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Abstract 

Heat capacities of ( Q9, M,,,)O,, where M is Pr, Ce and Zr, were measured by direct 
heating pulse calorimetry over the temperature range 290- 1410 K. No anomalous increase 
in the heat capacity curve of each sample was observed at temperatures up to 1410 K, 
dissimilarly to the cases of (U, my M,)O, (M is a trivalent cation (Gd, ELI, La) or simulated 
fission product composed of several tri- and tetravalent cations; y = 0.04440.142) found 
previously by the present authors. It is proposed that the occurrence of the heat capacity 
anomaly of (U,M)O,, where M is a trivalent cation or simulated fission product, originates 
from the predominant contribution of Frenkel pair-like defects of oxygen formed by the 
introduction of aliovalent cations (M3+) in UO, from the electroneutrality condition, and 
that the introduction of the tetravalent cations which are the same valency as uranium ions 
in UOz results in insignificant effect on the total number of the oxygen defect, producing no 
heat capacity anomaly. The difference in the onset temperatures of the heat capacity anomaly 
of U02 doped with various trivalent cations is discussed from the viewpoint of the difference 
between the averaged cation-oxygen interatomic distance calculated from the ionic radii and 
that obtained from the experimental lattice constants on the assumption of the perfect 
fluorite structure, reflecting the variety of the distribution of oxygen around cations in the 
lattice, i.e. that of the local structural environments for cation-oxygen bonding. A linear 
relation between the onset temperature of the heat capacity anomaly and the difference in the 
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cation-oxygen interatomic distance was found, supporting the importance of the variety of 
local structures in UO, as the origin of the heat capacity anomaly. 
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1. Introduction 

The heat capacities of (U, _y M,)O,, where M is Gd [ 11, La [2], Eu [3] and 
simulated fission products [4,5], have been measured over the temperature range 
300- 1500 K by the present authors. An anomalous increase in the heat capacity 
curve of each doped UO, sample was observed at temperatures from about 550 to 
1300 K depending on the type of dopant and its concentration. This anomalous 
increase was interpreted as being due to the formation of Frenkel pair-like defects 
of oxygen [l-5], similarly to the case of UO, [6-81. However there have been no 
data on the heat capacities of UO, doped with a tetravalent cation that is in the 
same valence state as a uranium ion in UO,. 

In the present study, the heat capacities of U02 doped with praseodymium, 
cerium and zirconium, which are thought to behave predominantly as the tetra- 
valent cations in UO,, were measured from 290 to 1410 K by means of direct 
heating pulse calorimetry to investigate the origin of the heat capacity anomaly of 
doped UO,, and also to discuss the relation between the onset temperature of the 
heat capacity anomaly and the local structural arrangements of oxygen around 
dopants in UO,. 

2. Experimental 

The mixture of UO, and MO, (Ce or Zr) or Pr,O,, , all of which are 99.99% 
pure, was shaped into a cylindrical rod about 8 mm in diameter and about 40 mm 
in length, using an evacuated rubber press with a hydrostatic pressure of about 400 
MPa. The cylindrical rod, thus prepared, was homogenized and sintered at 1573 K 
for 7 days in a purified argon gas flow and then at 1273 K for one day in a 
hydrogen gas flow in order to obtain the stoichiometric composition of oxygen 
(O/( M + U) = 2.00) according to thermogravimetric studies [9- 111. These homoge- 
nizing and sintering processes were repeated several times. X-ray analysis indicated 
the presence of a single fluorite phase from each sample. 

The heat capacity was measured by a direct heating pulse calorimeter, details of 
which have been given elsewhere [ 121. In this calorimeter, the temperature of a 
sample rod was at first increased up to the desired temperature by a platinum 
external heater, and after getting a constant equilibrium temperature, a current 
pulse was simultaneously supplied to both the sample rod and the double cylindri- 
cal molybdenum thermal shields in order to obtain the same small temperature rise 
(i.e. to attain the adiabatic condition). The electric potential drop, the current and 
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the temperature rise of the sample rod were measured to obtain the heat capacity. 
The heat capacity measurement was conducted within an error of +2%, which was 
estimated by comparing the heat capacity of undoped UOz determined in this study 
with the previous literature values [4,13]. 
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Fig. 3. Heat capacity of (U,,,,Zr,,,)O,: 0, (U,,, Zr,,,, )Oz, this study; -, undoped UO, [ 1,4]. 

3. Results and discussion 

The heat capacities of UO, doped with 9 at% praseodymium, cerium and 
zirconium measured in this study are shown in Figs. 1, 2 and 3, respectively, 
together with the reference data of undoped UO, [ 1,4] and UO, doped with 
gadolinium [ 11, lanthanum [2] and simulated fission products (FP) composed of 
several trivalent and tetravalent cations such as yttrium, neodymium, praseo- 
dymium, cerium and zirconium [4]. As seen in these figures, no anomalous increase 
in the heat capacity curve of each sample is observed at temperatures up to 1410 K, 
dissimilarly to those of UO, doped with gadolinium, lanthanum and simulated 
fission products. The occurrence of the heat capacity anomaly of (U,M)O,, where 
M is in the trivalent state ( M3 +) different from the valence state of uranium ions 
in U02, has been reported to originate from the predominant contribution of 
Frenkel pair-like defects of oxygen formed by the introduction of aliovalent cations 
in UO, from the electroneutrality condition [l-.5]. Therefore the introduction of 
praseodymium, cerium and zirconium ions to U02, which are thought to exist 
predominantly as the tetravalent state in UO,, may be considered to have an 
insignificant effect on the total number of oxygen defects and thus no heat capacity 
anomaly was observed in this study. 

In the figures, the temperature dependences of the heat capacities of UO, doped 
with praseodymium, cerium and zirconium are also seen to be similar to that of 
undoped UO,. The respective equations for the heat capacity curves of 
(UO.gi Pr,,,)O,, (UO.si Ce,.,,)O, and (UCW Zr,,,,)O, are determined by the least- 
squares method as 
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C,,/(J K-’ mol-‘) = 80.185 + 6.5829 x 10e3(T/K) - 1.8930 x 106(T/K)-’ (1) 

where 285 d T/K < 1412. 

C,,/(J K-’ mol-‘) = 75.498 + 7.5109 x IO-‘(T/K) - 1.5883 x 106(T/K)m2 (2) 

where 286 d T/K d 1413. 

C,,/(J K-’ mol-‘) = 82.498 + 2.9201 x 10p3(T/K) - 1.9969 x 106(TKe2 (3) 

where 285 < T/K < 1412. 

The difference in the onset temperatures of the anomalous increase in the heat 
capacity curves of UO, doped with various cations was previously discussed by the 
author and co-workers [3-5,141 in relation to the change of the lattice constant per 
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Fig. 4. Relation between the onset temperature of the heat capacity anomaly and the change in the 
lattice constant of doped UO, per mol% of dopant: 0, Gd [l]; 0, La [2]; 0, Eu [3]; A, Y [4]; 0, FP 
[4,5]; +, undoped UO, estimated in Ref. [ 141. 
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mol% of dopant ([Au]) in UOz calculated from the experimental lattice constants of 
doped UO, and undoped UO,. In Fig. 4, where the onset temperatures (T,) are 
plotted against [Aal, the onset temperatures of (U, ~~ M,)O, with constant dopant 
concentration y except for (U, my FP_,.)O, increase linearly with increasing [Aal. 
indicating the smaller elastic strain renders the onset temperature lower. The fact 
that the ionic conductivity of doped fluorite-type oxides such as ZrO, doped with 
trivalent cations, where the oxygen ion is the predominant mobile species, decreases 
with increasing (Aal as reviewed by Kim [ 151, also supports the dependence of the 
onset temperature upon the JAaJ value, because the Frenkel pair-like defect of 
oxygen can be formed more easily under the conditions that make oxygen ion more 
mobile. The onset temperatures of (U, __VFP,)O, previously reported [4,5], how- 
ever, are seen to be apart from the straight line drawn using the onset temperatures 
of UO, doped with a single cation, (I-J, _,M,)O,. Moreover, no heat capacity 
anomaly is seen in these studies up to 1410 K in UO, doped with praseodymium 
and cerium, as shown in Figs. 1 and 2, respectively, differently from the low onset 
temperatures expected from small [Aal of UO, doped with praseodymium and 
cerium as marked in the abscissa in Fig. 4. 

The local structural environments of Y3* and Zr4+ ions in 18 wt% Y20, doped 
ZrO, were studied using extended X-ray absorption fine structure spectroscopy 
(EXAFS) over the temperature range 153- 1043 K [ 161. The oxygen arrangements 
around Y3+ and Zr4+ were found to be different, i.e. more oxygen vacancies were 
sited adjacent to Zr4+ and were more disordered than Y’+ at low temperature. The 
structural environment of Zr 4+ in cubic ZrOZ resembled that of the seven-coordi- 
nated Zr4+ in monoclinic ZrO,. Increasing the temperature of the sample resulted 
in the local structural environments of two cations becoming more alike, suggesting 
that increased oxygen mobility leads to an increasing random distribution of 
oxygen defects. Therefore, similarly to the case of ZrO,, the oxygen arrangement 
around M3+ dopants in UO,, which has the same fluorite structure as ZrO,, is 
thought to be different from that around uranium ions. It is also expected that, with 
increasing temperature, oxygen mobility is increased such as to make the distribu- 
tion of oxygen defects around M3+ and U4+ average (disorder), resulting in the 
heat capacity anomaly. 

In the present paper, the variety of the oxygen arrangement around cations in 
UOz is assumed to be related to the value of AX expressed by Eq. (4), i.e. the 
difference between the averaged cation-oxygen interatomic distance obtained from 
the ionic radii in Shannon’s table [ 171 and that calculated from the experimental 
lattice constants of doped UOz based on the perfect fluorite structure 

AX = [(y, + y,) -$/4a, l/4 -[Q-u + ~0) - &4& (4) 
where A and B represent the values in doped UO, and undoped UOz, respectively. 
The values of Y,, Y, and Y,, which are, respectively, the average ionic radius of all 
cations (M3+, U4+, U5+) with eightfold coordination in doped U02, the ionic 
radius of an oxygen ion with fourfold coordination and the ionic radius of a 
uranium ion with eightfold coordination, were taken from those reported by 
Shannon [17]. The values of the lattice constants of doped UO, (a,) and undoped 
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Fig. 5. Relation between the onset temperature of the heat capacity anomaly and the value of AX given 
by Eq. (4) for UO, doped with trivalent ions of Cd, La, Eu and Y, the tetravalent ions of Ce, Pr and 
Zr, and the simulated fission products composed of the trivalent Nd and Y, and tetravalent Ce, Pr and 
Zr ions. 

UO, (a>) were given experimentally [ 11,17-221. In Fig. 5 the onset temperatures 
(7’,) of the heat capacity anomaly of (U, ~~ M,,)O, (where M is Y, Gd, La, Eu and 
FP; 4’ = 0.018-0.142) are plotted against AX. It is seen in this figure that the onset 
temperatures of doped U02, regardless of the type and the concentrations y of 
dopants, except for (U, _yFP,)O,, decrease linearly with increasing AX along one 
line, indicating the larger change in the average cation-oxygen interatomic distance 
(i.e. the more complicated distribution of oxygen defects) caused by the introduc- 
tion of aliovalent cation renders the onset temperature lower. The onset tempera- 
tures of (U, _.FP,.)O, are seen to deviate from the line with increasing AX (i.e. y 
value). Because the value of AX for (U, _?, FP,)O* was calculated by Eq. (4) with 
the averaged cation radius of all the many cations (Nd3’, Y3+, Ce4+, Pr4+, Zr4+, 
U4+, U5+) assuming the applicability of the same procedure as for UO, doped with 
a single cation, the variety (complexity) of the local structures of oxygens (or degree 
of disordering of the oxygen arrangement) around cations is not thought to be 
suitably expressed by the AX value alone. It is also noted in Fig. 5 that the onset 
temperatures of UO, doped with Pr4+, Ce4+ and Zr4+ are given on the assumption 
of the presence of the heat capacity anomaly and of the same linear relation 
between AX and T, applying. The assumed onset temperatures of UO, doped with 
tetravalent praseodymium, cerium and zirconium ions, thus estimated, are higher 
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Fig. 6. Relation between the onset temperature of the heat capacity anomaly and the value of AX for 
UO, doped with the trivalent ions, tetravalent ions, and the simulated fission products that are assumed 
to be composed of all trivalent Nd, Y, Ce, Pr and Zr ions. 

than 1420 K which is above the upper temperature limit of the present heat capacity 
measurements. It is, therefore, not clear at present whether the heat capacity 
anomaly in UO, doped with these tetravalent cations exists. In Fig. 6 the onset 
temperatures of the heat capacity anomaly of (U, _L’ FP,)O, (y = 0.018, 0.045 and 
0.090) are plotted against modified AX values obtained from Eq. (4) assuming that 
all constituent cations (Nd, Y, Ce, Pr and Zr) in the simulated fission products are 
present in the trivalent state in UO,, so reflecting, to a first approximation, the 
complexity of the presence of many different local structures of oxygen around 
cations upon Eq. (4); the bigger ionic radius of trivalent cations compared to 
tetravalent cations produces larger AX values, i.e. a greater complexity of oxygen 
arrangements, inducing the easy formation of oxygen defects for the heat capacity 
anomaly. The values of T,, thus plotted, are seen to be close to a line drawn for the 
data of (U, _yMy)OZ. To make clear the validity of the present discussion, the 
precise structural analysis by EXAFS is now in progress in our laboratory. 

4. Conclusions 

( 1) No anomalous increase in the heat capacity curves of (U,,,, M,,,)02 (where 
M is Pr, Ce, Zr) was seen over the temperature range up to 1410 K dissimilarly to 
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the cases of (U, _,My)02 (where M is trivalent cations Gd, Eu, La, Y and 
simulated fission products) found previously by the author and co-workers. 

(2) The occurrence of the heat capacity anomaly of doped UO, is thought to 
originate from the predominant contribution of oxygen defects formed by the 
introduction of aliovalent (trivalent) cations in UO, from the electroneutrality 
condition. Therefore, the introduction of the tetravalent cations (Pr, Ce, Zr) in the 
present study results in an insignificant effect on the total number of oxygen defects, 
producing no heat capacity anomaly. 

(3) The onset temperatures of the heat capacity anomaly observed for UO, 
doped with trivalent cations decreased with increasing AX, the difference between 
the averaged cation-oxygen interatomic distance obtained from the ionic radii and 
that calculated from the experimental lattice constants. Because the difference AX, 
thus obtained, is thought to be related to the degree of the complexity of the 
distribution of oxygen defects around cations in the UOz lattice, i.e. the complexity 
of the local structural environments for cation-oxygen bonding, the larger differ- 
ence induces easy formation of oxygen defects and thus decreases the onset 
temperature of the heat capacity anomaly. 
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