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Abstract 

 

Sintering is one of the key-point of the processing of ceramic materials. It is then of 

primary interest for the nuclear fuel cycle, in which it constitutes an important step in the 

fabrication of either UO2 or (U,Pu)O2 pellets used in current PWR reactors. The sintering of 

actinides oxides not only drives the final density and microstructure of the fuels, but also 

several characteristics that can impact significantly their behavior in the reactor. Dedicated 

tools are then needed to monitor the microstructure of such materials and forecast their 

evolution. In this frame, this paper presents the new potentialities offered by the use of 

environmental scanning electron microscope at high temperature (HT-ESEM) for the study of 

nuclear ceramics sintering.  

First, the results obtained from bulk pellets are detailed, either regarding original 

fundamental data at the grain level (such as grain boundaries and pores motion), or design of 

dedicated microstructures through the assessment of grain growth kinetics. Acquisition of 

sintering maps thanks to the combination of HT-ESEM observations and classical 

dilatometric measurements are also addressed. In a second part, observations undertaken at 

the 2-grain scale to monitor the first stage of sintering, dedicated to neck elaboration, are 

presented, and compared to the results currently provided by numerical models. 
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1. Introduction 

 

Sintering is usually defined as the transformation of a powdered compact into a 

cohesive material during a heat treatment. As the most common way of preparation of 

ceramics, it is of primary interest in numerous industrial processes. Among them, sintering is 

particularly relevant in the nuclear fuel cycle, in which it constitutes an important step in the 

fabrication of either UO2 or (U,Pu)O2 pellets used in current PWR reactors [1-4]. The 

sintering of actinides oxides not only drives the final density and microstructure of the fuel 

pellets (including average grain size and pore distribution), but also several characteristics that 

can impact significantly their life-cycle in the reactor, such as final O/M ratio [5], or 

homogeneity of the cationic distribution in the case of mixed oxides [6]. For these reasons, the 

operating conditions used during the sintering of nuclear fuels are precisely controlled, either 

in terms of heating temperature, time or atmosphere. 

Sintering of UO2 pellets is generally operated at about 1700°C for several hours 

(typically 3-10h) under H2 reductive atmosphere in order to guarantee a final O/M ratio close 

to 2.00 [7]. Such conditions usually lead to an almost complete densification of the pellet, i.e. 

to a final density close to the calculated one [8]. However, the presence of a limited amount of 

closed porosity is required to contain the fission gasses created during the irradiation. Hence, 

several additives can be initially mixed to the UO2 powder to reach a final density ranging 

from 95 to 97% of the calculated density, such as organic pore formers, or U3O8 coming from 

the recycling of scraps [9]. By these means, the final porosity is composed by small pores due 

to densification defects, and larger ones coming from the introduction of pore formers. 

Another important microstructural parameter to control is the final grain size. If early LWR 

pellets generally presented a small grain size of about 2-3 µm, the increase in the burn-up 

targeted to optimize the uranium resource led to enlarge the average grain size up to 10-20 µm 

to ensure fission gas retention [7]. Such enhanced grain growth was generally achieved by 

doping the UO2 fuel material with small amounts of various oxides (the redox state of the 

metal differing from +IV) such as Cr2O3 [10, 11] or Nb2O5 [12, 13]. 

In comparison with UO2, the processes designed to fabricate MOx fuels are much 

more diverse. This variety first arises from the various utilizations of the fuel, either in LWR 

or Fast Breeder Reactors (FBR) : as instance, the final density targeted for the pellets can 

range from 85-95% for FBR to values close to UO2 fuel for PWRs (i.e. 95-97 %) [7]. Also, 

two kinds of preparation routes can be envisaged for the preparation of the starting powders. 
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The most commonly, and currently, used is a conventional powder metallurgy process based 

on the mixture of UO2 and PuO2 parent oxides. This can be achieved directly to reach the 

desired plutonium content in the fuel, or from the preparation of an initial UO2/PuO2 mixture 

which is further blended with UO2, such as in the MIMAS (Micronized Master Blend) process 

used in France and Belgium [14]. In both cases, temperatures of about 1700°C are required to 

densify the pellets and to form the solid solutions. Indeed, the cationic interdiffusion operating 

during the heat treatment also lead to an homogenization of the mixed oxide [15]. On the 

other hand, wet chemistry methods were also envisaged in order to prepare homogenous 

starting powders that could promote the rapid formation of a solid solution, even when diluted 

in UO2. As instance, the AUPuC german process was based on the initial co-precipitation of 

uranium and plutonium as a (NH4)4(U,Pu)O2(CO3)3 precursor which was further fired in 

reducing conditions then blended with UO2 to produce the starting oxide powder [16]. This 

type of co-conversion route is also one of the most studied options for the fabrication of future 

nuclear fuels in the framework of Gen-III and Gen-IV reactors. One can particularly cite the 

oxalic precipitation which has been widely reported, either concerning the preparation of 

mixed-oxide powders containing plutonium and/or minor actinides [17, 18] and their sintering 

[19-21]. In this framework, and even if the co-precipitated powders already tested in an 

industrial context were not associated to a decreased sintering temperature, several authors 

tend to suggest that densification of actinides dioxides could be operated at significantly lower 

temperatures when starting from low-temperature precursors [22-24]. 

For both UOx and MOx fuels, the optimization of fabrication processes was based on 

numerous studies dedicated to the densification step. This latter can be divided in three 

different stages, respectively assigned to the formation of necks between the grains, then to 

the elimination of open and closed pores through grain growth [25, 26]. The initial stage, 

which occurs at the microscopic scale was most frequently discussed through modeling. In 

this aim, the system considered was frequently composed by two spherical grains in contact, 

and treated by several numerical methods such as molecular dynamics as well as discrete or 

finite elements methods [27, 28]. On this basis, qualitative results describing the general 

behavior of the system were generally obtained but frequently failed to provide predictive 

information regarding to the evolution of a real sample. 

Conversely, intermediate and final stages of the sintering of nuclear fuels were 

addressed both through numerical and experimental works. For this latter part, dilatometry 

was probably the most frequently employed technique, and can be used to determine the 

optimal conditions in terms of heating time and temperature for the complete densification of 
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a ceramic sample. It was thus employed to evaluate the impact of several operating 

parameters, such as atmosphere [8, 29], composition [15, 30] or preparation method on the 

sintering kinetics [23]. Dilatometry was also used to assess more fundamental parameters 

such as activation energy or diffusion mechanisms [31, 32]. Such studies were usually 

completed by density measurements and SEM observations that allowed the authors to 

evaluate the final microstructure of the pellets. In these conditions, several parameters of 

interest, such as grain size, pore size and distribution were determined ex situ, i.e. after the 

heat treatment aiming to the densification of the sample. Recently, several efforts were made 

to develop instrumentation methods able to monitor in situ the development of the 

microstructure, mainly through microscopic or tomographic observation performed directly 

during the heating step of the sample. 

In this framework, High Temperature Transmission Electron Microscopy (HT-TEM) 

could provide precious details about the crystal organization within both grains and grain 

boundaries [33]. However, it remains too local to provide quantitative data that account for 

the whole sample. On the other hand, X-ray Tomography appears as a powerful tool which 

makes it possible to reconstruct the microstructure of the sample in 3D. Nevertheless, it 

appears to be limited by acquisition duration and spatial-resolution which were frequently 

found to be incompatible with the kinetics of diffusion phenomena leading to densification 

and grain growth [34, 35]. On this basis, we chose to develop since several years the in situ 

observation of the sintering of ceramic materials of interest for the nuclear fuel cycle using 

High Temperature Environmental Scanning Electron Microscopy (HT-ESEM). This review 

paper presents the different possibilities arising from this experimental technique at various 

scales. First, the results obtained from bulk pellets will be detailed, either regarding original 

fundamental data at the grain level (such as grain boundaries and pores motion), or design of 

dedicated microstructures through the assessment of grain growth kinetics. Acquisition of 

sintering maps thanks to the combination of HT-ESEM observations and classical 

dilatometric measurements will also be addressed. In a second part, observations undertaken 

at the 2-grains scale to monitor the first stage of sintering, dedicated to neck elaboration, will 

be presented, and compared to the results currently provided by the numerical models. 
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2. Experimental 

 

2.1. Preparation of oxide powders with controlled morphologies 

 

As it was stated previously, the powders used in current nuclear fuel fabrication 

processes are mainly issued from dry chemistry routes. In order to increase the control of 

several physico-chemical properties of the starting compounds, such as cation distribution, 

grain size, morphology, … novel wet chemistry methods have been employed. They are 

generally based on the precipitation of low-temperature precursors which are further 

converted into MO2 fluorite-type dioxides through heat treatment at high temperature under 

appropriate atmosphere. Depending on the aim of the sintering studies undertaken in situ, 

various ways of preparation of the dioxides were then considered.  

As a matter of example, SEM micrographs of UO2 powders obtained from three 

different protocols are gathered in the Figure 1. The first sample depicted was obtained from 

oxalic precipitation [20], and can be considered as a reference owing to the large interest paid 

to this family of compounds by the community for almost one century [18]. In this case, a 

large excess of oxalic acid was added to a hydrochloric solution of U(IV), leading to the 

formation of U(C2O4)2.6H2O [36]. This latter presents the classical square-shaped 

morphology of An(IV) oxalates which is further conserved during the transition towards UO2 

[37]. However, as this platelet habit appeared hardly suitable for densification, 

complementary mechanical treatments, such as ball milling, were frequently applied. 

  

   

Figure 1.  Scanning electron micrographs of UO2 powders prepared from oxalic precipitation 

[20], hydroxide route [38], or precipitated from a mixture of U(IV) and urea [39].  

 

More recently, other original precipitation routes of uranium(IV) dioxide were 

described in the literature. For example, highly reactive hydrated UO2.2H2O powder was 
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obtained from the precipitation of tetravalent uranium in hydrochloric solution with ammonia, 

the resulting powder being later dried under stirring and vacuum [38]. Wet chemistry routes 

were also used for improving control over the final morphology of the powder. In this case, 

the transposition of synthesis methods initially designed for lanthanides-based compounds led 

to UO2.2H2O microspheres [39]. These latter were obtained by using urea as a precipitating 

agent, with temperature and ageing time directly controlling the particles size. 

Based on this wide range of preparation routes, it was then possible to achieve distinct 

morphologies, generally associated to very different reactivity. As a matter of example, the 

specific surface area of an oxide produced from hydroxide route can reach up to 100-150 

m
2
.g

-1
, while it is usually less than 10 m

2
.g

-1
 from oxalic precipitation. Also, the final purity of 

the samples can be impacted, particularly through the presence of residual carbon after the 

thermic conversion of organic-based precursors such as oxalates [20]. It was then possible to 

adapt the preparation method to each kind of study envisaged. Hence, the preparation of MO2 

microspheres was considered to assess the first step of the densification process, which is 

usually modelled by two spherical grains in contact [26]. On the other hand, the sintering of 

bulk pellets was investigated with highly reactive powders, which can provide low sintering 

temperature easily accessible by HT-ESEM. Samples prepared from the initial precipitation of 

oxalate precursors were then favored, and eventually treated mechanically (typically through 

ball milling) before shaping. 

 

2.2. In situ and ex situ ESEM observations 

 

In situ observations of sintering phenomena were performed with a FEI Quanta 200 

ESEM field-emission gun equipped with a 1500°C HT stage. Samples were directly placed in 

a MgO crucible coated with platinum. For the observation of bulk materials, a green pellet 

was first shaped by uniaxial pressing : depending on the powder used, applied pressure was 

adjusted between 100 and 500 MPa in order to reach a green density in the 40-50% range. 

Green pellets were then fractured into small pieces, one of them, with a size of about 

100×100×100 µm
3
, being selected then simply deposited in the HT stage crucible. On the 

other hand, the spherical particles used for monitoring the first stage of sintering were first 

dispersed in acetone then deposited onto a Pt-Au10 thin foil, further inserted in the HT-stage.  

In both cases, the chamber was evacuated then filled with the adequate gas after 

insertion of the sample into the crucible. The observations were usually performed under 100-
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200 Pa of selected atmospheres, including water vapour, air or helium. A specific detector 

was then used for in situ gaseous secondary electron imaging at high temperature (GSED). 

The samples were further rapidly heated (30-50°C.min
-1

) up to the desired temperature then 

maintained isothermally in the ESEM chamber all along the experiment. Depending on the 

nature of the material and on the sintering stage analysed, temperatures ranging from 1000 to 

1400°C were considered. The temperature of the sample was continuously measured using a 

homemade sample holder [40]. 

Micrographs were then regularly recorded during the heat treatment on a selected 

location of the sample at different magnifications. In order to overcome the problems 

associated to the loss of electronic contrast coming from the black body emission and to 

enhance the electronic emissions carrying information (i.e. SE and BSE), the accelerating 

voltage was increased to 30kV. Similarly, the current of the electron beam should be 

maximized. Finally, a working distance in the 19.5 to 21 mm range was selected due to the 

size of the furnace and of the heat shield. 

Complementary ex situ experiments were also performed in conventional ovens in 

order to confirm that the electronic beam and/or the sampling did not affect the densification 

processes during in situ observations. In this case, samples were rapidly introduced in a 

furnace pre-heated at the required temperature and maintained at this temperature for a few 

minutes to several hours. SEM images were then recorded in both secondary and 

backscattered electron modes. When observing neck elaboration during microspheres 

sintering, such a process allowed one to follow both the morphological changes occurring on 

a single particle and to record images on a significant number of spherical particles (up to 30), 

leading to statistical data on a representative population.  

 

2.3. Image processing 

 

The main quantitative parameter extracted from the observation of bulk pellets during 

their densification concerns the evolution of the average grain size. In this aim, the image 

series were first treated by drawing manually the grain boundaries using the Gimp software 

[41], as the images contrast was generally not suitable for automated image processing. From 

50 to 500 grains were systematically considered, depending on image quality and heat 

treatment duration [42]. On this basis, the data obtained after heating at the highest 

temperatures were usually associated to a high uncertainty due to the important grain growth 
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in the sample. The equivalent disc diameter was then defined as the relevant parameter for 

size evaluation and was determined using the ImageJ software [43]. 

 

When studying neck elaboration during microspheres sintering, the SEM images 

recorded in situ were processed following a two-step procedure (Figure 2). First, the 

extraction of the grain contours was processed using the Fiji software [43] and the specific 

Trainable Weka Segmentation plugin [44]. Then, these images were used for the direct 

determination of several parameters generally computed in the two-grain models describing 

the morphological modifications occurring during the first stage of sintering [45]. Custom 

software ImageJu was then developed [46] and allowed the direct determination of neck and 

grain radii, distance between the centers of the grains, neck radius of curvature and dihedral 

angles. 

 

 

Figure 2. HT-ESEM images processing for the study of the initial stage of MO2 microspheres sintering : 

binarization of the image (1), extraction of the contours (2), determination of parameters of 

interest (3) and final correspondence with initial micrograph (4).  

 

 

3. Results and discussion 

3.1.Determination of grain growth dynamics 
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The first investigations undertaken in situ through HT-ESEM were dedicated to the 

sintering of bulk materials and aimed to determine grain growth kinetics. In this purpose, the 

densification of MO2 materials was studied during isothermal heat treatment at various 

temperatures. The Figure 3 presents the image series recorded during the sintering of ThO2 at 

1400°C, and constitutes a characteristic example of the data obtained.  

 

0h23min 1h40min 3h17min 

   
4h21min 5h15min 6h08min 

   
  

Figure 3. Selected HT-ESEM images collected in situ during the sintering of ThO2 at T = 1400°C .  

 

The comparison of the micrographs collected clearly enables one to directly observe 

the evolution of the microstructure of the sample. This latter is particularly evidenced by a 

significant increase in the average grain size, operated through the elimination of the smallest 

grains to the benefit of the biggest ones. Such mechanism, which was commonly described by 

densification models, and sometimes referenced as Ostwald ripening, was rarely observed in 

situ during the sintering of ceramic materials, especially actinide-bearing ones. Beyond the 

qualitative description of the topological evolution of the oxide systems during the sintering 

step, the acquisition of time-resolved micrographs of a dedicated zone of the sample allowed 

us to extract quantitative data linked with the development of the microstructure, such as grain 

growth rates or grain boundaries mobilities, in the intermediate and final stages of sintering 

(i.e. when grain growth and densification are strongly accelerated). Complementarily, ex situ 
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observations were systematically undertaken in order to get some preliminary insights into the 

initial stage of the sintering, and check that no effect related to the electron beam or to the 

sampling influenced the densification. 

The most immediate information that can be issued from the micrographs deals with 

the evolution of the average grain size at the surface of the sample. An example is provided 

on Figure 4, which compares grain growth kinetics during the sintering of CeO2 and ThO2 

ceramics at 1300°C [47, 48]. Such data can then be fitted using the general law of grain 

growth in pure and single phase ceramics which expresses the variation of the average grain 

radius according to : 

 

G
 n

 – G0 
n
 = k t      (1.) 

 

where G is the average grain size at time t, G0 the average initial grain size and n an 

exponent characteristic of the process driving the grain growth [49]. 

 

 

Figure 4.  Evolution of the average grain size during the sintering of CeO2 [47] and ThO2 [48] samples at 

T = 1300°C under air atmosphere. 

 

From these results, the range of temperature usually accessible thanks to HT-ESEM 

appeared to be perfectly suited for the study of the sintering of CeO2. Indeed, whatever the 

operating conditions chosen between 1000°C and 1300°C, the n value was found to be close 

to 2, thus indicating a grain growth mechanism controlled by the grain boundaries mobility 

(regular grain growth). Conversely, the sintering of ThO2 samples in a similar range of 
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temperature usually led to observe a linear trend in the variation of the average grain size 

(even though not through the origin), generally assigned to an exaggerated growth regime 

[50]. Nevertheless, such a process should also be evidenced by the separation of pores and 

grain boundaries, leading to the creation of intragranular porosity, which was never observed 

in this study. In these conditions, the more likely option is that the slow grain growth kinetics 

determined for ThO2 sintering in the range of temperature studied only allowed us to observe 

the beginning of the phenomena. The differences in the kinetics measured were then 

correlated to the gap between optimal temperatures of sintering reported in the literature for 

both solids which range from 1100-1350°C for CeO2 [51-53] to 1400-1500°C for ThO2 [23, 

54, 55]. HT-ESEM observations then have to be used in a convenient range of temperatures in 

order to thoroughly determine grain growth kinetics and associated mechanisms. On this 

basis, actinide dioxides, which usually presents a high sintering temperature (typically above 

1500°C), can still be investigated, provided the use of highly reactive powders, obtained from 

mechanical treatments (ball milling, attrition, …) or from dedicated ways of synthesis, that 

generally lead to a significant decrease of the sintering temperature [22-24]. 

 

Once properly undertaken, the study of grain growth kinetics at various temperatures 

also led to the determination of activation energies. In this aim, the changes in ln (k) were 

plotted versus reciprocal temperature in Arrhenius diagrams, and led to new sets of values for 

fluorite-type MO2 oxides. The examination of the data reported in the literature for these 

compounds (Table 1) reveals very scattered values. If some of these variations can be easily 

explained due to experimental conditions (for example from the influence of atmosphere for 

redox-sensitive samples), several discrepancies remain. They can be mainly linked with the 

method used for the determination of activation energy or to the way of preparation of the 

samples used. Also, the majority of the methods used is based on dilatometry measurements 

and frequently investigate different ranges of temperature. Different stages of the sintering 

process, going from initial formation of necks between the grains to grain growth and pore 

elimination, can then have been considered. The data reported thus possibly reflect different 

phenomena, sometimes overlapping one with each other. 

In these conditions, the use of HT-ESEM observations for the determination of 

activation energies allowed to unambiguously assign the values obtained to pure grain growth. 

Also, in the case of ThO2, where Th(IV) is the only stable oxidation state for this element, no 

contribution of redox reactions can be envisaged during the heat treatment (although recent 

results tend to evidence some differences in the mechanical properties of sintered ThO2 
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depending on the atmosphere used [56]). The value of activation energy determined (435±25 

kJ.mol
-1

 [48]) can thus be considered as a reference for other MO2 compounds, including 

actinide dioxides such as AmO2 for which the determination of experimental data is hardly 

accessible. Interestingly, it appeared to be in good agreement with some of the values reported 

for the sintering of CeO2 in air (stabilization of tetravalent cerium) and for UO2 under H2 

(stabilization of U(IV)), indicating that the activation energy of stoichiometric MO2 fluorite-

type compounds systematically lies around 400 kJ.mol
-1

. Conversely, EA can drop 

significantly when creating defects in the solids [31] : this is particularly the case when 

slightly oxidizing UO2 into UO2+x during the first stage of sintering, which can help to 

decrease the  temperature required for complete densification [57]. 

Table 1. Values of activation energies reported in the literature for the sintering of various fluorite-type 

dioxides and determined through Master Sintering Curve (MSC), Constant Heating Rate 

(CHR), Rate Controlled Sintering (RCS) or Dorn’s methods.  

Sample Atmosphere Method EA (kJ.mol
-1

) Reference 

CeO2 air MSC 420 ± 10 [58] 

 air  580 [59] 

  CHR 365 [60] 

 N2 MSC 325 [61] 

 air HT-ESEM 290 ± 40 [47] 

ThO2   650 [62] 

   625 [63] 

 Ar-8%H2 MSC 520 [54] 

 air HT-ESEM 435 ± 25 [48] 

UO2.00 H2 CHR 429 ± 8 [31] 

 H2 Dorn 420 [64] 

 N2-5%H2 RCS 287 [32] 

UO2.09 H2 CHR 242 ± 6 [31] 

UO2.17 H2 CHR 299 ± 9 [31] 

(U0.5Pu0.5)O2 Ar-8%H2 CHR 376 [30] 

 CO2 CHR 138 [30] 

PuO2 Ar CHR 210 [65] 

 Ar-8%H2 CHR 159 [65] 

 

 

3.2. Kinetics associated to local phenomena 

 

Along with global data determined from the observation of hundreds of grains at the 

surface of ceramic sample during the sintering process, the high resolution of HT-ESEM 

images, even when operating at high temperature, can be used to assess local kinetic data 

associated to the motion of grain boundaries and to the elimination of pores. 
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As there is no static reference at the surface of the sample, the velocity of the grain 

boundaries was determined from the evolution of the distance separating two opposite grain 

boundaries (i.e. face to face one with each other). Whatever the oxide compound studied, the 

values obtained were generally determined for 5-10 couples of grain boundaries and 

systematically found in the 0-5 µm.h
-1

 range, which constitutes a first evaluation for ceramic 

materials. Indeed, the mobility of grain boundaries was up to now mainly assessed in metals, 

where values of several hundreds of µm.h
-1

 are usually reported [66, 67]. The Figure 5, which 

presents the evolution of grain boundaries velocities during the sintering of CeO2 or ThO2 at 

1400°C, clearly reveals that different cases can be observed depending on the grain 

considered. As it was expected from the description of grain growth in the literature, some 

grains grow during heat treatment while the smallest ones tend to disappear. Nevertheless, 

very sudden variations can occur in the evolution of a given grain, mainly due to its dynamic 

environment. The number of neighbors, the grain boundaries curvature, as well as the 

concentration of defects eventually present within the grains can be responsible for these 

variations [68, 69]. Also, it is interesting to see that this evolution is not systematically linear : 

whatever the oxide studied, some grains were found to initially expand then finally shrink, or 

inversely. This observation contradicts the predictions made by several theoretical models 

such as that of Wakai [70] who reported a similar rate of elimination for all the grains in the 

solid.   

 

Figure 5.  Evolution of distances separating two opposite grain boundaries during the sintering of CeO2 

[71] (a) and ThO2 [48] (b) at T = 1400°C. The various colors illustrate different grains 

randomly considered for each system. 

 

The elimination of porosity was also observed on the micrographs series recorded at 

high temperature. Such a phenomenon was commonly foreseen for intergranular pores located 

at the grain boundaries. Indeed, these latter are generally dragged by the motion of the 
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boundaries to finally merge together and be eliminated concomitantly to grain growth. More 

surprisingly, the observation of CeO2 samples during sintering also presented the elimination 

of some closed pores, initially located within the grains themselves [71]. Intragranular pores 

are usually formed through pore detachment from the grain boundaries [72, 73]: they are then 

represented as spherical pores embedded in the grains, with no remaining driving force 

promoting their motion. Intragranular pores are then hardly removable from the solid and 

frequently associated with the end of the densification process. The use of HT-ESEM for the 

in situ observation of the sintering of ceramic materials here appeared as a unique opportunity 

to image the elimination of closed porosity, which remained a surface-only phenomenon. 

Indeed, the pore displacement should be linked to gradients from the bulk to the surface of the 

pellet, either regarding temperature or Ce/O stoichiometry or anisotropic pressure in the solid 

matrix in the vicinity of pore [74]. A mathematical treatment was then applied to the image 

series to reconstruct the pore trajectory inside the solid. The extraction of the grey-level 

curves using ImageJ software was performed on each image along a line which goes through 

the pore diameter. The obtained curves were then interpreted regarding to the pore position 

relatively to the sample surface. By these means, it was then possible to measure the pores 

velocities as a function of their size : above 500 nm, pore displacement was typically limited 

to 0.5 µm.h
-1

 while it reached more than 1 µm.h
-1

 for pore diameters below 400 nm [71]. In 

this case, HT-ESEM observations led to results in good agreement with theoretical models, 

which described pore displacement as a function of k/r
n
, where k is the kinetic constant, r the 

pore diameter, and n the exponent characteristic of the diffusion mechanism involved [75]. 

 

3.3. Rapid acquisition of sintering maps 

 

The sintering map of a ceramic reports the variation of the average grain size as a 

function of the relative density of the samples. It is generally used to tailor the final 

microstructure of the material for various operating conditions, that can include temperature, 

heating time, atmosphere, … [42, 76] Due to the time needed for their acquisition, which 

requires an important number of heat treatments followed by density measurements and SEM 

observations/images analysis, sintering maps were very rarely, if never, reported for actinide-

bearing materials, although some authors tried to forecast the microstructural evolution of 

UO2 during sintering from numerical models [77, 78]. On this basis, an original approach 

based on the joint utilization of HT-ESEM observations and dilatometric measurements was 
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designed to give a fast access to ThO2 sintering map [48]. In this aim, the relative density of 

the pellet was calculated from the relative linear shrinkage measured by dilatometry during 

isothermal heat treatment, assuming that the sintering was strictly isotropic. On the other 

hand, the average grain size was directly extracted from the image analysis of HT-ESEM 

micrographs recorded in situ, as presented previously. The combination of both data sets led 

to sintering trajectories for all the temperatures investigated, which can be gathered together 

as a sintering map (Figure 6). 

Such a curve clearly revealed that the microstructural development of the ThO2 

ceramic occurred in two steps. The first one is mainly dedicated to the densification of the 

sample : while the relative density increased from 70 to almost 92%, the average grain size 

only appeared slightly modified. This densification process could be linked to the initial and 

intermediate stages of sintering, i.e. to the formation of necks between the grains then to the 

elimination of the open porosity [25, 26]. Thereafter, an almost constant value of the relative 

density was reached (around 93-94%), and the average grain size increased strongly. This 

grain growth step can then be linked to the final stage of sintering, where the presence of 

remaining closed pores can inhibit the densification process, but still allowing grain growth to 

pursue. 

 

Figure 6. Sintering map of ThO2 determined from the combination of HT-ESEM and dilatometry data 

[48]. 
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The sintering map also demonstrated that dense AnO2 ceramics presenting original 

microstructures can be obtained through the use of wet chemistry routes involving the 

precipitation of low-temperature precursors. Indeed, in the case of ThO2, the initial 

preparation of thorium oxalate to produce ThO2 nanopowders after pre-heating and grinding 

steps allowed producing dense pellets constituted by small grains : after 6 hours at 1400°C, 

the average grain size remained submicrometric, which was generally correlated to an 

improved mechanical behaviour. Also, the sintering map can be used efficiently to tune the 

porosity amount in the ceramic samples, which often appeared as a key-parameter in the 

nuclear fuel requirements. The use of HT-ESEM to rapidly acquire sintering maps could then 

be considered as a promising opportunity to yield original fuel ceramics, notably in the 

framework of the development of new generations of nuclear reactors [79]. 

 

3.4. Investigation of the first step of sintering 

 

The observation of bulk pellets during their heat treatment at high temperature through 

HT-ESEM allowed us to image the various phenomena linked with the intermediate and final 

stages of sintering, i.e. grain growth and pore elimination. However, the small average grain 

size of the powders used (typically below the micrometer scale), associated to the important 

displacement of the sample during heating ramp, preclude the observation of the first step of 

sintering, which is marked by the formation of necks between the grains. In order to get 

original insights on this key-step of the densification process, which confers a mechanical 

strength to the powder agglomerate, dedicated powders were prepared (see above). Indeed, 

the models describing the first step of sintering are usually based on two spheres in contact 

supposed to be single-crystals. The behavior of comparable microspheres was then assessed 

versus temperature for CeO2 and ThO2 samples. 

As the grains synthesized were initially polycrystalline, the first step of this work dealt 

with the evolution of the microspheres inner structure when heating [80]. The variation of the 

average size of the crystallites composing the microspheres (which must not be confused with 

grain growth within a compact) was then measured by various means, including HT-ESEM in 

situ observations, ESEM ex situ, and complementary Rietveld refinement of the PXRD 

patterns of thermally treated powders (Figure 7). As illustrated by the HT-ESEM micrographs 

presented, the microspheres progressively shifted from a polycrystalline arrangement to an 

almost spherical single crystal. Also, the crystallite growth kinetics was found to follow a 

two-exponential model. The determination of associated activation energies led to conclude to 
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two distinct mechanisms driving the microsphere evolution. For short heating time, a low 

value of EA (typically below 100 kJ.mol
-1

) was associated to the mechanical rearrangement of 

crystallites, also known as “oriented attachment” [81]. Conversely, for long heating times, the 

value of activation energy reached several hundreds of kJ.mol
-1

 and was associated to solid 

state diffusion. Such values also appeared in good agreement with those usually reported for 

sintering of bulk materials and gathered herein in Table 1. Moreover, the relative importance 

of these two mechanisms was found to vary depending on the way of preparation of the 

microspheres. Indeed, when the samples were initially precipitated as low-temperature 

precursors, then fired to yield the desired oxide, a residual mesoporosity [82] was detected in 

the microspheres, and was found to promote oriented attachment. On the other hand, the 

direct precipitation of oxides, which was correlated to much denser microspheres was usually 

more in favor of solid state diffusion [83]. The study of individual grains versus temperature 

then appeared to provide important information concerning the different mechanisms 

operating during the heat treatment. Also, it allowed us to determine precisely the conditions 

of preparation (both in terms of heating time and temperature) of spherical single crystals that 

could further be used to mimic the systems generally modelled and compare their behavior to 

polycrystalline samples. 

 

Figure 7. Evolution of the average crystallite size in CeO2 microspheres during heat treatment at 1100°C, 

determined from in situ () and ex situ () ESEM data, and PXRD Rietveld refinement (). 

HT-ESEM micrographs represent initial polycrystalline sample and spherical single crystal 

obtained at the end of the heat treatment (scale bar stands for both) [80]. 

 

The behavior of two microspheres in contact was then investigated in various 

operating conditions for polycrystalline or single crystal samples. For both systems, a neck 

between the microspheres was first formed and then grew continuously. Same modifications 

occurred whatever the sintering temperatures studied in the 1100°C-1225°C range, but with 

different kinetics. Also, these latter were systematically enhanced when working with 
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polycrystalline grains. In this case, neck growth was simultaneously accompanied by the 

gradual decrease of the crystallites number within the grains, as evidenced by the micrographs 

series reported on Figure 8. 

For both polycrystalline and single-crystal microspheres, the evolution of the grain 

assembly was described through : 

 = x/r      (2.) 

Where  is a dimensionless parameter usually referred to as the sintering 

advancement, x the radius of the neck formed between the two microspheres and r the radius 

of the microspheres considered. 

 

 

Figure 8. In situ HT-ESEM observation of CeO2 polycristalline microspheres sintering at 1100°C. 

 

Moreover, for single-crystals, the evolution of the λ parameter during neck growth was 

described since the 1960s by several authors, and can be modelled by the simple law : 

     
k.t

rm
 
 
n 

   (k .t)
 
n      (3.) 

where k is the kinetic constant, and n and m are exponents characteristic of the 

diffusion mechanism involved in neck growth [45, 84]. As the HT-ESEM observations 

performed on our systems revealed that the grain sizes remained almost unchanged, it was 

then possible to directly determine a new kinetic constant k’, and to deduce the value of n 

from the data collected (Figure 9).  

The activation energies evaluated from the variation of ln (k) versus the reciprocal 

temperature always led to values in the 400-600 kJ.mol
-1

 range. Once again, these values 

appeared in good agreement with those reported for the sintering of bulk materials. Moreover, 

when compared with data coming from the study of isolated microspheres, they tend to show 

that only solid state diffusion is operating during the elaboration of neck in single crystal 
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systems. Consequently, the n value was determined from the variation of and was 

systematically found close to 6, indicating a neck growth controlled by grain boundary 

diffusion [85]. For polycrystalline systems, the obtained data were modelled by a simple 

exponential function, as no model was available in the literature. The activation energies 

determined were then found to be significantly lower than for single crystals (typically around 

200 kJ.mol
-1

) and revealed that the mechanical rearrangement of the crystallites in the neck 

region operates concomitantly with solid state diffusion. Also, the important number of 

boundaries between crystallites probably acts as short-circuits for solid-state diffusion. 

In order to evaluate the impact of such a difference of mechanism on the validity of 

models, the experimental results obtained for CeO2 were compared with data computed 

through the SALAMMBO code [27, 28]. For the single crystal particles, a very good 

correlation was found between the two sets of data (Figure 9). Indeed, the evolution of the 

sintering degree followed a similar trend despite slight differences in the absolute values of y, 

which could mainly be assigned to the non-ideal morphology of the particles used in the 

experiments. Conversely, the simulated curve exhibited a significant deviation from the 

polycrystalline particles, which can obviously be considered as closer to real materials. This 

difference then clearly underlines the influence of the polycrystallinity of the grains on the 

sintering evolution : correlatively, it also indicates that current mathematical models only 

provide qualitative guidelines, but will not result in a reliable and quantitative prediction of 

the sintering degree evolution and morphology’s variation. 

 

Figure 9. Comparison between experimental results and modeling during sintering of two CeO2 

microspheres at 1100°C : polycrystalline samples (), single crystals () and results from the 

SALAMMBO model () [85]. 
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4. Conclusion 

 

The various results obtained from HT-ESEM experiments showed that a wide range of 

data can be deduced from the in situ observation of ceramic samples during their 

densification. They both deal with fundamental information, such as the nature of the 

mechanisms involved, diffusion path, or associated activation energies, and practical 

guidelines that can be directly used to tailor the final microstructure of a material. In this 

sense, HT-ESEM appears as a versatile tool, where the sintering temperature and atmosphere 

can be easily tuned. Moreover, the amount of sample needed to investigate the densification 

phenomena is limited, making the techniques perfectly suitable for the study of radioactive 

materials. Finally, the data obtained by these means can be complemented by those collected 

from more conventional techniques, such as dilatometry, to easily yield to sintering maps, 

which could be used in the future to achieve original fuel microstructures in the framework of 

the Gen-IV reactors development [79]. 

Even if some drawbacks remain (operating temperature limited to 1400°C, surface-

only information, …), the use of HT-ESEM can then be envisaged in the near future to get 

new insights into the densification of ceramics of interest for the nuclear fuel cycle. 

Particularly, the study of UO2 has to be undertaken, with a special attention paid to the 

influence of the oxygen partial pressure in the direct environment of the sample. Special 

efforts also have to be made for mixed oxides, which can be used to mimic the behavior of 

MOx fuel during their manufacturing. In this case, beyond the parameters already studied for 

simple oxides, the impact of the sample homogeneity must be evaluated. Also, for such 

materials, the densification process will be accompanied by the formation of a solid solution, 

which can be used to determine interdiffusion coefficients. 

 Finally, beyond the study of densification processes, the evaluation of the life-cycle of 

nuclear ceramics requires to master and forecast the microstructural evolutions linked with 

other key-steps of the nuclear fuel cycle. This is particularly the case for alteration 

phenomena, either when dealing with the total dissolution of a fuel material during its 

reprocessing, or with the leaching of a ceramic wasteform in an underground repository. In 

both scenarios, it will be essential to point out eventual zones of weakness, which present a 

degraded chemical durability (triple jonctions, grain boundaries, ….), and to correlate their 

evolution to the monitoring of inventory of elements in solution [86]. The in situ observation 

of nuclear ceramics (especially incorporating actinides) in presence of a thin liquid alteration 
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layer at their surface, then indubitably constitutes the next challenge to complete, both from 

technical and scientific point of views, for environmental scanning electron microscopy. 
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