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Abstract 

Using samples prepared by the same method as ‘for a previously prepared 10% burnup 
sample, heat capacities and electrical conductivities of U02 doped with simulated fission 
products equivalent to 2 and 5 at% burnup were measured simultaneously with a direct 
heating pulse calorimeter over the range 290- 1500 K to confirm the presence of an 
anomalous increase in the heat capacity curve of UOz doped with 10% simulated fission 
products previously found by the present authors. In addition, using a new sample of UOz 
doped with 10% burnup simulated fission products prepared by a different method and, 
having better homogeneity of the dopants in UOz than the previous samples, measurements 
of heat capacity and electrical conductivity were carried out in order to investigate the effect 
of different sample characteristics on the heat capacity anomaly. An anomalous increase in 
the heat capacity curve was seen in each sample, and those of two 10% burnup UO, samples 
were much the same, indicating that the anomalous increase is inherent and does not depend 
on the sample character. The origin of the heat capacity anomaly was also discussed in 
comparison with that of UOz doped with a single kind of cation reported previously. 
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1. Introduction 

The mechanical properties and irradiation behaviour of UO, have been reported 

to be modified by doping with a small amount of aliovalent cations such as Ti, Nb 
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and La [I]. The heat capacities of UO, doped with Gd, La, SC, Ti, Nb, Eu, Y have 
been measured in our laboratory from room temperature to 1500 K using a direct 
heating pulse calorimeter [2-61, and an anomalous increase in the heat capacity 
curve of each sample of UO, doped with trivalent cations such as Gd [2], La [ 31, 
SC [4], Eu [ 51 and Y [6] was observed from 700 to 1300 K, depending on the kind 
of dopant and its concentration. The heat capacity of UO, doped with Gd was also 
measured using differential scanning calorimetry and drop calorimetry by Mills et 
al. [7] and a similar anomalous increase in the heat capacity curve was observed. 
The heat capacity of U02 doped with simulated fission products has recently been 
measured by two groups [6,8]. Matsui et al. [6] measured the heat capacity of UO, 
doped with simulated fission products (without noble metals), all of which are 
soluble in UOz matrix, equivalent to 10 at% burnup, by means of direct heating 
pulse calorimetry in the temperature range from 300 to 1500 K and found an 
anomalous increase in the heat capacity curve above about 600 K, which is similar 
to the cases of UO, doped with a single kind of aliovalent cation [2-61. Lucuta et 
al. [8] also measured the heat capacities of U02 doped with simulated fission 
products including noble metals, which precipitate in UOZ matrix, equivalent to 3 
and 8 at”/o burnup, using differential scanning calorimetry below 900 K and by the 
drop method at higher temperatures between 700 and 1600 K, and reported slightly 
higher heat capacities of UO, doped with simulated fission products than that of 
undoped UO, over the entire temperature range from 300 to 1700 K. 

In the present study, both the heat capacities and the electrical conductivities of 
UO, doped with simulated fission products equivalent to 2 and 5 at% burnup were 
measured simultaneously by direct heating pulse calorimetry over the range from 
290 to 1500 K to confirm the presence of an anomalous increase in the heat 
capacity curve of UO, doped with 10% simulated fission products previously 
reported by the present authors [6]. In addition, the measurements of heat capacity 
and electrical conductivity were carried out on a new U02 sample doped with 10 
at% burnup simulated fission products, for which the size (diameter and length) and 
preparation method (sintering temperature and holding time) are different from 
those of the sample doped with the same amount of 10% burnup simulated fission 
products previously prepared [6], in order to investigate the effect of the difference 
in the sample characteristics on the heat capacity anomaly. The origin of an 
anomalous increase in the heat capacity curve is also discussed in comparison with 
the previous results for UO, doped with a single kind of cation. 

2. Experimental 

2.1. Direct heating pulse calorimeter 

The heat capacity and the electrical conductivity were measured simultaneously 
by direct heating pulse calorimetry, the details of which are given elsewhere [9]. In 
this calorimeter, the temperature of a sample rod was at first increased up to a 
desired temperature by an external platinum heater, and after reaching equilibrium 
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(after a constant desired temperature), electric power was then supplied directly to 
the sample rod in a short period (usually 1 s) through a regulated d.c. power supply 
and the temperature rise of the sample (generally 2-5 K) was measured by a 
Pt/Pt-13%Rh thermocouple. In order to reduce the error in the heat capacity due to 
heat leak from the sample at high temperature, a double cylindrical thermal shield 
made of molybdenum, placed outside the sample, was simultaneously heated 
electrically with a sample rod using batteries so as to obtain the same temperature 
rise as the sample, i.e. to attain the adiabatic condition. The electric potential drop, 
the current and the temperature rise of the sample rod were measured to obtain the 
heat capacity and the electrical conductivity for the same sample simultaneously. 
The heat capacity measurement has an error of f2%, which was estimated by 
comparing the heat capacity of undoped U02 determined in this study with the 
previous literature values [ 6, lo]. 

2.2. Sample preparation and characterization 

Two series (A and B) of samples of UOz simulating high burnup were prepared. 
The simulated elements selected as the representative components of the fission 
products in this study are all soluble major fission products, except the volatile 
elements and noble metals, as shown in Table 1. In the case of the A series of 
samples (FP2A (2 at% burnup) and FPSA (5 at% burnup)), five elements (such as 
Zr, Ce, Pr, Nd and Y) were selected as the representative fission products and the 
dopant concentrations (in atomic percent) in U02 were determined on the basis of 
the table of the fission yield of stable or long-lived fission products [ 111, as was 
selected in the previous studies on the oxygen potential of UO, fuel simulating 2- 10 
at% burnup by Une and Oguma [ 121 and the heat capacity determined by the 
present authors [6]. However, it has recently been reported that Sr may be soluble 
in UOz instead of forming separated zirconates and/or uranates with Zr and/or U. 

Table I 

Representative metal atoms selected as simulated fission products in UO,, given in metal at% 

Dopant 

metal 

Burnup/at% 

2 at% a 

(FP2A) 

5 at% a 

(FPSA) 

10 at% b 

(FPlOA) 

10 at% c 

(FPIOB) 

U 

Zr 

Ce 

Pr 

Nd 

Y 

Sr 

98.21 95.52 91.01 89.67 

0.74 1.86 3.73 2.33 

0.25 0.62 1.24 3.69 

0.12 0.30 0.61 0.50 

0.58 1.46 2.93 3.05 

0.10 0.24 0.49 0.26 
_ _ _ 0.50 

a Concentrations based on the yield of stable or long-lived fission products, which are thought to be 

soluble in UOz [I I]. b Previous sample reported in Ref. 6. ’ Concentrations calculated from the 

ORIGEN-II computer code. 
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Therefore in the case of the B series of the FPlOB (10 at% burnup) sample, the 
six elements including Sr, in addition to the five elements in the A series, were 
selected for the simulation of the fission products equivalent to 10% burnup, the 
concentrations of which were determined from the ORIGEN-II computer code 
calculation. 

The samples of the A series were prepared as follows. The metal oxide powder 
simulating the fission products and UOZ powder were mixed mechanically and then 
shaped into a cylindrical rod about 7 mm in diameter and 50 mm in length using 
an evacuated rubber press with a hydrostatic pressure of about 400 MPa. The 
cylindrical rod was sintered and homogenized at 1623 K for 7 days in an Ar gas 
flow and then at 1273 K for 1 day in a dry hydrogen gas flow so as to obtain the 
stoichiometric composition (the ratio of oxygen to metal, O/M = 2.00 &- 0.01) 
according to the previous thermogravimetric study on the relation between the O/M 
ratio and the oxygen partial pressure [ 121. This sintering and homogenizing process 
was repeated several times. The densities of the samples, measured by immersion, 
were 86.7% (FP2A) and 97.4% (FPSA) of the theoretical density. 

Samples of the B series were made as follows. The mechanically mixed oxide 
powder was pressed into a cylindrical rod about 10 mm in diameter and 60 mm in 
length using a large, long die, and sintered at 2053 K for 7 h in a wet hydrogen flow 
to attain the stoichiometric composition. The density of the sample (FPlOB) was 
96.7% of the theoretical density. 

For each sample rod in both the A and B series, X-ray diffraction analysis 
showed the presence of a single fluorite phase. The homogeneity of the doped 
samples was investigated from the split of the CC, and a2 peaks at around 28 = 125- 
128” in the X-ray diffraction pattern, as usual. The X-ray diffraction patterns of 
doped UOz samples (FP2A, 5A, lOA, 10B) are shown in Fig. 1 in comparison with 
that of undoped UOZ. It is seen in the figure that the split of the CI, and o/~ peaks 
gradually becomes unclear with increasing dopant content in the A series. However, 
the split of the FPlOB sample is very clear and much the same as that of undoped 
UO, made by the same preparation method. Typical scanning electron micrographs 
of the etched samples FPSA and FPlOB are shown in Fig. 2. Although the average 
grain size (20-27 pm) of the FPlOB sample is seen to be larger than that (9-10 
pm) of the FPSA sample due to the difference in sintering temperature, there seems 
to be no second phase (or precipitates) and no crack along the grain boundary in 
the sample rod. It is noted that the black points on the matrix grains are not the 
precipitates but concavities formed during polishing the sample surface, because the 
micrograph of pure UO, also shows the black points. It is, therefore, concluded 
that the distribution of dopants in the FPlOB sample is quite homogeneous and 
better than in the FPlOA sample and the other A series samples. The A series 
samples, nevertheless, are thought to be still useful for the heat capacity measure- 
ments and the effect of the difference in the homogeneity of the sample shown in 
Figs. 1 and 2 on the heat capacity may be small, because heat capacity is a bulk 
property rather than a transport property such as the diffusion coefficient and 
thermal diffusivity. The negligibly small effect of the difference in two samples 
(FPlOA and FPlOB) on the heat capacity is shown in the next section. 
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20 in degrees 

Fig. 1. X-ray diffraction patterns of two series of samples (FPZA, SA, and lOA, and 10B) and 

UOz: curve A, FP2A; curve B, FPSA, curve C, FPLOA; curve D, FPlOB; curve E, pure UO,. 
pure 

3. Results and discussion 

The heat capacities of UOz doped with simulated fission products equivalent to 
2 and 5 at% (FP2A and FPSA) and undoped U02 measured in this study are 
shown in Fig. 3 together with that of 10 at% burnup (FPlOA) previously reported 
by the present authors [6]. Although no anomaly is seen in the heat capacity curve 
of undoped UO,, an anomalous increase in the heat capacity curve of each sample 
of (U, _y FP,)O, (y = 0.018 for 2 at% burnup and y = 0.045 for 5 at% burnup) is 
seen above 1300 and 900 K, respectively, similarly to the previous result of 
( Uo,s,oFP,,090)0, for 10 at% burnup (FPIOA) [6]. The onset temperatures of the 
heat capacity anomalies decrease with increasing amount of simulated fission 
products in UO,. The heat capacity of the 10% burnup sample (FPlOB) measured 
in this study is shown in Fig. 4 in comparison with those of FPlOA, undoped U02 
and (U, _y M,)O, (M is Gd [2], La [3], Eu [5]). It is seen in the figure that the 
presence of an anomalous increase in the heat capacity curve, the onset temperature 
of an anomalous increase and the temperature dependence of the heat capacity of 
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Fig. 2. Scanning electron micrographs of the samples FPSA (A, B) and FPlOB (A’, B’) after etching 

(original magnification x 400): A and A’, peripheral parts of a sample rod; B and B’, central parts. 

FPlOB are in excellent agreement with those of FPlOA, regardless of the difference 
in sample preparation methods and dopant elements (with or without inclusion of 
Sr), although the difference in dopant composition is small as seen in Table 1. The 
anomalous increase in the heat capacity curve is, therefore, not considered to be a 
sample-dependent phenomenon, i.e. not due to inhomogeneity in the distribution of 
the dopants, but is inherent in the presence of dopants in the sample. It is also seen 
that the onset temperatures (7’,) of the heat capacity anomaly of (U, my FP,)O, are 
far lower than those of U02 doped with a single kind of cation with the same 
dopant content. 

The excess heat capacity was evaluated by subtracting the smoothed base line of 
heat capacity from the experimental values above the onset temperature. The 
smoothed base line was determined by applying a least-squares fitting for the data 
in the temperature range below the onset temperature and then extrapolating a 
fitted line to the range above the onset temperature. Assuming that the excess heat 
capacity is due to the formation of Frenkel pairs of oxygen, similarly to the cases 
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Fig. 3. Temperature dependences of the heat capacities of the simulated fission products equivalent to 

2, 5, 10 at% burnup: V, FP2A (this study); A, FPSA (this study); 0, FPIOA [6]; -, undopcd UO, 
(this study and Refs. [6] and [IO]). 

300 500 700 900 lxx) 1300 1500 

Tin K 

Fig. 4. Temperature dependences of the heat capacities of (U,,,,,FP,,,,)O, and (U,,,,M,,,,)O,: 0, 

FPlOA [6]; 0, FPlOB (this study); - .-, U,,,,,Gd, ,,,,O, [2]; ---, U0.9,0L~.0900z [3]: ~ -, 

U o.sIoPu00900s 151; and -, undoped UO, (this study and Refs. [6] and [lo]). 

of Gd-, La-, SC-, Eu- and Y-doped UOz [2-61, the excess heat capacity AC can be 
expressed as [ 131 

AC = [(AHf)2/(fiRT2)] exp(ASJ2R - AH,/2RT) (1) 

where ASr and AH, are the entropy and enthalpy of Frenkel-pair formation, 
respectively. The enthalpy and entropy of Frenkel-pair formation in (U, _-y FP,)O, 
obtained from Eq. (1) in this study and in Ref. 6 are shown in Figs. 5 and 6, 
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Fig. 5. Enthalpy of defect formation: 0, (U, _YFPy)Ol (this study and Ref. [6]); 0, (U, _YGdF)OZ [2]; 

v, (U,_,La,)O, 131; x, Wo.,,o%090 10, [41; 0, VJ-,EqJO, 151; 0, W,.,,,Yo.o,dQ 161; A> 
theoretical value for the formation of a Frenkel pair [ 151; A, from a neutron-scattering study [ 161; 0, 

Ref. [13]; 0, Ref. [14]; and n , Ref. [17], three values from the excess heat capacity of UO,; 0, 

calculated value for the formation of an eIectron-hole pair [ 181; V, theoretical value for the formation 

of an electron-hole pair [ 151. 
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respectively, together with those of UO, [ 13- 191 and (U, _y M,)O, (M is Gd, La, 
SC, Eu, Y) reported previously [2-61. The values of enthalpy and entropy in both 
samples FPl OA and 10B are seen to be in good agreement ( FPl OA: AH, = 1.1 f 0.1 
eV, AS, = 23 f 1 J mol-’ K-‘; and FPlOB: AH,= 1.2 f 0.1 eV, AS,= 24 &- 1 J 
mol-’ K-‘) as expected from almost the same temperature dependence of the heat 
capacity in Fig. 4. But the values are seen to be a little lower than those of UO, 
doped with a single cation (M), i.e. (U, _yM,)O,, suggesting the possibility of a 
somewhat different mechanism for the heat capacity anomaly from that of 
(U, _yM,)O,. However, as seen in these figures, the extrapolation of both values 
for (U, _y FP,)O, and (U, _-y M,)O, to zero dopant content (v = 0) yields almost 
the same values as for undoped UO, (AH, z 3eVandASr~6OJmoll’K-‘)which 
are in good agreement with the experimental values of undoped UO, reported so 
far [ 13,14,17], implying that the principal mechanism for the heat capacity anomaly 
among undoped UO,, (U, _y M,)O, and (U, _ y FP,)O, is not significantly differ- 
ent. The values of AH, for undoped UO, in Fig. 5 thus obtained by extrapolation 
are higher than the enthalpy of formation of an electron-hole pair calculated 
theoretically by Harding et al. [ 151, but lower than that of a Frenkel pair of oxygen 
also calculated theoretically by Harding et al. [ 151. In Fig. 6, the extrapolated value 
of AS, for undoped UO, obtained in this study is seen to be higher than the entropy 
of formation of an electron-hole pair estimated by Hyland and Ralph [ 181. It is 
noted that the values of enthalpy and entropy of defect formation calculated from 
the same excess heat capacity estimated in this study, assuming the presence of an 
electron-hole pair formation, are equal to and 5.8 J K-’ mol-’ larger than those 
respective values for a Frenkel-pair formation mentioned above. Therefore, regard- 
less of the defect model, the same conclusion that the entropy value is different from 
that for an election-hole pair formation can be obtained. 

The electrical conductivities of (U, _,FP,)O, were measured simultaneously with 
a direct heating pulse calorimeter in order to detect the occurrence of electron-hole 
pair formation around the onset temperatures of the heat capacity anomaly and the 
results are shown in Fig. 7, where the onset temperatures of the anomalous increase 
in the heat capacity are shown by the vertical arrows. In the electrical conductivity 
curves of all the samples of (U, _y FP,)O, (v = 0.018, 0.045 and 0.090 (FPlOA and 
IOB)), it is clear that there is no slope change at the temperature where the heat 
capacity increases anomalously. It is, therefore, not likely that the excess heat 
capacity of (U, _,FP,)O, is due to the formation of electron-hole pairs. The higher 
electrical conductivity of FPlOB than that of FPlOA may be due to the better 
homogeneity of the dopant in the UO, matrix, as seen in the X-ray diffraction 
patterns in Fig. 1. 

Fig. 6. Entropy of defect formation: 0, (U, -,,FP,)O, (this study and Ref. [6]); 0, (U, _YGd,,)O, [2]; 

VT (U, -YLaY)O, 131; x, (Uo.,,& OO~% [41; 0, WI -yEuyW2 [51; 0, W~.,,oYo.090W2 [61; 0, Ref. 
[ 131; 0, Ref. [ 141; and n , Ref. [17], three values from the excess heat capacity of UOz; 0, calculated 
value for the formation of an electron-hole pair [ 181. 
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104/T in l/K 

Fig. 7. Electrical conductivity of UOz and (U, _y FP,)O,: x - x , undoped UO,; D - V, 

(FP2A); /T-a, y =0.045 (FPSA); O-0, y =0.090 (FPlOA); O-a, y =0.090 (FPIOB). 

y = 0.018 

In Fig. 8, the onset temperatures (7’,.) of the heat capacity anomaly of 
(U, _YFPY)02 are plotted against lAa\ together with those of UOz doped with 
various cations [2-61, where [Aal is the lattice parameter change per mol% of 
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Fig. 8. Relation between the onset temperature of the heat capacity anomaly and the change in the 

lattice parameter of doped UO, per mol% of dopant: 0, (U, _yFP,) (this study and Ref. [6]); 0, Cd 

[2]; 0, La [3]; a, SC [4]; 0, Eu [S]; A, Y [6]; +, undoped UO, estimated in Ref. [ 191. 
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dopant in doped U02 calculated from the experimental values reported previously 
[ 12,20-241. It is seen in this figure that the onset temperature of doped UOs with 
constant dopant concentration ( y), except for (U, _y FP,)O,, increases linearly with 
increasing [Aa], indicating that the smaller elastic strain decreases the onset temper- 
ature of the heat capacity anomaly. 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 [Aa] as reviewed by 
Kim [25], also supports the dependence of the onset temperature upon the (Au] 
value, because the Frenkel-pair-like defect of oxygen can be formed more easily 
under the condition that makes oxygen ions more mobile. The onset temperatures 
of (U, _,FP,)O,, however, are seen to be apart from the straight line drawn by 
using the onset temperatures of UO, doped with a single cation. Although the lower 
onset temperatures of (U, _-y FP,)O, are not easy to explain at present, they may be 
related to the combined effect of the small [Aa] of UO, doped with trivalent Ce, Pr 
and Nd [26-281, as shown in the abscissa in Fig. 8, and/or tetravalent Ce and Zr, 
and/or caused by the variety of the local structures composed of the dopant ions, 
uranium ions and oxygen ions in UO,, i.e. the variety of U-M, M-M, M-O, U-O 
and O-O interatomic distances, coordination numbers and bonding strength. Heat 
capacity measurements of UO, doped with one kind of these special dopants (Ce, 
Pr, Nd or Zr) and precise X-ray analyses of the crystal structures are now in 
progress in our laboratory. 

It is concluded that the anomalous increase in the heat capacity of (U, _-y FP,)O, 
is inherent and does not depend on the sample character. The onset temperature of 
the heat capacity anomaly observed for (U, _y FP,)O, increases with increasing 
dopant concentration (JJ value). The anomalous increase in the heat capacity is 
thought to originate from a mechanism similar to that observed for (U, _y M,)O, 
(M is a single cation such as Gd, La, Eu, SC and Y). The predominant thermally 
activated process in the origin of the excess heat capacity is likely to be the 
formation of the Frenkel-pair-like defect of oxygen. The fact that the onset 
temperatures of (U, -vFP,)O, are lower than those of (U, _YM,)O, is probably 
related to the variety of the local structures of the dopant in UOz. 
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