 

The main objective of laboratory simulation of sintering production conditions came to be a 
search for critical values of the beam cycle in the industrial through-type furnaces. Therefore, studies 
were carried out to investigate the effects of different heating conditions on structure and density of the 
fuel pellets produced by “dry” technology. The basic temperature condition was the one described 
above (Fig. 6). A simulation was performed on its’ basis to reduce the beam cycles using a numerical 
model.  

The microstructures of pellets sintered under reduced beam cycles are nearly identical: grain 
size of 10-14 μm, fine porosity, absence of visible defects. Significant changes in the microstructure 
and the decrease of sintered density were noted at heating rates above 10 °C/min. Large porosity (pore 
size ~ 10-20 μm) and the presence of evenly distributed cracks (crack length ~ 20-30 μm) were the 
main defects caused by the higher heating rates.  

For the reduced beam cycles, the effects of variation of the isothermal overexposure 
temperatures were investigated. The increase of the overexposure temperature – by 100 °С in the 
initial zones (condition 1) and by 200 °С in the final zones (condition 2) – doesn’t affect sintering 
kinetics significantly. The resulting density of the fuel pellets is about 10,50 ± 0,03 g/cm3. However, 
the average grain size increases slightly, up to 13-14 μm, while raising the overexposure temperature 
in the high-temperature region. Although the average grain size values are very close, there is a reason 
to believe that their increase is due to the rise of overexposure temperature up to the temperature of 
beginning of the sintering process. 

Based on this data, an optimization of the sintering conditions was performed in operations 
terms of OAO MSZ on fuel pellets produced by the “dry” technology with requirements for grain sizes 
above 25 μm. According to the proposed recommendations, a full-scale consignment of the fuel pellets 
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was released using the BTU-3 furnace. The density of the sintered fuel pellets is ~ 10,56 - 10,60 g/cm3, 
and the average grain size is ~ 26 – 28 μm. Physico-chemical properties of the sintered fuel pellets as 
well as their re-sintering ability were in full accordance with requirements of the existing technical 
conditions. Meantime, above 15 tons of the fuel pellets were fabricated under optimal sintering 
conditions. Thus, the efficiency of the furnace was increased by 30% without quality loss of the 
sintered fuel pellets.  

 
Conclusions 

1. Complex investigation was carried out for the sintering process of uranium dioxide fuel pellets 
produced by “dry” and “wet” technologies. It was demonstrated that for the fuel pellets 
produced by “dry” technology, the sintering process starts within the temperature range of 
1100-1200 °С while, in the case of “wet” technology, the sintering process starts within the 
temperature range of 900-1000 °С. The beginning of the sintering process depends on the 
heating rate. If the heating rate increases, then the beginning of the sintering process shifts 
towards the higher temperatures.  

2. Dependency of mean grain size on the heating rate in the sintering process was determined for 
the fuel pellets produced by “dry” and “wet” technologies.  

3. It was shown that growth of crystallites started at the heating stage of “raw” pellets up to 1000-
1100ºС. The starting temperature for the crystallite growth coincides with the starting 
temperature of the shrinkage process. 

4. Complex dilatometric, mass-spectrometric and thermal-gravimetric analyses were carried out 
for the sintering process of the fuel pellets produced by “dry” and “wet” technologies. The 
results demonstrated that main loss of mass (1% for “wet” pellets and 1,2% for “dry” pellets) 
occurred within the temperature range from 350 to 400 °С. Intense release of СО2, С and Н2О 
takes place within this temperature range. For “dry” pellets two peaks of heavy components 
were detected. Heavy components are the dissociation products of zinc stearate 
Zn(С17Н35СОО)2 molecules. Within the temperature range of 900-1000 °С, loss of mass is 
caused by the beginning of uranium dioxide reduction up to the stoichiometry composition.  

5. Some studies were carried out to investigate the effects induced by different heating regimes on 
microstructure and density of the fuel pellets produced by “dry” technology. The results 
allowed us to elaborate some practical recommendations for optimization of real sintering 
regimes under production conditions of the Open Joint-Stock Association “Mashinostroitelny 
Zavod”. Implementation of our recommendations into routine operations upgraded productivity 
of the BTU-3 furnace on 30% without any losses in quality of the sintered fuel pellets. 

 
The work has been performed under financial support by the RF President’s Grant MK-5905.2010.8. 
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Fig. 1. Dependencies of shrinkage and shrinkage rate on temperature of heating for the fuel pellets  
produced by “dry” technology. The heating rates and temperatures of maximum sintering rate were: 1 
– 1°С/minute (1322 °C); 2 – 2°С/minute (1427 °C); 3 – 2°С/minute (1451 °C); 4 – 4°С/minute 
(1520 °C); 5 – 6°С/minute (1590 °C). 
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Fig. 2. Dependencies of shrinkage and shrinkage rate on temperature of heating for the fuel pellets  
produced by “wet” technology. The heating rates and temperatures of maximum sintering rate were: 1 
– 2°С/minute (1448 °C); 2 – 4°С/minute (1488 °C); 3 – 6°С/minute (1487 °C); 4 – 8°С/minute 
(1517 °C). 
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Fig. 3. Maximal shrinkage rate temperature as a function of heating rate for the fuel pellets produced 
by “dry” (1) and “wet” (2) technologies, respectively. 
 

 
Fig. 4. Microstructure of fuel pellets: the left – “dry” technology, from the top to the down – rates of 
heating in the sintering process - 1, 2, 6 °С/minute, the right – “wet” technology, from the top to the 
down – rates of heating in the sintering process - 2, 4, 8 °С/minute. Time of isothermal holding at 
1600 °С was longer than 7 hours for all fuel pellets. 
 

 
Fig. 5. Dependencies of the grain sizes in sintered fuel pellets on rate of heating in the sintering 
process for ‘dry” (1) and “wet” (2) technologies. 
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Fig. 6. Comparison of the time dependencies for shrinkage in the sintering process of the fuel pellets 
produced by “dry” and “wet” technologies. 
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Fig. 7. Dilatometric and thermal-gravimetric analysis of the fuel pellet produced by “wet” technology. 
 

 
Fig. 8. Analysis of gases released in the sintering process for “wet” technology. The arrow marks the 
peak corresponding to release of С (as a component of CO and CО2), Н2О and СО2 
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Fig. 9. Dilatometric and thermal-gravimetric analysis of the sintering process used for fabrication of 
fuel pellets by “dry” technology. 
 
 
 

 
Fig. 10. Analysis of the gases released in the sintering process for “dry” technology. The peaks 
belonging to С, СО, Н2О, СО2 and some heavier components may be seen. 
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Fig. 11. Mass-spectrum of gaseous atmosphere (Ar – 8 % H2) (a) and mass-spectrometric data for 
pellet prepared by “dry” technology: b -  time 100 minutes, temperature 230 °С; c - time 145 minutes, 
temperature 315 °С; d - time190 minutes, temperature 400 °С. 
 


