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Abstract

The density and thermal expansion of irolten ir>2 were measured from 3120 to

3250 K using the qanma attenuation technique. The density-temperature relation

for nolten U02 was found to be p(T) = (8.86 ± 0.06) - (9.16 ± 0.43) x 10"
4 x

(T - 3120 K) for p in g/cm^ and T in K. The results agreed within experimental

error with the single previous measurement. However, the value of the first

derivative of density in the nolten phase with respect to temperature was found

to be approximately 50% higher than the value recommended in a review of proper-

ties for reactor safety analysis.
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Introduction

There has been much recent interest in the determination of the equation of

state for uranium dioxide at temperatures near or in excess of the melt. This

information and the thermophysical properties of related hiqh temperature ceramics

are required for fast reactor safety analysis. The density and thermal expansion

of molten UO2 are used for equation of state calculations, predictions of critical

point parameters, and determination of the heat and mass transfer parameters Which

qovern, for example, natural or forced convection.

The experimental data for the density and thermal expansion of molten UO2 used

in a number of recent calculations are from the sinqle measurement reported in

1963 [1] usinq the technique of qamma radioqraphy, which can yield results which

depend on surface tension and viscosity effects between the molten material and

its container. Greater precision in measurements of such data can now be obtained •

by use of qamma densitometry, also known as the aamma attenuation technique [21.

In this paper, data obtained by the gamma attenuation technique on the

density and thermal expansion of molten UO2 from 3120 to 3250 K are presented.

The experimental apparatus for hiqh temperature liquid chase thermal expansion

measurements is described, with some discussion of the effects of systematic

and random errors on the data. The current results are compared with the previous

measurement and discussed with reference to use of the data in equation of state

and critical parameter calculations.
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Analysis

The density, p, of a material at a temperature T may be determined by

gamma densitometry from the measured attenuation of a collimated gamma beam, as

described by

An[l (T)/I(T)]
p(T) = 0 . (1)

JlCl + a(T - T ) ]

The gamma intensities I and IQ refer to the beam intensity, corrected for the

countinq system dead time, after passaqe through the experimental apparatus, with

and without the sample, respectively. The beam intensity in the absence of a

sample, IQ, is presented as a function of temperature since it includes temperature-

dependent attenuation changes in the experimental apparatus. The mass attenuation

coefficient u is independent of the physical state of the sample, and is therefore

temperature independent. The crucible length at temperature T]_ is A^, and the

expansion of the crucible is explicitly represented through the crucible linear

expansion coefficient, a.

The density at temperature T2 can be shown to be related to the density at

)IQ(T l

1 + a(T2 - Tj) uXjll + a(T2 - T]_)1
 u '

which derives from Kq. (1). vran Kq. (2), the change in density between tempera-

tures T]_ and T 2 can be found. It is convenient to use the linear approximation

for the temperature-dependent beam intensity Io(T) given by

- TX) , (3)

where X is an experimentally determined coefficient. This form for I()(T) can be

substituted into Eq. (2) so that the absolute value I Q need not be known once
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its temperature dependence has been determined. In practice, Eq. (3) has been

justified experimentally by measurement of Io(T) over the temperature range of

interest.

Additional details of the analysis nay be found in Refs. [2-5], which also

include a detailed precision analysis of the measurement technique.
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Kxperimental Details

A. Sample Materials

Measurements were made using both powdered and solid forms of 1302- The

powders consisted of 100-1000 ^m depleted U02.01* with the major metallic

impurity found to be 500 ppm of molybdenum.

The solid materials were hot pressed at Los Alamos National laboratory at

2170 K and 24 MPa from ceramic grade 1-4 ûn powders. The resultant solid

cylinders were approximately 95% of theoretical density, with dimensions 2.5 cm

diam. x 2.5 cm long. The stoichiometry of the solids was typically U02.02-2.04-

Major metallic impurities were Fe (1R0 ppm), Cu (100 ppm), and Si (150 ppm).

B. Measurement Apparatus

The gamma densitometry measurement apparatus has been described previously

C2-5]. Briefly, a single channel analysis countinq system is used to detect

the beam of 0.662 MeV gamma radiation from a 4 Ci 137Cs source. All measured

count, rates are corrected for the dead time (3.5 ;asec) of the counting system.

The high temperature system consists of an Astro Model 1100V high vacuum/

controlled atmosphere tunqsten mesh furnace and a 50 KVA power supply, from Astro

Industries, Inc., Santa Barbara, CA. A schematic diagram of the apparatus is

shown in Fig. 1. A series of beam attenuators and collimators directs the

gamma beam through the furnace between the electrodes of the mesh heater element.

After the furnace, the beam is further col lima ted prior to detection in the NaI:Tl

scintillation detector. A prism, retracted during gamma counting, is placed in

the gamma beam to allow pyrometric viewing of the crucible side.

The crucibles used in this study were thick wall tungsten right circular

cylinders, nominally 35 mm diam. x 40 mm long x 1.5 mm wall thickness, manufactured

by Metallwerk Plansee and obtained from Schwarzkopf Development Corp., Mountain
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View, CA. A correction was made for the effective pathlength in the sample due

to the curvature of the crucible C2]. The crucibles were supported inside the

heater element (7,6 cm diam. x 15.2 cm long) on a tungsten hearth plate assembly,

The crucibles were covered with a tungsten plate to inhibit vaporization loss of

the material.

All temperatures were measured using an automatic optical pyrometer (Pyro

"Photcmatic II," Pyrometer Instrument Co., Inc., Northvale, NJ) which viewed the

crucible side at the gamma beam exit. The brightness temperature measured at a

wavelength of 0.65 microns was corrected for the measured transmission of the

optics (87%) and the effective emittance of the crucible located inside the

heater element. An effective emittance was determined for each run by calibra-

tion of the pyrometer signal to the melting point of the material, which was

independently determined by observation of the dramatic change in count rate at

melt using the gamma counting system. The optical pyrometer was independently

calibrated using blackbody measurements of NBS melting point standards.

All measurements were made with a cover gas of high purity helium (total

impurities ~30 ppm by volume), at approximately 5 x 104 Pa (gauge). A small

flow of He was maintained into the furnace chamber across the optical window

to prevent vapor condensation.

C. Measurement Procedure

Several measurements were made from ambient temperature to 3250 K with empty

crucibles to determine the temperature dependence of the count rate 1Q. The

increase in count rate, about 2% over this temperature span, is due primarily

to expansion of the tungsten crucible, and can be correlated with the crucible

gaima attenuation and thermal expansion coefficient C2"l. The sample was loaded

and placed in the furnace, which was evacuated to about 0.1 Pa followed by a
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purge of He gas to a pressure of approximately 3 x 10^ Pa. This evacuation/purge

cycle was repeated three times in preparation for heating. The sample was heated

in about two hours to a temperature approximately 50 K below melt. After equili-

bration at this temperature, the temperature was increased at a rate of 4 to 8

K/min while pyrometer signal and gamma count rate were continuously monitored.

On malting, a dramatic reduction in count rate is generally seen, due to the

filling of the crucible. From the known melting point and the pyrometer signal

observed at melt, an effective emittance of the crucible was calculated, from

which subsequent temperature measurements were made. For the five runs to melt

described here, the effective emittances calculated in this manner were 0.92 ±

0.01. This value is consistent with similarly high values for crucibles cali-

brated in this apparatus at temperatures from 1300 K to 2500 K using the melting

points of metal standards [5]. Errors in the temperature measurement based on

this method, or in choice of the melting temperature, are expected to affect the

absolute value of the reported temperatures, but not the precision of changes in

temperature. The value of 3120 K (2R47 C) was used as the melting point -For W>2,

as suggested in Ref. [61.

Count rates (statistical precision of about 0.1%) were obtained at isothermal

holds in the melt reqion, on both cooling and heating. The available power for

the furnace limited the temperature range to 3250 K. Typical runs lasted 40 to

60 minutes in the molten state. Subsequent sectioninq of the sample and crucible

at ambient temperature indicated no significant dimensional attack of the crucible.

Post-test analysis of the UO2 by x-ray fluorescence indicated no dissolved tungsten

to within the 0.1% sensitivity of the analysis.
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Results

The mass attenuation coefficient of TD'2 was calculated using Fjq. (1) from

measurements of the gamma attenuation of the solid materials at room temperature.

The value was measured to be 0.120 cnrVg, which compares with a calculated value

from handbook values for the attenuation coefficients of the constituent elements

to about 4%.

Five individual runs were made for the molten UO2 results reported here.

In two cases, materials were re-melted from previous tests. No systematic dif-

ferences were observed between these materials and new samples. In general, good

reproducibility was observed on heating or cooling. Attempts at a direct measure-

ment of the change in volume on melting were unsuccessful due to fracturing of the

solid materials prior to melt.

For each run, the density of the molten material was calculated using Eq. (1)

from the gamna count rate at a single temperature Tj_ near the melting point. The

crucible dimension ii was calculated from the ambient tenperature dimension and

the thermal expansion of the crucible. Subsequent calculations were made using

Eq. (2) from the count rates measured at equilibrium tenperatures. The results

of the five runs are shown in Fig. 2.

From the analysis of the precision of this technique [2-5], it has been shown

that measurements of density changes can be made with good precision (on the order

of 1-2% of the density change), while the accuracy of the absolute density deter-

mination depends strongly on the accuracy of the input parameters in Eq. (1).

For the measurements described here, the largest uncertainties are likely to be

in SLi and u, which can be seen to affect directly the accuracy of the calculated

density. (For example, a 1% error in u causes a 1% error in p). The measured

value of u = 0.120 cm^/g is judged accurate to ±0.5%. An error in this value
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would cause a shift in density of all the calculated values. Differences between

the individual runs are probably due to random errors in the value of Jlj, the

crucible dimension near the TK)2 melt temperature, possibly caused by nonuniformity

in the crucible inside dimension. In addition, a possible offset of the cylindri-

cal crucible from the gamma beam center can cause a pathlength error of about 1%.

As shown in Fig. 2, the data from the individual runs show similar trends

with temperature in spite of the scatter in the density at melt. The following

procedure was used to analyze the data. For each run, a least squares linear

fit was made to the density vs temperature data, from which a value was extrapo-

lated for the density at the melting point 3120 K. The resultant melt densities

for the five runs are shown in Fig. 2. Values ranged from 8.779 to 8.939 g/cm3

and averaged 8.860 g/cm3 with a standard deviation of 0.061 g/cm3 (iD.7%).

The five runs were then combined by fixing the density at melt for each run to

this average value. The pooled data are shown in Fig. 3, along with the linear

least squares fit given by

p(T) = (8.859 ± .003) - (9.16 ± 0.43) x 10"4 x (T - 3120 K)

for p in g/cm3 and T in K. The rms deviation for the 24 pooled data points was

0.008 g/cm3; the data span a range of 130 K above melting. The error bar in Fig. 3

represents the ± 0.7% spread in density at the melt determined from the five runs.
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Discussion

The single previous measurement of the density and thermal expansion of

molten UD2 was made by Christensen in 1963 [11, using gamma radiography. With

this technique, the density was calculated by measurement of the UO2 outline on

radiographs. Such calculations are likely to be dependent on surface tension

and viscosity effects between the molten material and its container. The quoted

precision of about ±2% may have been due to these effects. The density reported

in the work by Christensen was 8.74 + 0.16 g/cm3, at a melt temperature of 3073 K

(2R00 C), Differences in the reported meltinq temperatures between the various

works are not expected to affect the comparison of density or thermal expansion

values between the works. Christensen reported a value of 3.5 x 10~5 in/in-K for

the coefficient of linear expansion for molten UO2, from measurements at four

temperatures spanning a 300 K range. This value converts to a volumetric expan- .

sion coefficient of 1.05 x 10~4/K. For comparison with our results, multiplication

of the volumetric expansion coefficient by the density at melt, yields dp/dT =

-9.1ft x 10~4 g/cm^-K. Figure 4 shows Christensen's molten density vs temperature

function, compared to the results of the current work. The two sets of measure-

ments agree, both in density at melt and dp/dT in the melt, within experimental

error. In fact, in view of differences in the literature values for molten metals

(e.g. nickel, see Refs. [4-5]), the agreement here is remarkable.

Fig. 4 also shows the density of solid TO2 near melt as given by the review

done by Argonne National Laboratories (ANL) in 1976, "Properties for LMFBR Safety

Analysis" [7]. The ANL review gives a solid density at melt of 9.71 g/cm3. Our

value of 8.R6 q/cm3 for the molten density at 3120 K thus yields a density change

at melt of -0.85 g/cm3, or -8.9%.
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In spite of the apparent agreement between the previous and current measure-

ments, seme of the data used in recent calculations need revision, in view of the

current results. This is apparently due to confusion over Christensen's use of

the term "coefficient of linear expansion" in the melt region. If this phrase

is interpreted as the instantaneous expansion coefficient, i.e. 1. QL , the
X dT

resulting value for dp/dT is -9.18 x 10"^ g/cm^-K. Analysis of the molten

phase data points from the original work appears to confirm this interpretation.

However, in preparing the properties report, the reviewers at ANL re-fit the

original data and apparently interpreted the reported expansion coefficient as

!_ iH , i-esulting in a value of dp/dT = -6.36 x 10"4 g/cm3-K in the melt
SLO dT

[7,8], which differs frcm the value of -9.18 by essentially the ratio of the

density at melt to the density of UO2 at ambient temperature. In view of the

current work, the ANL value is about 30% low.

The difference between the two values in use for the temperature derivative

of density in the melt can cause large differences in calculations of the equa-

tion of state or the critical temperature near 7000 K [8,9,10]. Kapil [9] used

tie value -9.18 in calculations of the critical density, while Finn, et al., [8]

have used the value of -6.36 from the ANL review. Because of this difference in

slope of the density-temperature curve, the calculated critical densities will be

significantly different when calculated in the manner suggested by the law of

rectilinear diameters. The effect of an extrapolation to very high temperatures

can be seen graphically in Fig. 4.
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Sunrnary

The implementation of the gamma attenuation technique for molten phase den-

sity measurements to temperatures in excess of 3200 K was described. Using this

technique, the density and thermal expansion of molten IJO2 were measured from

melt at 3120 K to 3250 K. Based on these measurements, the density-temperature

function for molten UO2 was found to be p(T) = (8.86 ± 0.06) - (9.16 ± 0.43) x

10 "~* x (T - 3120 K), for T in K and p in g/cnP. This density at melt suggests a

decrease in density on melting of 8.8% for UO2«

The current results agreed within experimental error with the single previous

measurement by Christensen of the density and thermal expansion of molten TX>>.

However, differences in interpretation of the original data have led to a value

for dp/dT recommended in 1976 for reactor safety analysis which, in view of

the current results, should be increased by about 50%.



-13-

References

1. J. A. Christensen, J. Am. Ceram. Soc. 46, 607 (1963).

2. W. D. Drotninq, Report RAND 79-0074, Sandia National Laboratories, Albuquerque,

NM, January 1979. Available from NTIS, U.S. Dept. of Camerce, 5285 Port Royal

Road, Springfield, VA 22161.

3. W. D. Drotning, in Thermal Expansion 6, edited by I. A. Pegqs, Proc. of the

Sixth Inter. Thermal Expansion Symp. (ITES), (Plenum, NY, 1978), pp. 83-96.

4. W. D. Drotning, Proc of the Seventh Inter. Thermal Expansion Symp., (ITFS),

Chicago, IL, 1979 (to be published).

5. W. D. Drotning, High Temp.-High Press, (to be published).

6. M. H. Rand, R. J. Ackermann, F. Gronvold, F. L. Getting, and A. Pattoret,

Rev. int. hautes Temp. Refract. Fr. 15, 355 (1978).

7. L. Leibowitz, E. C. Chang, M. G. Chasanov, R. L. Gibby, C. Kim, A. C.

Millunzi, and D. Stahl, ANL-CEN-RSD-76-1 (1976).

8. P. A. Finn, A. Sheth, and L. Leibowitz, J. Nucl. Mat. 79, 14 (1979).

9. S. K. Kapil, J. Nucl. Mat. 60, 158 (1976).

10. E. A. Fischer, P. R. Kinsman, and R. W. Ohse, J. Nucl. Mat. 59, 125 (1976).



-14-

Fiqures

Figure 1. Schematic diagram of the high tenrperature gaima densitometer,

horizontal cross section.

Figure 2. Molten density of UO2 vs temperature for five individual runs. The

lines show least squares fits to each individual run. From these

fits, the density was extrapolated to the melting point (3120 K);

these melting point densities and their average are shown on the

left.

Figure 3. Density vs temperature data from Fig. 2, pooled by fixing p(3120 K) =

8.R6 g/crn̂ , the average shown in Fig. 2. The linear fit to the data

is also shown.

Figure 4. Density of UO2 vs temperature near melt, showing the current results

from Fig. 3, the data from Christensen TU, and the solid and liquid

density recommended by ANL [7").



Figure 1. Schemtic cliaqram of the hiqh teirperature qanma densitcmeter,

horizontal cross section.
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Fiqure 2. Molten density of UO2 vs tenperature for five individual runs. The

lines show least squares fits to each individual run. From these

fits, the density was extrapolated to the raiting poin (3120 K);

these melting point densities and their average are shown on the

left.
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Figure 4. Density of UO2 vs temperature near melt, shewing the current results

from Fig. 3, the data from Christensen [1], and the solid ̂ nd liquid

density recommended by ANL T.71.


