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Abstract  
UO2 powder containing 5% of almost spherical defects of controlled size have been sintered. The defects were prepared  
with the same powder by presintering either the natural powder aggregates or partially milled pressed powder. 
Systematic image analysis was performed to get the local microstructure features inside the defects and in the matrix 
outside the defects. The set of results is used here as a sintering database with three identified sintering “constraint” 
parameters (compaction level C0, radial distance r to the defect edge, and sintering “history” H) and three 
microstructure “responses” (pore volume fraction VV

P, pore mean diameter DP, and grain mean diameter DG). Data 
analysis in the 3D responses space shows that these variables are not independent but define a unique surface, on which 
each point corresponds to a set of constraints (C0, r , H). 

 
 
 
1. 1. Introduction 
 
Heterogeneities are always present in green compacts 
and evolve during sintering [1,2,3]. These 
heterogeneities, such as aggregates or large pores, are the 
source of microstructural defects which exert a serious 
and detrimental influence on mechanical and thermo-
mechanical properties of the material. The effects of 
these heterogeneities have been observed and in some 
cases interpreted [4,5,6], but most of the quantifications 
are macroscopic: experimental laws of local 
microstructures evolution that should enable to validate 
computer simulations of sintering with heterogeneities 
are still lacking. The present paper is issued from a study 
which aims to bring out a better understanding of the 
effects of different heterogeneities on the sintering of 
their surrounding microstructure by means of a 
quantitative analysis of different microstructural 
characteristics [7]. The results mainly rely on local 
microstructural information obtained by quantitative 
image analysis for a set of experiments with controlled 
defects and chosen sintering conditions on a spray dried 
uranium dioxyde powder. The obtained data are here 
analysed from a statistical point of view. 
 
2. 2. Experimentals 
 
2.1. Defects 
The defects were obtained from the same UO2 powder, in 
order to avoid any uncontrolled chemical effect of the 
defects. Two types of defects have been used (Fig.1):  
- simple natural aggregates, without any compression, 
- compact aggregates obtained from powders compressed 
at 200MPa,  followed by a ball milling of the compacts.  

 

  
Fig .1. Cross section of samples sintered at 1500°C, 
containing two types of defects : a) simple aggregate 

(C=0); b) compact aggregate (C=1). Both of them have 
been  consolidated at 1700°C. 

Both kinds of aggregates were calibrated in the range 40-
60 µm by sieving, then sintered in different conditions to 
get 3 levels of consolidations (Fig. 2). 6 different kinds 
of defects were therefore obtained, corresponding to two 
compaction conditions (denoted by C=0 and C= 1 for 
natural aggregates and 200MPa compacted aggregates 
respectively), and 3 consolidation cycles (Fig. 2): 
1600°C, 1700°C 15min and 1700°C 120min. 
 
2.2. Sintering experiments 
 
Green compacts containing a low rate (3 vol%) of a 
specific kind of aggregates were prepared and sintered at 
different temperatures (Fig 2): 1500°C, 1600°C, 1700°C, 
1700°C 20min or 1700°C 60min.  
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Fig .2. Temperature cycles used for the consolidation of 
aggregates (stars) and sintering experiments (disks).The 

heating rate up to the plateau is 150°C per hour. 
 
2.3. Local microstructure analysis 
Etched polished sections of the samples were 
investigated in the vicinity of likely isolated 
heterogeneities. A fine mapping of the heterogeneity and 
its surrounding matrix, obtained by Field Emission 
Scanning Electron Microscopy, was processed by image 
analysis. The measured area, centered on the 
heterogeneity, is about 150 x 150 µm2.  
Systematic measurements were performed, in order to 
get the local microstructural characteristics as functions 
of distance to the defect edges. This was obtained by 
defining isodistance regions using image analysis 
classical tools (Fig. 3]. These regions, referred with the 
corresponding distance r, are therefore used as masks to 
get average values of microstructure parameters. 

 
Fig. 3. Starting from a hand drawn contour of a defect, 

isodistance regions are obtained using classic 
mathematical morphology operators [8,9], dilatations 

for outside distances(r>0), erosions for inside 
distances(r<0).  

 
Among the numerous possible microstructural 
characteristics [10,11], three will be discussed here: 
- the pore volume fraction VV

P (“porosity”), measured 
from the 2D area fraction on images 

- the grain diameter DG, measured from the (2D) area 
of each grain section (diameter of the circle with the 
same area) 

- the pore diameter DP (idem) 
Mean values are calculated using in each isodistance 
region ; for diameters, area weighed average values are 

used, so that each grain (resp. pore) accounts for the part 
of it which is in the considered region. 
 
3. Analysis of results 
 
3.1. Local analysis 
 
The results have first been analysed [7] on the basis of 
the evolution of profiles to get information on the local 
evolution during sintering. For instance, in the case of  
medium consolidated compact aggregates (1600°C) 
(Fig. 4), the influence of distance r from the defect edge 
is limited to a relatively short range, smaller than the 
defect radius, while a strong influence (“constrained 
sintering” ?) is observed inside the defect. 
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Fig. 4. Evolution of  the mean grain diameter  as a 
function of distance r  to the defect-matrix interface, for 
different sintering temperatures, in the case of compact  

aggregates consolidated at 1600°C . Dotted lines 
indicate the mean value in the matrix.  

 
This kind of analysis leads to detailed useful results, 
either on each kind of samples, or by comparing the 
different samples and defects with each other.  
 
3.2. Statistical analysis 
 
A different analysis has been tried in the present paper. 
Considering the set of data obtained on each point (each 
region) as a whole, we have searched for possible 
common features, which could be representative of the 
sintering processes involved in the sintering of this 
ceramic.  
In this purpose, we consider that the measured 
microstructure parameters (pore volume fraction VV

P, 
pore mean diameter DP, and grain mean diameter DG) are 
characteristic “responses”, through the sintering 
mechanisms, to three identified sintering “constraint” 
parameters : the compaction level C, the radial distance r 
to the defect edge, and sintering “history” H.  
The sintering “history” is the result of the sintering cycle 
of a given point of a given sample. It must be noticed 
that, while points located in the matrix regions have a 
single sintering cycle, points located in the defects have a 
double sintering, constituted by the “consolidation” and 
the “sintering” cycles. A simple practical semi-
quantitative classification of the points “history” is used 
here, by way of a scale H defined by : 
 H = H0 + 0.01 t 
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where is H0 is an integer value which is associated to the 
higher temperature at which the considered point has 
been sintered (0, 1, 2 for T= 1500, 1600, 1700 
respectively), and t the total duration of the plateau(s) at 
this temperature. This leads to a very “easy to read” 
parameter : H = 2.6 simply means that the considered 
region has been sintered at the maximum temperature T= 
1600 for 60 minutes. Of course this classification would  
be ambiguous if experiments at 1500 or 1600°C for more 
than 100 minutes had been performed... which is not the 
case. 
 
The first step was to search for direct correlations 
through scattering diagram between pairs of parameters 
(Figs. 5 and 6). Fig. 5 clearly evidences no correlation 
between pores and grains diameters. An influence of the 
sintering history H can be seen on Fig. 6 when this 
parameter is visualised (the expected pore volume 
decrease during sintering), no correlation appears on 
other scattering plots. 
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Fig.5 : Scattering diagram between grain diameters (DG) 
and pore diameters (DP) for a subset of data (samples at 

different temperatures with compact aggregates 
consolidated at 1500°C).. 

 

  
Fig.6. Scattering diagram between pairs pore diameter  

and pore volume fraction (%) on a subset of data of 
compacted aggregates and matrix (C= 1). The color 

scale indicates the sintering history parameter H. 
 
But more interesting observations can be obtained from 
plots in the 3D responses space (VV

P, DP, DG), as shown 
on Figs. 7 and 8. 
 

  

 
Fig. 7. Plots of data in the 3D responses space (VV

P, DG, 
DP), seen from two different angles, for a subset of data 

of compacted aggregates and matrix (CO= 1). The 
second view clearly evidences that all points are located 

around a 2D surface in the 3D space. Points on this 
surface are placed according to the sintering history. 

 
The plots of Fig. 7 show that the characteristic 
experimental points from different samples are located in 
the vicinity of a unique 2D surface in the 3D space. This 
means that the 3 parameters are not independent and 
have correlated evolutions during sintering. Each point 
on this surface corresponds to a set of constraints (C, r , 
H). The color code associated with the sintering history 
parameter H indicates the direction of time evolution.  
Sintering trajectories can be expected to be perpendicular 
to the iso-H curves on the surface, but further analysis 
must be performed to check this hypothesis. 
Fig. 7 corresponds to regions (points) with 200MPa 
compaction (C=1) ; points corresponding to natural 
aggregates (C=0) are placed on an other part of the 2D 
surface, corresponding to larger pore diameters and pore 
fraction (Fig. 8).  
 
4. Conclusions 
 
The analysis presented in this paper was made possible 
by the availability of a large set of data obtained by local 
image analysis on samples with controlled defects. It is 
clear that the approach is not limited to such cases, but 
only needs a set of microstructural data corresponding to 
different values of sintering constraints, i.e., the 
possibility to make some statistical analysis of results.  
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Although only one powder was used in this work, we can 
expect that the correlations evidenced in this paper 
through 3D plots between grain diameter, pore diameter 
and pore fraction indicate that the evolutions of these 
microstructure characteristics are strongly correlated. 
Further analysis is also needed to explore more 
accurately the influence of the different sintering 
constraints (C0, r , H). 
At this point, this can only be considered as an empirical 
observation, and modelling of mechanisms should be 
needed to explain this correlation.  
However, practical use of these results can already been 
made: first as a knowledge of which regions in the 3D 
space, i.e., which kinds of microstructures can be reached 
or not by sintering ; second, as a guide to choose the 
sintering conditions. 
 
 

Fig
Fig.. 8 Plots of data in the 3D responses space (VV

P, DG, 
DP), for a subset of data of natural aggregates (CO= 0).  
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