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Abstract 
Chromium volatilization from Cr2O3 powder and Cr2O3-doped UO2 pellets during sintering in 
reducing atmospheres has been studied by thermogravimetry (TG) coupled with differential 
thermal analysis (DTA) up to 1700°C. The sintering of Cr2O3-doped UO2 pellets was also 
followed by dilatometry. Oxygen partial pressures in the range 10-20-10-11 atm (10-15-10-6 Pa) 
have been fixed in all the experiments thanks to mixtures of hydrogen and carbon dioxide. A 
linear heating rate of 20°C min-1 was applied to all the experiments. The dopant amount was in 
the range 0.18-0.9 mol% Cr in UO2. For all the oxygen potentials, the mass loss of Cr2O3 
powder was found to start at temperatures as high as 1470°C due to Cr2O3 dissociation, the 
lower the oxygen potential, the lower the starting temperature and the higher the volatilized 
amount. For intermediate oxygen potentials, an exothermic DTA peak observed during cooling, 
from 1700°C to room temperature, attested for the crystallization of a liquid phase which was 
attributed to CrO(l) according to thermodynamic predictions. Then, the dilatometry and TG 
studies allowed following the behavior of Cr2O3-doped UO2 pellets. The mass loss at 
temperatures higher than 1470°C was attributed to chromium volatilization for all the doped 
samples. During the sintering of doped UO2 pellets, the liquid phase CrO(l) seemed to appear at 
a lower oxygen potential than in Cr2O3 powder, which probably contributed to enhance the 
densification rate. For the highest dopant amount, 0.9 mol% Cr, the volatilization process was 
found to be rather similar to that of Cr2O3 powder, due to the part of chromia not solubilized in 
the UO2 crystal. Moreover, as the initial pellets were not dense, as long as the pellet porosity 
remained open, the chromia particles were able to dissociate as in the Cr2O3 powder. Thus the 
volatilization of chromium from doped UO2 pellets under sintering in reducing atmospheres 
must be understood as the result of several phenomena whose contribution depends on 
temperature, oxygen potential and heating rate: before the porosity closure, both dissociation 
of chromia into Cr(g) and oxygen from excess Cr2O3 particles, and Cr volatilization from doped 
UO2 particles; then chromium volatilization from the doped UO2 ceramic during further 
densification process. 
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I. Introduction 
Upgrading the economics of light-water reactor plants leads to increased demands on reactor 
maneuverability with continued enhancement of fuel performance and reliability. Research on 
fuel pellets focuses on the ability of large grain and visco-plastic UO2 microstructure to increase 
fission products retention and pellet mechanical compliance [1]. High expectations are placed 
on the optimized chromia-doped UO2 fuel developed by Areva NP which exhibits significantly 
higher performance compared to the reference UO2 fuel [2]. In the first development step 
started in the 1990’s, the fundamental mechanisms governing UO2 doping with Cr2O3 were 
clarified. The sintering conditions have been optimized to enhance chromia dissolution in the 
UO2 matrix and to increase the solubility limit of chromium into UO2 [3] and [4]. To master the 
doped UO2 fuel fabrication technology, a large industrialization program has been launched to 
study the evolution of the pellet characteristics as a function of various parameters: U3O8 
recycling, pellet sintering conditions, etc. Optimized manufacturing conditions are now defined 
to ensure the reproducibility of the targeted microstructure changes with a reduced scattering 
inside a pellet lot or between lots. 
In parallel, fundamental researches are in progress such as the present study which aims to 
understand in depth the behavior of Cr2O3 at high temperature. Toker et al. [5] studied the 
thermodynamic properties and phase relations of the Cr-O system at temperatures from 1500 
up to 1825°C. The outcome thermodynamic diagram, shown in Figure 1, defines domains of 
existence for several phases Cr(s), Cr2O3(s), Cr3O4(s) and CrO(l) versus temperature and oxygen 
potential (oxygen partial pressures in the range of 10-20 - 10-11 atm/10-15 - 10-6 Pa). Johnson and 
Muan [6] also studied a binary phase diagram from mixtures of Cr2O3 and Cr powders in a 
purified argon atmosphere and showed the existence of an eutectic at 1665°C. This value is 
closed to the one found previously by Ol’Shanskii and Shlepov [7] who reported an eutectic 
temperature at 1660°C. In such high temperature and low oxygen pressure conditions, 
chromium is suspected to "evaporate" from the solid phase; however at our knowledge, neither 
mechanism nor quantitative data on this phenomenon in reduced atmospheres are available. 
This article presents first a thermogravimetry study coupled with differential thermal analysis 
(TG-DTA) of a chromia powder in the range of temperatures 1100-1700°C in reducing 
atmospheres (oxygen pressure in the range of 10-20 - 5 x 10-11 atm/10-15 - 10-6 Pa). Then the 
behavior of chromia-doped UO2 pellets followed by TG and dilatometry in the same 
thermodynamic conditions is discussed with the help of the results obtained with the Cr2O3 
powder. 

II. Experimental 
IIII..11..  MMaatteerriiaallss  

The Cr2O3 powder (Elementis) used in this study, has a purity grade of 99.794%, the main 
impurities are calcium (410 ppm) and silicium (1100 ppm). Its specific surface area has been 
determined by the BET method with the Kr adsorption isotherm at a temperature of 75 K. A 
value of 6.0 m2 g-1 was found, to which corresponds an average diameter of 0.19µm for primary 
particles according to the assumption that Cr2O3 particles are spherical. 
The chromia-doped UO2 pellets (noted Cr-doped UO2 in the following) used for the TG 

analyses are small disks with a reduced thickness of ∼2 mm and a diameter of ∼9 mm. Such 
geometry is required to avoid edge effects and consider a planar symmetry. The samples have 
been prepared by Areva NP (manufacturing plant of FBFC Dessel, Belgium) from depleted UO2 
powder converted by the dry route process and without any other additives. This UO2 powder 
is slightly overstoichiometric (UO2.069) and its purity grade is 99.9954%. The specific surface 
area of this powder is equal to 2.4 m2 g-1 with an equivalent particle diameter of 0.23µm. The 
chromia powder is directly added to UO2 at the blending step. After pre-compaction and 

granulation operations, the pellets have been compacted to a green density level of ∼6 g cm-3. 
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The doped UO2 samples studied by dilatometry were manufactured according to the same 
process and same materials.  

However, sample pellets with a cylinder form (∼7 mm thickness and ∼10 mm diameter) were 
required to obtain a measurable signal during densification. For the present work, several 
Cr2O3 contents have been studied: undoped UO2, UO2 + 0.18 mol% Cr (589 ppm Cr2O3), UO2 + 
0.44 mol% Cr (1419 ppm Cr2O3) and UO2 + 0.9 mol% Cr (2878 ppm Cr2O3). 

IIII..22..  EExxppeerriimmeennttaall  mmeetthhooddss  

II.2.1. TG and DTA experiments 
The thermogravimetry (TG) experiments have been performed with a symmetrical balance 
(SETARAM TAG 24) equipped with a differential thermal analysis (DTA) device (tungsten 
crucibles and W-5%Re/W-26%Re thermocouples) appropriated to high temperature 
conditions (maximum 1700°C) and to reducing atmospheres. The device is connected to a gas 
panel equipped with H2 and CO2 mass flowmeters to fix the desired amount of CO2 in 
hydrogen: 0.6% CO2, 1.11% CO2, 1.47% CO2, 2.06% CO2 and 3.2% CO2. Before introduction of 
the gas mixture, the device is evacuated to 10-4 atm (10 Pa) to eliminate residual gases. The CO2 
content in the exit gas was ascertained by infrared spectrometry at room temperature. The 
measured error was ±0.02% CO2 in the mixture. The oxygen potentials equivalent to the 
H2/CO2 mixtures were obtained according to Deines et al.’s data [8]; they have been reported 
as a function of temperature in Figure 1a; it can be seen that the lines corresponding to the 
experimental conditions cross interesting domains of the thermodynamic diagram. The 
estimated error on the oxygen potential, based on the CO2 content measurement, corresponds 
to ±250 J mol -1. The experiments have been conducted up to 1700°C with a heating rate of 
20°C min-1 followed by a soaking time of five minutes to compensate the thermal inertia of the 
furnaces and a cooling rate of 30°C min-1. As a consequence, the very last part of the DTG and 
DTA curves will not be commented. 
To reach uniform thermal and gaseous composition conditions within the powdered samples, 

the TG-DTA experiments were achieved with ∼3 mg of Cr2O3 which corresponds to a powder 

bed as thin as of ∼0.5 mm in the crucible. TG-DTA blank tests were performed without any 
sample in the crucible to monitor the baseline of the mass and DTA signals. The mass signal 
exhibited a continuous drift which did not exceed 35µg from 1400°C to 1700°C. The mass loss 
curves were corrected by subtraction of this baseline. The reproducibility of the mass loss 
curves versus temperature was good: ±0.3 wt%. Concerning the DTA curves, the onset and 
maximum peak temperatures were reproducible with an accuracy of ±1.5°C. However some 
problems of reproducibility were encountered in the case of DTA since for two identical 
experiments, the shape of the signals was not rigorously reproducible, probably due to the 
small amount of sample in the crucible. To follow the chromium volatilization from Cr-doped 

UO2 pellets, TG experiments were done placing a pellet of ∼0.8 g in a tungsten crucible 
suspended to a tungsten suspension (it was not possible to use the TG-DTA device due to the 
limited amount of sample in the DTA crucible). 

II.2.2. Dilatometry tests 

All the dilatometry tests were performed at the Areva NP Ceramic Laboratory in Erlangen 
(Germany) by means of a Netzch device (DIL 402 C) allowing to work up to 2000°C under 
H2/CO2 mixtures. The shrinkage measurement resolution, gave by the provider, is 0.125 
nm/1.25 nm but the operational shrinkage precision was not better than 1µm. The tests were 
conducted up to 1700°C in the same atmospheres than those used in the thermobalance, with a 
heating and a cooling rate of 20°C min-1. The results were analyzed by reference to the 
theoretical density which is 10.96 g cm-3 for UO2, and respectively 10.95, 10.94 and 10.93 for 
the 0.18%, 0.44% and 0.9 mol% Cr doped samples. 
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III. Results and discussion 

IIIIII..11..  TTGGAA––DDTTAA  ssttuuddyy  ooff  CCrr22OO33  ppoowwddeerr  

Figures 2(a-e) shows the experimental curves of mass loss (TG), derivative of mass loss (DTG) 
and heat flow (DTA) obtained for the Cr2O3 powder under the various H2/CO2 atmospheres. 
Neither mass loss nor DTA signals were observed below 1400 °C, so the results are presented 
between 1400 °C and 1700 °C. The mass loss due to the chromium volatilization was observed 
to begin in the temperature range 1430-1660 °C, depending on the oxygen potential, the higher 
the oxygen potential, the higher the onset temperature. All the experiments except for the 
highest oxygen potentials (3.2% CO2) exhibited an endothermic signal during the heating 
treatment. An exothermic signal was observed during cooling for the experiments done with 
1.47% CO2 and 2.06% CO2 mixtures (cf. Figures 2c and d). The results of the TG and DTA tests 
(onset and peak temperatures, final mass loss) are summarized in Table 1. The onset 
temperature for TG and DTA signals during heating are quite similar for 0.6% and 1.11% CO2, 
whereas the DTA endothermic peak starts before the TG mass loss for 1.47% and 2.06% CO2. It 
can be noticed that the higher the oxygen potential, the lower the total mass loss (cf. 4th line of 
Table 1). In order to explain the TG-DTA results, we have listed in Table 2 the most probable 
reactions that could occur considering the various condensed phases appearing in the 
thermodynamic diagram (Cr2O3(s), Cr(s), Cr3O4(s) and CrO(l)): 

� dissociation of Cr2O3 into gaseous or solid metallic chromium and oxygen (reactions 
R1 or R2, respectively), 

� chromium evaporation from solid metallic chromium (reaction R3) 

� decomposition of Cr2O3 into Cr3O4 (reaction R4), 

� decomposition of Cr3O4 into gaseous or solid metallic chromium and oxygen (reactions 
R5 or R6, respectively), 

� decomposition of Cr3O4 into liquid CrO and oxygen (reaction R7), 

� decomposition of CrO(l) into gaseous chromium and oxygen (reaction R8), 

� decomposition of Cr2O3 into CrO(l) and oxygen (reaction R9), 

� vaporization of CrO(l) into gaseous CrO (R10), 

� reaction of Cr(g) with Cr2O3(s) to form liquid CrO (R11). 

For each reaction the values of the corresponding standard enthalpy variations and Gibbs 
energy variations calculated at 1400°C and 1700°C [9] and [10] have been reported in Table 2 
as well as the theoretical mass losses at total conversion. In Figure 1a have been reported the 
temperatures observed for the DTA peak onsets during heating (dots) and the mass loss onsets 
(triangles). It can be seen that for all atmospheres, the mass loss and the endothermic effect 
begins well before the limits of the phase diagram. This means the volatilization process begins 
to be detected without appearance of a new solid or liquid phase. Moreover, the onset 
temperature increases when the oxygen potential increases. 
Figure 3 represents the equilibrium pressures of the gaseous species Cr(g), CrO(g), CrO2(g), 
CrO3(g) as a function of temperature, calculated considering the change in oxygen potential with 
temperature in the atmosphere 1.11% CO2 (cf. line 2 in Figure 1a) and for the various 
condensed phases of Toker’s diagram. It can be seen that gaseous chromium is the most 
probable species that can be released whatever the condensed phase would be; considering the 
other atmospheres, the calculations (results not shown) lead to the same observation. 
Moreover Figure 4, which represents for reaction R1 the gaseous chromium equilibrium 
pressure vs. temperature for the various atmospheres, indicates that the higher the content in 
CO2, the lower the Cr(g) partial pressure. It can thus be inferred from these thermodynamic 
considerations that the beginning of TG and DTA curves of Figure 2 corresponds to the 
dissociation of chromia according to reaction R1, in agreement with a high standard enthalpy 
value (1891 kJ mol-1 at 1400°C). When the temperature increases, the equilibrium pressure in 
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Cr(g) increases, and so does the mass loss. The Cr2O3 dissociation process will continue 
provided the surface of the chromia particles remains in contact with the gas phase. 
In the case of the most reducing atmosphere (0.6% CO2), the thermodynamic diagram predicts 
that chromia would start to dissociate into solid metallic chromium Cr(s) and oxygen according 
to reaction R2 at 1470°C; since the final mass loss was found to exceed 31%, such a 
transformation must take place in parallel with R1 until chromia particles become totally 
covered with metallic chromium. Obviously mass loss due to reaction R3 has to be considered 
as soon as Cr(s) appear at the surface of the oxide particles (cf. Figure 2a). The large difference 
between the enthalpies of reactions R2 and R3 probably explains the difference in the peak 
temperatures of both DTG and DTA signals. 
For the 1.11% CO2 atmosphere, in addition to reaction R1 which is detected from 1499°C from 
TG and 1487°C from DTA (cf. Figure 2a), the formation of Cr3O4(s) phase is expected at a 
temperature around 1650°C according to Toker et al. thermodynamic diagram. Above 1650°C 
four different reactions can occur: the formation of Cr3O4(s) (R4), the dissociation of Cr3O4(s) in 
gaseous chromium (R5), the dissociation of Cr3O4(s) in solid chromium (R6) and the 
vaporization of solid chromium (R3). Reactions R4 and R5 could start at 1650°C against 
1665°C for reactions R3 and R6. In this temperature range, the corresponding mass losses 
should be low because during the experiment, the Cr3O4(s) domain is crossed during 10-20 s 
only, due to the high heating rate (20°C min-1). In consequence the formation of Cr3O4(s) should 
be rather limited; that could explain why the shape of the DTA and mass losses signals 
observed in Figure 2b are very similar to those of Figure 2a. When the temperature reaches 
1665°C, reaction R2 may occur and subsequently reaction R3, both responsible for the mass 
loss. The final mass loss is lower than in the most reducing atmosphere since the reactions R2 
and R3 are shifted at higher temperatures and the Cr(g) equilibrium pressure is lower. 
With the 1.47% CO2 atmosphere (cf. Figure 2c), similarly to the previous atmospheres, the 
phenomenon observed to begin at 1526°C for the mass loss and at 1470°C for the endothermic 
DTA signal should correspond to the reaction R1. Then, according to the thermodynamic 
diagram, two new phases can be considered: Cr3O4(s) that can be formed by reaction R4 
(chromia decomposition) and CrO(l), that can be formed by reactions R7 (Cr3O4 decomposition) 
and R9 (Cr2O3 decomposition). These three reactions might all contribute to the mass loss and 
DTA signals, and in addition, the dissociation (R8) of the liquid phase CrO(l) and its 
vaporization (R10) may also be involved. However, no particular feature could be noticed on 
the curves of Figure 2c. Thus as previously proposed, the period in the Cr3O4 domain is too 
brief to consider a significant contribution of reaction R4 to the mass loss. During the cooling, 
an exothermic peak without mass change has been identified which starts at 1663°C. This 
indicates a crystallization phenomenon from a liquid phase, i.e. the presence of CrO(l) seems to 
be confirmed. Due to their low standard enthalpies, reactions R7 and R9 (cf. Table 2) do not 
produce any characteristic peak on the endothermic DTA signal during heating. 
In the 2.06% CO2 atmosphere, according to Figure 1, only the dissociation of Cr2O3 can be 
envisaged. However, an exothermic signal has been observed during the cooling, at 1662°C, 
indicating again the crystallization from a liquid phase. This means that CrO(l) can be produced 
at lower temperature than predicted by the thermodynamic diagram (Figure 1) since according 
to Toker’s data the CrO(l) phase should form at 1716°C. First, experimental errors on 
temperature or oxygen potential values have been considered to explain such difference from 
thermodynamic prediction. Considering the tungsten thermocouple precision (1.5°C), a 
temperature error can be excluded. As illustrated by Figure 1b, the error on the oxygen 
potential cannot explain the difference between the experimental oxygen potential and the 
Cr2O3(s)/CrO(l) equilibrium value at 1700°C. Another possible explanation could be the effect of 
impurities, as reported by Li et al. [11] who studied the sintering behavior of Cr2O3 in presence 
of ZrO2. The thermodynamic diagram for the Cr-O system calculated for a CrO(l) activity of 0.8 
reveals a larger domain of existence of CrO(l) than that proposed by Toker. So since the chromia 
powder contains silicium and calcium, their effect on the temperature of appearance of CrO(l) 
cannot be excluded. 
In the case of the less reducing atmosphere 3.2% CO2, the mass loss has been observed to start 
at 1659°C and there is no visible DTA signal. The mass loss seems to correspond to the 
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dissociation of Cr2O3 (reaction R1), the equilibrium metallic chromium partial pressure being 
5.41 x 10-5 atm at 1659°C. The mass loss is very low even at 1700°C, which is in agreement with 
a lower equilibrium partial pressure for higher oxygen potentials, as previously discussed and 
illustrated by Figure 4. For this atmosphere, the conditions at 1700°C are quite far from the 
thermodynamic predictions for the CrO(l) domain (1750°C), which is consistent with the 
absence of a DTA exothermic signal during the cooling, probably due to an insufficient 
impurities effect. 

IIIIII..22..  CCrr--ddooppeedd  UUOO22  ppeelllleettss  

III.2.1. Dilatometry results 
Table 3 reports some characteristic temperatures and density values obtained in all the 
dilatometry experiments with the undoped and 0.18%, 0.44% and 0.9% mol Cr-doped UO2 
pellets. Figure 5a represents the dilatometry curves vs. temperature for a sintering cycle in 
2.06% CO2 atmosphere, and the corresponding derivative curves showing the rate of 
densification are shown in Figure 5b. All the doped samples show a delay in the densification 
compared to UO2. It is worthwhile to notice for doped samples the presence of a slight 
acceleration of the densification rate at temperatures around 1250°C. The temperature of the 
corresponding maximum has been reported in the 4th line of Table 3. This phenomenon, which 
is absent of the curves with the undoped UO2, will be discussed in the next sections. The effect 
of the dopant on the final density, reported in the 6th line of Table 3, appears to depend both on 
the amount of dopant and on the atmosphere composition. The temperature corresponding to 
94-95% of theoretical density was seen to depend on the gaseous atmosphere, as illustrated by 
Figure 6 which represents the derivative of the density vs. density obtained with undoped and 
0.9 mol% Cr-doped UO2 for 0.6%, 1.47%, 2.06% and 3.2% of CO2. On each graph of Figure 6, 
the vertical line corresponds to 95% of the theoretical density, which is considered as the 
theoretical limit of existence of open pores in ceramics; beyond that value, it can be considered 
that there is no longer open porosity in the pellets. For 0.6% CO2 the porosity remains open 
even at 1700°C whereas for 1.47%, 2.06% and 3.2% CO2 the closure of the porosity is found 
near 1700°C. A maximum in the densification rate appears in the case of the doped samples 
near 1660°C for 1.47% CO2 and 2.06% CO2 and near 1680°C for 3.2% CO2. These temperatures 
correspond rather well to those of the porosity closure. This will be discussed later in Section 
III.3. 

III.2.2. TG analysis at H2 + 1.47% CO2 
The curves of mass loss from room temperature to 1700°C in the 1.47% CO2 atmosphere are 
shown in Figure 7a for 0.9 mol% Cr-doped and undoped samples. Figure 7b represents the rate 
of mass loss deduced from the curves of Figure 7a. During the heating up to around 1400°C, 
after a first mass loss (peak at 155°C and 270°C) due to water desorption, a second mass loss 
(peak at 420-440°C) is observed as the result of the UO2+x reduction. The reduction process is 
achieved at about 1480°C for both samples. This can easier be observed on the curves of 
Figure 8 which represents an enlargement of the TG and DTG signals in the region 800-
1700°C for undoped and doped samples (0.18, 0.44 and 0.9 mol% Cr) in 1.47% CO2 
atmosphere. In addition, in the DTG curves of Figure 8b, it appears a small shoulder close to 
1200°C on the high temperature side of the large peak of the end of the UO2+x reduction. Such a 
feature must be compared to the acceleration in the densification previously mentioned in 
Section III.2.1. A significant increase in the mass loss rate of the doped sample begins when the 
temperature exceeds 1480°C. This temperature is nearly the same as that observed for the 
beginning of chromia volatilization in the TG/DTA experiments of Cr2O3 powder sample at 
1.47% CO2. By analogy to the chromia powder results, this phenomenon thus can be mainly 
attributed to the dissociation of chromium oxide Cr2O3 (reaction R1). 
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IIIIII..33..  DDiissccuussssiioonn  

III.3.1. Volatilization from Cr2O3 powder 

The TG–DTA experiments with chromia powder have shown that chromia may dissociate 

releasing metallic gaseous Cr (and oxygen) as the major volatile species whatever the 
atmosphere composition and the temperature could be. According to the oxygen potential and 
the temperature, other reactions should contribute to the volatilization process, as for example 
the vaporization of solid metallic chromium or liquid CrO(l). The presence of CrO(l) in 
intermediate atmosphere compositions (1.47% and 2.06%) has been attested by an exothermic 
peak in the DTA signal during cooling. The presence of chemical impurities such as Ca and Si 
may explain the appearance of the liquid phase CrO(l) at temperatures lower than that expected 
by the thermodynamic predictions. The amount of Cr volatilization depends of temperature 
and oxygen potential in the same way as does the Cr(g) equilibrium partial pressure of the 
considered reactions. Such conclusions will help to understand the behavior of Cr-doped UO2 
pellets during similar conditions of temperature and oxygen potential. 

III.3.2. Solubilization of Cr2O3 in UO2 
The doped samples show a delay in densification compared to undoped UO2 for each studied 
atmosphere. Bourgeois [12] observed this phenomenon during the sintering of UO2 doped 
pellets which contain 0.31 mol% of Cr and using the following experimental conditions: 1%H2O 
in hydrogen, heating rate of 2.5°C/min, use of spray-dried UO2 powder. He explained this 
delay in densification by the development of a Cr2O3 film around the UO2 particles. Delafoy [13] 
described the same effect, which increases with chromium content. So Cr2O3 fine particles 
dispersed in the UO2 pellet probably inhibit the intergranular diffusion of ions during the first 
stage of sintering. Another mechanism can be considered, the surface diffusion of chromium 
cations on the UO2 grains surface can also delay the intergranular diffusion. 
As we previously noticed in the Section III.2.2 dedicated to the thermogravimetry experiments 
with doped pellets (for the 1.47% CO2 atmosphere), it is interesting to compare the 
densification rate with the rate of mass loss. The maximum of the mass loss rate at 1200°C is 
close to that of the densification peak at 1157°C. These peaks could be due to the chromia 
solubilization in UO2 accompanying the final step of the UO2+x reduction. The mass loss rate 
difference when compared to the undoped UO2 is probably due to the modification of the point 
defects nature and concentration in the doped UO2 crystal structure. Similarly these defects 
contribute to the increase in the sintering rate. The slight differences between the peak 
temperatures of the DTG and densification rate curves probably come from the difference in 
the shape of the samples used in both experimental devices. The limit of solubility of chromia 
into UO2 has been studied by several authors [4], [13], [14] and [15]. According to the Riglet-
Martials data [15], it is possible to calculate the solubility for every condition of temperature 
and oxygen potential. The maximal fraction of dopant in solution into UO2 during the heating 
may thus be evaluated. For example, at 1560°C and 1.47% CO2, no more than 61% of the 
chromia introduced in the pellet can enter in solution in UO2 in the case of 0.44 mol% Cr, and 
only 30% in the case of 0.9 mol% Cr. At 1640°C, these values move to 80% for 0.44 mol% Cr, 
and only 40% in the case of 0.9 mol% Cr. Thus, in reality, only a part of chromia enters in 
solution into the UO2 crystal, the other part remaining in the form of Cr2O3 particles dispersed 
in the pellet. Since during the temperature increase, the porosity remains open during a given 
period, chromia is expected to dissociate according to the same process as that observed in the 
case of Cr2O3 powder. This certainly explains the similarity between the mass loss curves 
observed in Cr2O3 powder and Cr-doped UO2 pellets. This is especially clear in the case of the 
0.9 mol% Cr doped sample for which the mass loss rate continuously decreases after 1500°C up 
to 1700°C (Figure 8b). For a fixed oxygen potential, the higher the temperature, the higher the 
solubility. Considering the rate of mass loss and densification curves, it can be inferred that for 
kinetic reasons the solubilization process of Cr2O3 occurs majoritarily near 1200°C, then the 
"excess" chromia may be progressively incorporated in UO2 as far as the solubility limit 
increases with temperature. However, the fraction of chromia which remains as Cr2O3 particles 
cannot be neglected with respect to their contribution to the volatilization process. 
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III.3.3. Sintering behavior of undoped and Cr-doped UO2 
For all the atmosphere compositions, a second acceleration of the densification occurs giving a 
maximum rate in the range 1500-1600°C, the higher the dopant amount, the higher the 
densification rate. Such an acceleration has to be compared to Chevrel’study [16] showing a 
similar effect during the sintering of overstoichiometric UO2 containing numerous Willis type 
defects which are known to enhance the ions diffusion and thus accelerate the densification. In 
the present study, this phenomenon can be related to an increase in the Willis defects 
concentration as the result of chromium insertion at uranium sites of UO2 crystals and 
distortion of the oxygen lattice around chromium ions [17]. Chromium ion in solution into UO2 
takes III + valency and disturbs a lot the chemical defects in the UO2 matrix, producing mainly 
Willis type defects. For the 0.6% CO2 atmosphere, in agreement with the thermodynamic 
diagram proposed by Toker et al. [5], the dissociation of Cr2O3(s) in Cr(s) occurs at 1473°C (R2). 
Consequently, the presence of metallic chromium precipitates can pin the grain boundaries 
[12] explaining the low final density of the sample compared to the less reducing atmospheres. 
In the doped pellets the Cr volatilization process is expected to depend of the competition 
between the sintering and solubilization rates since the "excess" Cr2O3 particles will behave 
differently before and after the closure of the porosity. Before this point, the surface of the 
Cr2O3 particles is in contact with the surrounding atmosphere allowing Cr(g) transport in the 
gas phase, and beyond it, the volatilization of chromium necessitates bulk or/and grain 
boundary diffusion inside the UO2 ceramic matrix. 

III.3.4. Liquid phase 
For the 0.9 mol% doped sample and the 1.47% and 2.06% CO2 atmospheres, the densification 
rate curves exhibit a second peak close to 1660°C. Based on microstructure examinations, 
Bourgeois [12] explained such a phenomenon by the hypothesis of a liquid phase for the high 
Cr2O3 contents. TG-DTA results on chromia powder, for 1.47% CO2 and 2.06% CO2, validate 
this interpretation due to the exothermic peak associated to the crystallization of a liquid phase 
detected during the cooling period. 
For the atmosphere 3.2% CO2, and 0.9 mol% Cr doped sample, the dilatometric curve of the 
sintered doped pellet also shows a second acceleration of the densification, but at a higher 
temperature, near 1680°C. However in this case any exothermic DTA peak was observed 
during the cooling of the Cr2O3 powder. Open porosity can disappear when the ceramic density 
exceeds 95% dth, in the doped pellet the closure can began around 1680°C. At this 
temperature, the decomposition of Cr2O3(s) in Cr(g) can take place with a chromium partial 
pressure close to 1 x 10-3 atm. Thus Cr(g) could be trapped in the closed porosity and react with 
Cr2O3(s) to form liquid CrO(l) according to reaction R11. Moreover, considering the experiments 
done in the dilatometer furnace, the thermodynamic conditions may not be strictly the same 
outside and inside the sample just after the closure of the porosity. This may also contribute to 
the formation of the liquid phase. 
The appearance of the CrO(l) liquid phase thus favors the sintering process and, as previously 
explained with the porosity closure effect, it may play indirectly a significant role in the 
chromium volatilization process. 

III.3.5. Volatilization process from Cr-doped UO2 pellets 
The volatilization process from Cr-doped UO2 pellets may be explained due to the comparison 
of the results obtained with the Cr2O3 powder. During the high temperature treatment from  
1000 to 1700°C, the following phenomena have to be considered:  

� A part of the added chromia solubilizes with a maximum rate around 1200°C, then the 
solubilization process may continue as far as the temperature increases, in relation to 
the corresponding solubility limit. 

� At temperatures higher than 1480°C, and in all atmospheres, as far as the porosity 
remains open, the volatilization process consists of two contributions: one is the 
dissociation of excess chromia (not yet solubilized chromia) with a behavior similar to 
that of Cr2O3 powder (reaction R1); a second smaller contribution may come from Cr(g) 
volatilization from effectively Cr-doped UO2 particles (soluble Cr) with a kinetic 
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behavior expected to be different from that of the chromia particles; indeed, in that 
case, the volatilization process needs chromium to diffuse into the UO2 particles. 

� After the porosity closure, which has been shown to be influenced by the appearance 
of the CrO(l) liquid phase, only one process should be considered: the volatilization 
needs the chromium to diffuse into the UO2 matrix. 

IV. Conclusions 
The behavior of a chromium oxide powder at high temperature and under reducing 
atmospheres has been studied in details by combining DTA and thermogravimetry 
experiments. Experiments with a linear temperature increase up to 1700°C under various 
oxygen potentials where done to follow the chromia volatilization process. For all conditions, 
the results showed mass losses associated to endothermic signals. Based on thermodynamic 
considerations, the mass loss was principally attributed to the dissociation of Cr2O3 into 
gaseous metallic chromium and oxygen, and depending on the atmosphere composition, the 
formation of a liquid phase CrO(l) could be evidenced. 
Dilatometry tests performed with undoped and Cr-doped UO2 pellets allowed to determine the 
temperature domain where chromium is solubilized in UO2, i.e. around 1100-1200°C, as well as 
the temperature at which the open porosity vanishes in the pellet. The presence of a liquid 
phase for the highest content of chromium was suggested from dilatometry measurements in 
good agreement with the DTA results with chromia powder. 
The volatilization process during the sintering of doped UO2 pellets has been shown to result 
from different phenomena: both decomposition of Cr2O3 particles (not solubilized in UO2) and 
volatilization from Cr solubilized in UO2 particles before the porosity closure, then Cr 
volatilization from the doped UO2 ceramic matrix after the porosity closure. In the last case, 
both grain boundary and lattice diffusion processes have to be considered before volatilization, 
whereas only lattice diffusion is involved in the first case. 
Concerning the application to the industrial nuclear fuel processing, further developments 
based on these conclusions could be achieved. In order to lower as far as possible the amount 
of chromium volatilization. Detailed kinetic study is in progress in order to quantify the kinetic 
rates of these various contributions and to obtain a predictive rate law able to find the optimal 
processing conditions as regards to both the chromia volatilization and the final density of the 
ceramic. 
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FFiigguurree  11::  ((aa))  TThheerrmmooddyynnaammiicc  ddiiaaggrraamm  ffoorr  tthhee  CCrr--OO  ssyysstteemm  aaccccoorrddiinngg  ttoo  TTookkeerr  eett  aall..  [[55]]  wwiitthh  tthhee  DDTTAA  ssiiggnnaall  ssttaarrtt  
((��))  aanndd  mmaassss  lloossss  ssttaarrtt  ((��))  ffoorr  aallll  aattmmoosspphheerreess  ssttuuddiieedd  iinn  tthhiiss  ppaappeerr..  HH22  ++  00..66%%  CCOO22  ((11)),,  HH22  ++  11..1111%%  CCOO22  ((22)),,  HH22  ++  
11..4477%%  CCOO22  ((33)),,  HH22  ++  22..0066%%  CCOO22  ((44)),,  aanndd  HH22  ++  33..22%%  CCOO22  ((55))..  ((bb))  MMaaggnniiffiiccaattiioonn  ooff  tthhee  ddiiaaggrraamm  cceenntteerreedd  oonn  tthhee  CCrr33OO44  
ddoommaaiinn  aanndd  rreepprreesseennttaattiioonn  ooff  tthhee  ooxxyyggeenn  ppootteennttiiaall  eerrrroorr  ((ddaasshheedd  lliinnee))  ffoorr  HH22  ++  22..0066%%  CCOO22  aattmmoosspphheerree..  
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FFiigguurree  22::  MMaassss  lloossss  ΔΔmm  iinn%%  ((––)),,  rraattee  ooff  tthhee  mmaassss  lloossss  dd((ΔΔmm))//ddtt  iinn%%  mmiinn−−11  ((––––))  aanndd  DDTTAA  ssiiggnnaall  ((⋯⋯))  iinn  aarrbbiittrraarryy  

uunniittss  ffoorr  CCrr22OO33  ppoowwddeerr  uunnddeerr  vvaarriioouuss  HH22//CCOO22  aattmmoosspphheerreess  wwiitthh  %%CCOO22  eeqquuaall  ttoo  00..66  ((aa)),,  11..1111  ((bb)),,  11..4477  ((cc)),,  22..0066  ((dd))  aanndd  
33..22  ((ee))..  
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FFiigguurree  33::  CCaallccuullaatteedd  pprreessssuurreess  ooff  ggaasseeoouuss  ssppeecciieess  CCrr((gg)),,  CCrrOO((gg)),,  CCrrOO22((gg))  aanndd  CCrrOO33((gg))  iinn  eeqquuiilliibbrriiuumm  wwiitthh  ssoolliiddss  oorr  
lliiqquuiidd  CCrr22OO33((ss))  ((aa)),,  CCrr((ss))  ((bb)),,  CCrr33OO44((ss))  ((cc))  aanndd  CCrrOO((ll))  ((dd))  vveerrssuuss  tteemmppeerraattuurree  ffoorr  HH22  ++  11..1111%%  CCOO22  aattmmoosspphheerree..    

 

FFiigguurree  44::  CCaallccuullaatteedd  CCrr((gg))  pprreessssuurree  iinn  eeqquuiilliibbrriiuumm  wwiitthh  CCrr22OO33((ss))  vveerrssuuss  tteemmppeerraattuurree  ffoorr  tthhee  vvaarriioouuss  aattmmoosspphheerreess  
uusseedd  iinn  tthhiiss  ssttuuddyy..  
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FFiigguurree  55::  ((aa))  DDeennssiiffiiccaattiioonn  ccuurrvveess  iinn  %%ddtthh  aanndd  ((bb))  rraattee  ooff  ddeennssiiffiiccaattiioonn  iinn  %%ddtthh  mmiinn−−11  ffoorr  UUOO22,,  UUOO22  ++  00..1188  mmooll%%  CCrr,,  
UUOO22  ++  00..4444  mmooll%%  CCrr  aanndd  UUOO22  ++  00..99  mmooll%%  CCrr  iinn  HH22  ++  22..0066%%  CCOO22  aattmmoosspphheerree..  

  

 

FFiigguurree  66::  RRaattee  ooff  ddeennssiiffiiccaattiioonn  iinn  %%ddtthh  mmiinn−−11  ffoorr  UUOO22  ((⋯⋯))  aanndd  UUOO22  ++  00..99  mmooll%%  CCrr  ((––))  uunnddeerr  vvaarriioouuss  HH22//CCOO22  

aattmmoosspphheerreess  wwiitthh  %%CCOO22  eeqquuaall  ttoo  00..66  ((aa)),,  11..4477  ((bb)),,  22..0066  ((cc))  aanndd  33..22  ((dd))..  TThhee  vveerrttiiccaall  lliinneess  ccoorrrreessppoonndd  ttoo  9955%%  ddtthh..  
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FFiigguurree  77::  ((aa))  MMaassss  lloossss  ∆∆mm  iinn%%  aanndd  ((bb))  rraattee  ooff  mmaassss  lloossss  
dd((∆∆mm))//ddtt  iinn%%  mmiinn−−11  ffoorr  UUOO22  ((⋯⋯))  aanndd  UUOO22  ++  00..99  mmooll%%  
CCrr  ((––))  iinn  HH22  ++11..4477%%  CCOO22  aattmmoosspphheerree. 

FFiigguurree  88::  MMaassss  lloossss  ∆∆mm  iinn%%  aanndd  ((bb))  rraattee  ooff  mmaassss  lloossss  
dd((∆∆mm))//ddtt  iinn%%  mmiinn−−11  ffoorr  UUOO22,,  UUOO22  ++  00..1188  mmooll%%  CCrr,,  UUOO22  
++  00..4444  mmooll%%  CCrr  aanndd  UUOO22  ++  00..99  mmooll%%  CCrr  iinn  HH22  ++  11..4477%%  
CCOO22  aattmmoosspphheerree..  

Tables 

TTaabbllee  11::  TTGG  aanndd  DDTTAA  rreessuullttss  ffoorr  CCrr22OO33  ppoowwddeerr..  

% CO2 in hydrogen 0.6% 1.11% 1.47% 2.06% 3.2% 

TG: onset temperature (°C) 11443300  11449999  11552266  11552211  11665599  

dTG: peak temperature (°C) 11666633  11668866  11669977  --  --  

TG: Mass loss (%) at 1700°C 3355..99  2233..88  1155..99  77..44  11..99  

DTA: onset temperature (°C) (heating) 11443355  11448877  11447700  11550088  --  

DTA: peak temperature (°C) (heating) 11663355  11667711  11668899  --  --  

DTA: onset temperature (°C) (cooling) --  --  11666633  11666622  --  

DTA: peak temperature (°C) (cooling)) --  --  11662244  11663344  --  
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TTaabbllee  22::  SSttaannddaarrdd  ((PP  ==  11001133  hhPPaa))  mmoollaarr  eenntthhaallppyy  vvaarriiaattiioonnss  aanndd  GGiibbbbss  eenneerrggyy  vvaarriiaattiioonnss  ooff  rreeaaccttiioonnss  aatt  11440000  °°CC  
aanndd  11770000  °°CC  [[88,,99]]  aanndd  tthheeoorreettiiccaall  mmaassss  lloossss  ffoorr  eeaacchh  rreeaaccttiioonn  RRii..  

Reactions 

∆rH° (kJ.mol-1) ∆rG° (kJ.mol-1) 
Theoretical mass loss (% of 

the reactive compound) 
1400°C 1700°C 1400°C 1700°C 

R1: Cr2O3(s) → 2Cr(g) + 3/2 O2(g) 11889911  11888811  11002288  887799  110000  

R2: Cr2O3(s) →2Cr(s) +3/2 O2(g) 11112299  11113344  770022  662244  3311  

R3: Cr(s)  → Cr(g) 338811  337733  115566  111166  110000  

R4: Cr2O3(s)  → 2/3 Cr3O4(s) + 1/6 O2(g) --  119911  --  7733  33..55  

R5: Cr3O4(s) →3Cr(g) + 2 O2(g) --  22553355  --  11118855  110000  

R6: Cr3O4(s) →3Cr(s) +2 O2(g) --  11441144  --  882277  2299..11  

R7: Cr3O4(s)  → 3CrO(l) + 1/2 O2(g) --  558833  --  220077  77..33  

R8: CrO(l) → Cr(g) +1/2 O2(g) 665566  665500  337766  332266  110000  

R9: Cr2O3(s) → 2 CrO(l) + 1/2 O2(g) 558800  557799  226677  221111  1100..55  

R10: CrO(l) → CrO(g) 444444  443377  223333  119966  110000  

R11: Cr2O3(s) + Cr(g) → 3CrO(l) --7766  --7711  --110099  --111155  --  

TTaabbllee  33::  DDiillaattoommeettrryy  rreessuullttss  ffoorr  uunnddooppeedd  aanndd  CCrr22OO33--ddooppeedd  UUOO22  ppeelllleettss..  

%CO2 in hydrogen 0.6% 1.47% 2.06% 3.2% 

mol% Cr 00%%  00..99%%  00%%  00..99%%  00%%  00..1188%%  00..4444%%  00..99%%  00%%  00..99%%  

Onset T(°C) 11119988  11117755  --  11115577  --  11220099  11114488  11117788  --  11116677  

Peak T(°C) 11558855  
11660088  

11666699  
11559977  

11662233  

11666600  
11553322  11661100  11559933  

11662222  

11666622  
11551199  

11662222  

11668844  

Density (% dth) at 
1700°C 

9900  8877  9933  9966  9922  8866  9911  9955  9933  9944  

  


