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Abstract

High temperature behavior of UO was examined by X-ray diffraction. The temperature factor of UO was evaluated at room2 2

temperature and at high temperatures from 1003 to 1573 K. Two types of factors were calculated: the overall temperature factor of U and
O atoms, designated as B; and the temperature factor of U atom, B . In both cases, the value of the factors increased with increasingU

temperature up to ca. 1400 K. However, an anomalous decrease in these factors was detected above 1400 K. X-ray Debye temperature, Q,
was derived from the temperature factors as a function of temperature. Corresponding to the anomaly of the temperature factor, Q

increased atypically at the temperature higher than ca. 1400 K.  1998 Elsevier Science S.A.
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1. Introduction around 1400 to 1600 K in which we are interested are still
lacking.

The thermodynamic properties of solid phase uranium In the present work, we carried out high temperature
dioxide, UO , have been of considerable interest for its X-ray diffraction measurement of UO at temperatures2 2

practical use as a nuclear fuel. It has been shown that UO from 1003 to 1573 K. The two kinds of temperature2

exhibits an anomalous increase in the specific heat capaci- factors, overall temperature factor and temperature factor
ty, C , above 1400 K, which should be accounted for by of uranium atom, were evaluated; the temperature depen-p

some additional excitation process [1–3]. Some previous dence of these factors were examined. X-ray Debye
works attributed the anomaly to the formation of Frenkel temperature of UO was also calculated using the latter2

defects in cation sublattice similar to that developed for the factor.
halides with CaF -type crystal structure [4–6]. On the2

other hand, the creation of the electronic disorder, or the
electron–hole (e–h) pairs, through the reaction of electron 2. Experimental41 31 51transfer, 2U →U 1U , has also been proposed as the
principal cause of the anomaly [7–11]. Relative contribu- The experimental apparatus used in this work was a
tion of these two kinds of defect formations is still in Rigaku model No. 2315c1 high temperature X-ray diffrac-
question. tometer attachment mounted on a theta-theta goniometer

The temperature factor of UO at high temperature has2 system (Geigerflex DXG3) with a RINT operation system.
been reported by several workers through neutron diffrac- The sample was placed on a graphite sample holder, which
tion method [6,12,13]. Willis [13] measured the tempera- also worked as a resistive heating element. The tempera-
ture factor of UO up to 1400 K and confirmed that the2 ture was measured on the surface of the sample with a
Debye temperature is almost constant below 1400 K. pyrometer. The XRD measurements were conducted with
Hutchings et al. [6] and Albinati et al. [12] conducted the Cu K radiation monochromatized using the (002) plane ofameasurement at higher temperature. However, the data at curved graphite. The slit width was 0.58 for both diver-

gence and scatter slits.
* Stoichiometric UO was obtained by reduction of U OCorresponding author. Tel.: 181 29 2648421; fax: 181 29 2648478; 2 3 8

e-mail: serizawa@popsvr.tokai.go.jp in He/4%H atmosphere at 9008C. After the UO sample2 2
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was set in the heating attachment, it was evacuated and component atom, the overall temperature factor, Bragg
filled with He/4%H gas mixture. This cycle was repeated angle and wavelength of the X-ray, respectively. The2

three or four times. The inlet gas was purified by passing experimental structure factor, F , is obtained from Eq.corr

through a dry ice trap to eliminate the moisture. The (2) using measured integrated intensity, I, as shown below:
sample was heated in the stream of the gas mixture. The

I 2 22 22B(sin u /l )line profiles were taken at room temperature, 1003, 1133, ]]uF u 5 5 KuSf u (3)corr aL Pp1323, 1473, 1523, 1533 and 1573 K. When the intended
temperature was attained, the geometrical arrangement of where B is the overall temperature factor. It follows that

2 2 2 2the sample holder was adjusted so that an X-ray source, the the slope of the plot of ln(uF u / uSf u ) versus sin u /lcorr asample and a detector are all onto the focusing circle. The yields the value of 22B.
sample and sample holder used in high temperature
measurement were replaced by new ones for each run. The 3.2. Evaluation of temperature factor of each component
measurement at room temperature was, however, carried

atom
out followed by that at 1533 K using the same sample and
sample holder.

The temperature factor of each component atom can be
The integrated intensity of each diffraction peak for the

evaluated simultaneously by Rietveld analysis. In the
determination of overall temperature factor was calculated

present work, we used ‘RIETAN96’ code developed by
with XRD pattern measured by fixed time method for the

Izumi [15]. However, since the atomic scattering factor of
period of 5 s at each angle of 0.018 width in the

oxygen atom is too small compared with that of uranium
neighborhood of each reflection. The measurement was

atom, the refinement of the temperature factor of oxygen
carried out for all of the reflections observed in the

atom, B , was difficult. Thus, fixing the value of B to thatO Odiffraction angle between 308 and 1408 except for three
reported by Hutchings et al. [6], we conducted the refine-

peaks indexed as (511), (442) and (620). This is because
ment only for the temperature factor of uranium atom, B .Uthe reflections from (511) and (422) planes overlap with
The discrepancy index of the final refinement, R , was lessFthose from (333) and (600), respectively, and the broad
than 5%, which means that the refinement was done

scattering from the sample holder was obstructive to the
successfully.

evaluation of the intensity from the (620) plane. The XRD
data for Rietveld analysis was also corrected by the fixed

3.3. Evaluation of Debye temperaturetime method at diffraction angles between 308 and 1408.

The characteristic temperature of vibration, Q, is related
to the temperature factor of each component atom, B andU3. Theoretical treatment B , as follows [16]O

23.1. Evaluation of overall temperature factor 1 6h T x
] ]] ](m B 1 2m B ) 5 Sf(x) 1 D (4)U U O O 23 4KQ

The overall temperature factor was obtained by a
where the symbols, m , m and f(x), in Eq. (4) are theconventional method that was outlined by Buerger [14]. U O

masses of uranium and oxygen atoms and the DebyeThe method needs the measurement of the integrated
function with x5Q /T, respectively. Although Q in Eq. (4)intensities of many diffraction peaks at a fixed tempera-
is the characteristic temperature defined by James, theture.
value is, however, actually very close to that of the DebyeThe integrated intensity, I, of Bragg reflection from the
temperature [16]. Therefore we treat Q as the Debyesample can be given by
temperature in the following discussion. The numerical

2I 5 KL PuF u (1)p hkl values of f(x) have been given in ref. [19]. It should be
noted that the Debye–Waller theory must be applied to thewhere K is a constant; L is the Lorentz-polarization factorp experimental data of low temperatures. This is because thewhich is a function of the Bragg angle; P is the multiplici-
volume change of the crystal cannot be neglected at highty factor; and uF u is the modulus of the structure factor. For
temperature. We must, thus, take into account the effect ofUO , since uranium atom has a much larger mass than2 the thermal expansion on the calculation of the Debyeoxygen atom, the respective Debye–Waller factors should
temperature. The modification of the theory has beenbe significantly different. However, to the first approxi-
discussed by Paskin [17]. He showed that the absolutemation, let the Debye–Waller factor of each atom be the
temperature in the above equation must be replaced by thesame. Then, Eq. (1) becomes a simple form:
reduced temperature described as

2 22 22B(sin u /l )
2gI 5 KL PuSf u e (2)p a VT

]T 9 5 T (5)S DVTwhere f , B, u, l are the atomic scattering factor of each Oa
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where V and V are the volumes of the crystal at T and B, as a function of temperature is shown in Fig. 2. TheT TO

the reference temperature, respectively. For UO , the value figure shows that the value of B increases almost linearly2

of the parameter g in Eq. (5) is reported to be 1.7 by with increasing temperature in relatively low temperature
Clausen et al. [18]. region below 1300 K. However, B has the maximum value

in the vicinity of 1400 to 1500 K, and shows a rather rapid
decrease with elevating temperature. The values of BU

4. Results and discussions refined by RIETAN code are plotted in Fig. 3 along with
reported values [6,12,13]. Hutchings et al. examined the

4.1. Temperature dependence of the temperature factor temperature factors B and B obtained by high tempera-U O

ture neutron scattering study of their own comparing with
2 2Typical examples of the plots of ln(uF u / uSf u ) those by Albinati et al. [12] and Willis [13] over a widecorr a

2 2versus sin u /l for several temperatures are shown in Fig. temperature range from room temperature up to 2930 K
1. Each line in the figure was drawn by a least squares [6]. They described that the value of B tended to increase
fitting of the experimental data points. The sum of the with the rise of the temperature continuously [6].
atomic scattering factor, Sf , was calculated as a function Temperature dependence of B in Fig. 3 has almost thea U

of the Bragg angle using the parameters listed in ref. [19]. same inclination with that of B given in Fig. 2. In low
The reflections from CaF -type oxide are divided into two temperature region below 1400 K, the present data well2

groups. One is the group of M1O reflections with h1k1 agree with the previous data [6,12,13]. Whereas, at a high2

l54n for which reflections from the metal and oxygen temperature region between 1400 K and 1600 K in which
atoms are in-phase, the other is that of M reflections with no data points are reported, our data shows an anomalous
h1k1l54n61 for which those from only the metal tendency deviated from the previous data in the figure. On
atoms. As can be seen in the figure, the data points of these the other hand, the B at room temperature of whichU

two groups lie on a straight line at a fixed temperature. The measurement was carried out followed by that at 1533 K
figure, thus, suggests that reflection by oxygen atoms in the was in good agreement with reported value [6]. Hence, the
lattice scarcely affects the peak intensity because of its anomaly at high temperature shown in Figs. 2 and 3 can
small atomic scattering factor compared with that of not be attributed to the grain growth of the sample by the
uranium atom. heat treatment. In addition, as can be seen in Fig. 4,

The variation of the overall temperature factor of UO , temperature dependence of the lattice parameter of UO2 2

Fig. 2. Anomalous variation of overall temperature factor with increasing
Fig. 1. Typical results of the diffraction intensity analysis of UO . temperature.2
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calculated from the present XRD data was well consistent
with the recommended one by Martin [20]. Accordingly,
the anomaly does not arise from the deviation of the
optical arrangement of the diffractometer. Although the
value of B might change with the decrease in B , theO U

variation does not affect on the analysis because of the low
scattering factor of O atom. The difference between our
data and previous data suggests that there might be some
change in electronic state of U atom. The cause of this
decrease is still in question. However, there might be one
reason for this anomaly. As described in Section 2, these
measurements were carried out in reducing atmosphere,
He/4%H gas mixture. Therefore, the composition of the2

sample deviate from O/U52.00 to O/U,2.00. If the
sample was reduced to have a hypostoichiometric com-
position, the result of the XRD which should be affected
by electronic state might differs from that of neutron
diffraction.

High temperature behavior of UO has been intensively2

studied for several decades. Several workers [7–11] have
revealed a pronounced increase in C at high temperaturep

above around 1400 K, which is considered to be results
from the formation of the anion defect or e–h pairs.
Although the composition change of the sample is still in
question, it is interesting that the temperature at which theFig. 3. Anomalous variation of the temperature factor of U atom with

increasing temperature. anomaly in C occurs coincides with that at which thep

irregularity in the temperature factor was observed.

4.2. Debye temperature

The Debye temperature, Q, derived from B and B isO U

given in Fig. 5 as a function of temperature. In the
temperature range from 1000 to 1400 K, Q obtained in the
present study was almost constant, 383 K. Willis [13] has
achieved the neutron diffraction study on UO in the2

temperature range of 293 to 1373 K. According to him, the
Debye temperature for UO is independent of temperature2

above 673 K and equal to 377 K. The value of Q obtained
in the present study is in good agreement with his value
below 1400 K, which implies that our measurement gave
basically collect values. The increase of Q in the tempera-
ture range between 1400 and 1573 K is non-linear and a
cubical fit to our data gives the following equation:

26 3 23 2
Q 5 1.89 3 10 T 2 6.67 3 10 T 1 7.79T 2 2.64

3
3 10 (8)

5. Concluding remarks

High temperature behavior of UO was studied up to2

1573 K using XRD with high temperature attachment. The
values of B, and B increased with increasing temperature.U

However, an anomalous decrease was detected above ca.
1400 K, at which the excess heat capacity is observed. TheFig. 4. Comparison of the present lattice parameter with the recom-

mended data. corresponding Debye temperature, Q, also showed an
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