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HYDROGEN RETENTION AND RELEASE FROM URANIUM DIOXIDE 

Douglas F. Sherman 

Department of Nuclear Engineering 

University of California, Berkeley, California 

ABSTRACT 

A technique was developed for measuring the solubility of hydrogen in refrac

tory ceramics, as well as the kinetics of release of the dissolved hydrogen. The 

ceramic samples (UO, in this study) are exposed to high pressure hydrogen gas at a 

fixed temperature for a time sufficient to achieve equilibrium. After rapid quench

ing, the hydrogen-saturated sample is transferred to a vacuum-outgassing furnace. 

The sample is outgassed in a linear temperature ramp and the released hydrogen is 

detected by an in-situ mass spectrometer. This technique measures the rate of 

release of hydrogen with a sensitivity level of about 2 ng of hydrogen(as D :) per 

hour. With experiments of up to 4 hours duration this gives a total sensitivity of 

less than 10 ng of hydrogen per 4.5 g U 0 2 sample or about 0.3 ppm atomic. In this 

study, experiments were conducted on both polycrystalline U 0 2 and single crystal 

UO;, specimens. The experimental variables in this study included temperature 

(1000 - 1600 °C) and infusion pressure (5 - 32 atm D2), and for the polycrystalline 

specimen, the stoichiometry of the oxide. The dissolution of hydrogen in both 
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single crystal &nd polycrystalline U 0 2 was found to obey Seivert's law. The 

Steven's law constant of deuterium in single crystal U 0 2 was determined to be: 

3.0xl07exp(-235 kJ/RT) ppm atomic/Vatm and • for polycrystalline U0 2 : 

5.5xI04exp(-100 kJ/RT) ppm atomic/Vatm. The solubility of hydrogen in hypos-

toichiometric urania was found to be up to three orders of magnitude greater than in 

stoichiometric U 0 2 depending on the 0/U ratios— thus implying the anion vacancy 

is the primary solution site in the U 0 2 lattice. The release-rate curves for the single 

crystal and polycrystalline U 0 2 specimens exhibited multiple peaks, with most of 

the deuterium released between 600 and 1200 °C for the polycrystalline samples, 

and between 700 and 1800 °C in the single-crystal specimens. This release of 

hydrogen from U0 2 could not be adequately modeled as diffusion or diffusion with 

trapping and resolution. It was determined that release was governed by release 

from traps in both the polycrystalline and single crystal U 0 2 specimens. The 

single-crystal specimens exhibited first-order detrapping from two sites, and the 

polycrystalline specimens first-order detrapping from the first site and second-order 

detrapping from the second site that was observed at a higher outgassing tempera

ture. 
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1. INTRODUCTION 

1.1. Background 

When heated to high temperature, improperly fabricated U 0 2 fuel rods may 

release hydrogen-bearing gases that attack the Zircaloy cladding. This hydriding could 

lead to brittle failure of the cladding, releasing radioactive fission products into the pri

mary reactor coolant. One possible source of hydrogen in the fuel (other than 

adsorbed H 2 0) is hydrogen dissolved in the lattice of the solid. Hydrogen can be 

introduced into the fuel during manufacture, which includes sintering in H 2 /H 2 0 mix

tures at -1700 C. The hydrogen/H20 atmosphere is used to control the stoichiometry 

of the resulting U 0 2 pellets. In a previous study by Olander et. al,1 the interaction of 

water with UO2 was extensively studied. At present no reliable information on hydro

gen solubility in U 0 2 is available. Previous results by Wheeler2 on hydrogen interac

tion with U 0 2 , which will be discussed later, are inconclusive. 

Transport and solubility of tritium in U 0 2 is also of interest. Tritium is produced 

as a ternary fission product in U-235 and substantial quantities of tritium (10,000-

20,000 Ci) can exist in a reactor near the end of core life. Release of this tritium from 

ruptured fuel pins into the primary coolant during reactor operation can pose a poten

tial disposal problem for contaminated coolant water SFS well as an atmospheric con

tamination problem as leaking primary coolant water evaporates into the primary con

tainment. A proposed head-end step for fuel reprocessing called "voloxidation"3 is 

based on driving tritium from sheared fuel pins by heating. The kinetics of this pro

cess are also dependent on an understanding of tritium transport in U 0 2 at elevated 

temperatures. 

Tritium behavior in other ceramic oxides 4 is also important in fusion technology 

as tritium is produced in the fusion reactor. Some of these oxides may be used as 

coating, on metallic components, or as breeder material.5 (e.g L i 2 0 , 6 LiA10 2

7 ) The 
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inventory and distribution of tritium in these materials will be dependent on its high 

temperature transport behavior. 

1.2. Objectives and Experimental Matrix 

The three objectives of this research are: (a) to determine the thermodynamic 

solubility of hydrogen in the lattice of single crystal and polycrystalline U0 2 , (b) to 

determine die chemical nature and location in die mkrostructure of hydrogen bound in 

single crystal and polycrystalline UOj, and (c) to examine the characteristics of the 

kinetics of release of hydrogen from single crystal and polycrystalline samples of U0 2 . 

The experimental variables that are used to achieve these objectives include the 

pressure and temperature of hydrogen infusion, and the stoichiometry and morphology 

of the U0 2 samples. 

There are two possible mechanisms for hydrogen dissolution in the U 0 2 lattice. 

The first mechanism is one-step molecular dissolution: 

H 2(g)» Undissolved) (1) 

The equilibrium constant K y for this reaction is given by: 

C H 

K-, » — - » K°exp(-AH,/RT) (2) 

Where C H j is the concentration of hydrogen molecules dissolved in the solid, PH2 is 

die hydrogen gas pressure, K° is die pre-exponential factor and AH, is die heat of solu

tion of hydrogen in U0 2 . The other mechanism for dissolution is two-step atomic dis

solution: 

'/sH2(g) = H(g) (3a) 
and 

H(g) = H(dissolved) (3b) 

giving a total reaction: 



WH2(g) » H(dissolved) (4) 

The equilibrium constant K ,̂ for this reaction is given by: 

* * " 7 ^ 7 * - ^expC-AH^T) (5) 
( p H 2 ) 

CH is the concentration of hydrogen atoms dissolved in the solid. 

By varying the temperature a. a particular pressure and then constructing an 

Arrhenius plot for the concentration of dissolved hydrogen versus temperature it is 

possible to determine the sign and magnitude of the heat of solution. A positive heat 

of solution shows that solution is endothermic with respect to the hydrogen molecule 

and conversely a negative heat of solution corresponds to an exothermic solution. 

Eqs. (2) and (5) provide two different relations between hydrogen pressure and 

the concentration of the dissolved hydrogen. In Eq (2) C H ] is directly proportional to 

the pressure of H2(g); this is known as Henry's law. In Eq (5) C H is proportional to 

the square root of of the pressure of H2(g), which is known as Sievert's law. By vary

ing the pressure at a fixed temperature it is possible to determine, from the slope of the 

graph of logarithm of the pressure versus concentration which state of dissolved hydro

gen predominates. A slope of unity corresponds to Henry's law and molecular disso

lution, and a slope of one half to Sievert's law and atomic dissolution. 

Another variable that is explored k the effect on hydrogen solubility of 

stoichiometry of the U0 2 . Unlike most ceramic oxides, U0 2 can exist in different 

stoichiometrics depending on the prevailing oxygen potential of the ambient gas. In 

stoichiometric U0 2 the oxygen-to-uranium ratio is exactly 2. In hypostoichiometric 

urania (U0 2_ x), that can only exist at temperatures above 1300 C, the O/U ratio is less 

than 2. Finally hyperstoichiometric urania (U0 2 + x ) corresponds to O/U ratios greater 

than 2. 

In the U0 2 lattice there are only two possible possible solution sites for hydro

gen: (1) The [}/i*A*A) interstitial site in the fluorite structure (as shown by helium 
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solubility studies)* and; (2) The anion vacancy (as suggested by Wheeler2). By vary

ing die stoichiometry die vacancy concentration is greatly altered. The concentration 

of thermally generated (intrinsic) anion vacancies in the fluorite lattice is small in 

stoichiometric U0 2 . However, extrinsic vacancies (required to satisfy charge neutrality 

in die crystal) are produced in UO^. Conversely in U 0 2 + x the1* should be few 

anion vacancies. Thus by comparing the solubility of hydrogen in stoichiometric and 

hyposioichiometric UOj the role of union vacancies in dissolving hydrogen in the lat

tice can be determined. 

Another variable studied is the morphology of the ceramic; Both noncrystalline 

and single crystal samples have been tested. From these experiments, the effect on 

solubility of grain boundaries and odwr mkrostructural defects present in polycrystal-

line UOj are explored. These defects may be sites for hydrogen dissolution in 

polycrystalline LKX 

Finally die release kinetics are examined for die rate-determining step of release 

of hydrogen from uranium dioxide. The kinetics will suggest whether release is 

governed by diffusion or if release from "traps'' or specific binding sites in die solid is 

important as die previous study on H 2 0 release suggested.1 Possible traps in die solid 

include; pores, dislocations, subgrain boundaries, impurity atoms, and precipitates. 

Ahhough hydrogen is mentioned as die species of interest, actually deuterium was 

used as die infusing gas in UO2 in dus study. The use of deuterium avoids the prob

lem of measuring small hydrogen or H 2 0 signals by a mass spectrometer in the pres

ence of a large hydrogen or H 2 0 background in die vacuum system during the out-

gassing of die UOi. In addition, direct molecular beam sampling and in situ detection 

of die released deuterium or DjO was employed in place of post-release transfer of the 

gas to a separate chamber for analysis. 
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1.3. Review of Previous Work 

13.1. Hydrogen Solubility and Diffusion in U 0 2 

A considerable amount of work has been published on diffusion phenomena in 

uranium dioxide. But, surprisingly little work has been done on hydrogen diffusion in 

U0 2 , with almost none on solubility of hydrogen in U0 2 . Past work on tritium tran

sport in U0 2 has been motivated almost entirely by interest in release of this radionu

clide from reactor fuel. 

The first work on diffusion was performed by Wheeler in 1971.2 U0 2 single cry

stals were heated in hydrogen or tritium sufficiently long to achieve saturation at tem

peratures of 500 C to 1000 C and pressures of 0.1 to 0.9 kPa. During subsequent 

heating, the rate of release was measured by gas pressure increases or radioassay of 

the released tritium. Good agreement was obtained for different samples as well as for 

the two different techniques. The diffusivity, D, in cm2/sec is given by: 

D = 0.37exp(-59.8kJ/RT) (6) 

The only other work measuring the diffusivity of hydrogen in U 0 2 with this 

method was performed by Aratono and Nakashima.9 Here a noncrystalline pellet of 

U 0 2 was thermally infused with tritium gas for enough time to reach equilibrium 

before subsequent outgassing. The results mat are shown in Fig. 1 are in reasonable 

agreement, suggesting no significant difference in hydrogen diffusion in single and 

polycrystalline U0 2 . In addition, in both experiments the form of the hydrogen 

detected appeared to be molecular, with no formation of HTO. 

Other work on tritium diffusivity in U 0 2 by Scargill,10 Aratono and Tachigawa,11 

and Aratono and Nakashima.1- involved release from lightly-irradiated samples of 

U0 2 . Scargill10 examined release from neutron- irradiated polycrystalline and single-

crystal samples of U0 2 . Good agreement was obtained between the two samples but 

the diffusion coefficient was 4 to 7 orders of magnitude less than those of Wheeler or 
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Aratono. Up to 85% of die released tritium was in the form of HTO, but this was 

dependent on the water content of the sweep gas. Molecular hydrogen was predom

inant in the release when water vapor was absent. 

Apparently anomalous results were obtained by Aratono and Tachigawa11 for 

release of recoil-injected tntium from neutron-irradiated U 0 2 pellets containing 0.1 

w% LiF. This study gave higher diffusivities than those of Scargill but less than those 

of Wheeler. Finally, work has been performed by Aratono et. a l 1 0 on out-of-pile 

release from irradiated U 0 2 polycrystalline pellets and on in-pile release from U 0 2 

pellets. 1 2 These works have been in general agreement with that of Scargill.1 0 They 

also observed tritium release as HTO when any water vapor was present in the sweep 

gas and HT in the presence of H 2. These results are summarized in Table 1. 

Aside from the results of Aratono and Tachigawa11 there appear to be two classes 

of diffusion of hydrogen in UO2: A relatively fast diffusion for thermally-infused 

hydrogen; and a slow one for fission-produced tritium. One possible explanation 

advanced by Aratono and Nakashima9 is that tritium produced in fission is in an ener

getic atomic form that can react with the oxygen in U 0 2 to form hydroxyl bonds mat 

can impede transport. These hydroxides are then released as HTO that is reduced to 

HT at the surface. The irradiation-produced fission products are not believed to be a 

major impedance to transport. Wheeler and Scargill1 0 have speculated that thermally-

infused hydrogen is in molecular form, leading to more rapid diffusion than the highly 

reactive atomic form of the fission produced tritium. 

Only Wheeler2 has estimated solubilities of hydrogen in U 0 2 . The total amount 

of hydrogen absorbed and dissolved during heating in single crystal U 0 2 was meas

ured. Values of the hydrogen solubility varied between limits of about 0.03-0.4 ug 

hydrogen/g U 0 2 , (4-54 ppm atomic), with no systematic variation with the temperature 

and pressure, which were not indicated. 
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Table 1 

Summary of Measured Tritium Diffusion 
CoefiSlcients in UO2 

D - D0exp(-Q/RT) 

Material 
Do 

(cm2/sec) 
Q 

(kJ/mol) 
Temp. Range 

(°C) Reference 

U02-S.C* .037 59.8 500-1000 (2) 

U0 2-P.C* 0.15 76 400-600 (9) 

UO2-P.C.*1 .003 163 600-1000 (9) 

UO2-P.C, S.C.* .12 182 600-1000 (10) 

UO, pellets*2 50 134 400-800 (11) 
* • T Ihcmuily infwtd WW UOj 
• I - T produced in U 0 2 by M U M 
•2- T produced in UO] by neutron reaction with Li 



9 

Wheeler proposed that this variable hydrogen solubility was due to undetectable 

variations in the O/U ratio and die resulting anion vacancy concentration. The low 

solubility suggests that vary few sites were available. In addition, it was observed that 

U 0 2 crystals heated in wet hydrogen resulted in smaller hydrogen contents. However 

no quantitative results were given. 

1.3.2. Hydrogen Solubility in Other Ceramic Oxides 

Interest in hydrogen transport in solids has been mainly confined to metals with 

little work in ceramic oxides. Although there have been some studies on hydrogen 

diffusion in some ceramic oxides little work has been done on solubility. Recent work 

on tritium transport in these materials has been motivated by an interest in their suita

bility as fusion reactor components. They could be used as insulators, first wall coat

ings, tritium barriers, and for Li 2 0, and LiA10 2, as breeding blanket material. Fre

quently industrial catalysts are ceramic oxides and there is some work on hydrogen 

transport in these materials. In many of these oxides the permeability of hydrogen is 

the predominant focus. As the permeability is the product of the diffusivity and the 

solubility, the solubility is also of interest. 

Elleman, et. al. , 1 3 has studied the hydrogen transport in the ceramic oxides AI20-<, 

BeO, and Y 2 Oj. Solubility data was only obtained on AKOv In addition he has 

reviewed the literature on hydrogen transport in other nonmetallic solids. 1 4 

Alumina single crystals and powder were exposed to deuterium gas at elevated 

temperatures for enough time to reach saturation. The samples were then outgassed 

and the deuterium measured with a quadmpole mass spectrometer. These measure

ments were difficult to make as the solubilities were near the sensitivity limit of their 

mass spectrometric detection system of =10 ppm atomic. An additional complication 

was the necessity for correcting for adsorbed hydrogen in the solubility measurements. 

The solubility was studied as a ft iction of temperature. Alumina was found to be an 
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cndothermic absorber of hydrogen with an activation energy of 76 kJ/mol. Earlier 

work by Roy and Coble 1 5 on solubility of hydrogen in pressed alumina powder disks 

at elevated temperatures gave comparable results, with an activation energy of 66 

kJ/mol. 

Hydrogen permeation of alumina was investigated13 as a function of pressure and 

was found to vary as the 0.43 power of the hydrogen pressure. From these data the 

pressure dependence of solubility can be inferred, because the diffusivity is indepen

dent of pressure. This power dependence is close to the O.S value associated with 

hydrogen dissolution in metals, and indicates hydrogen dissolution in the solid in 

atomic form. In addition to A ] 2 0 3 , efforts to measure solubility were also attempted 

for BeO but were found to be below the detection sensitivity of the mass; spectrometric 

technique. 

Other ceramic oxides on which their exists some hydrogen solubility data include 

silica(Si0 2), 1 4 titania(Ti02), , 6 zinc oxide(Zn0 2 ). 1 7 lithium oxide(Li 2 0), 1 8 and 

zirconia(Zr02). For Zr0 2 , only hydrogen permeability of oxide coatings on zirconium 

was investigated.19 The linear pressure dependence of the permeability suggests molec

ular dissolution of hydrogen in Zr0 2 . 

There have been several studies of hydrogen solubility in silica that are summar

ized by Elleman.1 4 Various types of glasses have been studied in temperatures ranging 

from 140 C to 1000 C. Generally good agreement has been found among; the various 

investigations, considering the wide variation in properties of the different glasses. 

The solubility was found to increase with decreasing temperature implying that S i 0 2 is 

on exothermic absorber. The solubility was also found to depend linearly on pressure, 

suggesting that hydrogen dissolves in silica in molecular rather than in atomic form. 

The only work on hydrogen solubility in T i 0 2 was reported by Iwam and Mura.> 6 

Hydrogen uptake was measured over the temperature range of 200-500 C by monitor

ing the time rate of change in the electrical conductivity of powdered specimens The 
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authors interpreted the results in terms of chemisorption of hydrogen but crude esti

mates of the solubility of hydrogen could be inferred. As the samples had reached dis

solution equilibrium the data implied a total (adsorbed plus dissolved) hydrogen con

centration in T i 0 2 of 4 x 10 3 to 12 x 10 3 ppm atomic for temperatures increasing from 

350 to 500 C. 

Thomas and Lander17 examined hydrogen dissolution in ZnO by observing the 

conductivity changes when the oxide was exposed to hydrogen gas at high tempera

tures. The solubility was found to vary with pressure as (PH 2 ) M - This value is expected 

for materials in which the conduction electrons derive principally from hydrogen ioni

zation. The solubility was found to increase with increasing temperature suggesting 

that ZnO is an endothermic absorber of hydrogen. 

As mentioned previously lithium oxide is a prime candidate for a a solid breeder 

blanket material in a fusion reactor. Hydrogen solubility in L i 2 0 is needed to evaluate 

the tritium inventory in the blanket as well as to understand the tritium release process. 

The solubility in sintered Li 2 0 pellets was measured by H. Katsuta et al. 1 8 using a 

process similar to EUeman's13 The samples were equilibrated with both hydrogen and 

deuterium and then subsequently outgassed at temperatures of 500 to 700 C. Lithium 

oxide was found to be an endothermic absorber with a positive heat of solution of 16-

19 kJ/mol. Studies of the pressure dependence of solubility in the pressure region of 7 

to 100 kPs showed the solubility to vary as (PH,) / J - This suggests that hydrogen exists 

in atomic form in Li 2 0 as in A1 2 0 3 . Unfortunately, other results by Ihle and W u 2 0 on 

deuterium solubility in single crystal Li 2 0 at 600 C were determined to be 56 ppm 

atomic at 133 Pa and 5 ppm atomic at 13.3 Pa. These results show a linear pressure 

dependence of solubility, implying molecular rather than atomic dissolution. These 

differences may be because of different pressure ranges studied or material differences. 

A summary of the measured hydrogen solubility results that are referenced above 

for: Polycrystalline Li 2 0; single crystal and noncrystalline A1 2 0 3 ; ZnO; and for 



12 

vitreous St0 2 are shown in Table 2. 
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Table 2 

Summary of Measured Hydrogen Solubility 
Coefficients in Ceramic Oxides at 1 atm 

S - S0exp-AH/RT 

Material 

S. C. A1,0 3, 
powder 

Pressed A1 2 0 3 

pellets 

Vitreous S i 0 2 

ZnO 

Polycryst. Li-,0 

(ppm atomic) 

lOOxlO3 

204x103 

500 

98.7xl0 3 

453 

AH 
(kJ/mol) 

75.7 

66.7 

-8.4 

76.6 

16 

Temp. Range 
(°Q 

700-1300 

1582-1816 

100-1000 

400-700 

500-700 

(15) 

(14) 

(17) 

(18) 
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2. EXPERIMENTAL 

2.1. U()2 Samples 

Both single crystal as well as polycrystalline samples of U0 2 were used in this 

study. In addition both hypostoichiometric urania (U0 2_ x) as well as hyper-

stoichiometric urania (U0 2 + x ) were used. 

U0 2 single crystal specimens were obtained from Battelle Pacific Northwest 

Laboratories as boules from which the single crystal samples were chipped. These 

samples varied in weight from 2.21 to 4.02 g with an average weight of 2.85 g, and an 

average equivalent sphere diameter of 8 mm. A scanning electron microscope(SEM) 

photomicrograph of an as-received single crystal sample is shown in Fig. 2. 

The polycrystalline U0 2 pellets were obtained from Exxon Nuclear Co. and the 

General Electric Co. These pellets shapes were hollow cylinders with an O.D. of 

10.48 mm and an I.D. of 4.76 mm, with heights ranging from 3.5 to 12 mm. The 

samples used varied in weight from 2.6 to 8.45 g with an average weight of 4.0 g, 

with an equivalent sphere diameter of 9 mm. The open and closed porosity of these 

polycrystalline pellets was determined using a standard technique.21 Two samples were 

investigated and were found to have no appreciable open porosity and an average 

closed porosity of 7.0%. An SEM photomicrograph of an as-received polycrystalline 

sample is shown in Fig. 3. 

Two hypostoichiometric samples were prepared. A cylindrical polycrystalline 

pellet with a diameter of 10.48 mm and height of 1 cm had a 4 mm hole drilled in the 

center 7 mm deep in which was placed 1 g of 1/8 inch(3.17S mm) uranium rod. The 

pellet was then annealed in vacuum at 1650 °C for 4 hours. After cooling, the part of 

the pellet with uranium metal was cleaved leaving a sample consisting of U0 2 with 

some diffused uranium metal. These samples of U0 2 + U were thus hypos

toichiometric urania (U0 2_ x). An optical photomicrograph of the second sample is 
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XBB 871-310A 

Fig. 2 SEM Photomicrograph of an as-received single crystal UOi sample 
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XBB 871-311A 

Fig. 3 SEM Photomicrograph of an as-reccived polycrystalline U O T sample 
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shown in Fig. 4 with the white spots showing the uranium metal in the solid. The first 

sample was analyzed by heating it in a controlled H 2 / H 2 0 atmosphere at 1600 °C to 

oxidize it to stoichiometric U 0 2 . A measurement of the weight gain because of this 

oxidation gave an oxygen-to-uranium ratio of 1.976. It was not possible to similarly 

analyze the second sample although the oxygen-to-uranium ratio derived from the pac-

tomicrograph is about 1.90. This is less than the oxygen-to-uranium ratio expected for 

U 0 2 at the lower phase boundary between U 0 2 _ x and U of 1.94 at 1600 °C. This 

excess uranium is present because when the pellet was cleaved <-<>me undiffuseil 

uranium metal was accidentally included in the sample. 

The hyperstoichiometric urania was produced by partially oxidizing U 0 2 in dir at 

low temperature producing U 0 2 + U;sOg, corresponding to U 0 2 + x . Some of the 

unused sample was analyzed by heating it in hydrogen at 1600 °C to reduce it to 

stoichiometric U 0 2 . A measurement of the weight loss because of this reduction gave 

an oxygen-to-uranium ratio of 2.06S. 

2.2. Infusion Furnace 

2.2.1. Description of Apparatus 

To determine the solubility of hydrogen in uranium dioxide it is necessary to 

infuse samples with deuterium at high temperature and pressure. To achieve this an 

infusion furnace shown in Fig. 5 was constructed. It consists oi a si '{pension rig for 

holding up to 10 grams of solid oxide inside a molybdenum crucible that is heated 

inductively. This assembly is located inside a 3/8 inch (9.53 mm)thick stainless sietl 

pressure vessel. 

The stainless steel pressure vessel that was used as the infusion furnace was 

designed to withstand pressures above 100 atm, as well as temperatures as high as 

2000 °C. The main section of the infusion furnace is a cylinder with an i.d. of 4.813 

inches (12.23 cm), with a total inside length of 12 7/8 inches (32.7 cm). The top 
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flange is 1V4 inches (3.8 cm)thick and extends 2 inches (5.1cm) from the pressure 

vessel. The other flanges are 1 inch (2.54cm) thick extending the same amount from 

the vessel. The infusion furnace was designed so that the bottom section was kept in 

place while die top flange could be removed allowing samples to be brought in and 

out of the furnace easily. The whole vessel was suspended about 30 cm above a table 

connected to a diffusion pump. A 5/8 inch (1.59cm) diameter hole in the top of the 

vessel had a V* inch (6.3 mm) thick quartz high pressure window enabling the tem

perature inside the vessel to be determined optically. Three feedthroughs were placed 

in the pressure vessel. One was used to pass electrical signals into the vessel, and the 

other two allowed for the entry and exit of the copper induction heating coil. The 

whole assembly was connected to a 2 inch diffusion pump through a half inch ball 

valve with a high pressure delrin seat. Two '/> inch (1.27 cm) holes in the bottom 

flange allowed for entry and exit of the deuterium gas. Cooling coils were brazed to 

the outside of the pressure vessel. 

The method of heating used in the infusion furnace was induction heating. The 

induction heater coil is a solenoid that has been wound from hollow copper tubing 

allowing cooling water to run through it. The high frequency alternating current in the 

coil establishes an alternating magnetic field that has a maximum density within the 

coil close to the rums. This alternating magnetic field will in rum induce a current in 

conductors placed inside the coil. Heat will be produced in the conductor proportional 

to the electrical resistance of the conductor and to the square of the current flowing. 

The molybdenum crucible was suspended 3 inches (7.62 cm) from the top of the 

pressure furnace with an intervening disk of boron nitride to electrically insulate the 

crucible. The crucible was held in the middle of the electrical field set up by a 7 turn 

3/16 inch (4.5 mm) induction heater coil with an internal diameter of about 1.25 

inches (3.8 cm). Ceramic feedthroughs electrically isolate the induction heater coil 

from the stainless steel walls of the infusion furnace. A Radio Frequency Co. high 
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frequency generator with a power output of 30 KW and frequency of 450 KHz was 

used as the induction heater. 

A diagram of the molybdenum crucible is shown in Fig. 6. The crucible was 

designed to hold a pellet of 1 cm diameter by 1.25 cm in length. It's exterior dimen

sions were 5/8 inch (1.59 cm) diameter by 3/4 inch (1.9 cm) long. As U0 2 is an 

electrical insulator it is not possible to heat it with an induction heater directly. Thus, 

to heat die U0 2 with an induction heater it is necessary to heat it indirectly by placing 

it inside an electrical conductor such as molybdenum that can be heated inductively. 

In addition the crucible had to be a refractory material to withstand the high tempera

tures in this study. The U0 2 sample sat on a thin rhenium foil at the bonom of the 

crucible. The crucible was about 2.4 mm thick and with such a thickness was 

expected to give a uniform interior temperature. 

The temperature of the U0 2 inside the crucible was monitored by use of an opti

cal pyrometer. The pyrometer was sighted first through a prism, then through the high 

pressure quartz window at the top of the furnace and then through the black body hole 

at the top of the crucible. A Leeds and Nonhrop Co. optical pyrometer that had been 

calibrated using the above sighting was used. It was capable of accurately measuring 

temperatures from 800 to 2500 °C. 

In an initial design of this experiment the U0 2 sample was suspended in the mid

dle of a tungsten or rhenium susceptor with the sample temperature being determined 

by a W/3% Re- W/25% Re thermocouple. Unfortunately, because of electrical 

interference owing to the induction heater and other factors that led to inaccuracies in 

the temperature measurement, this method of heating as well as of temperature meas

urement was abandoned. 

Because of the high diffusivity of hydrogen in U0 2 the infused specimens must 

be quenched rapidly to preserve the saturation hydrogen content established at the tem

perature and pressure of the infusion process. A calculation showing the time required 
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to reach saturation based on the diffusion coefficient of hydrogen is shown later. The 

samples that rest on a rhenium foil at the bottom of the crucible rests on a trap door 

mechanism that is held in place by a thin tungsten wire. When it is desired to quench 

the sample enough current to melt die tungsten support wire is transmitted into the fur

nace through the wire. The bottom lid opens and the sample falls by gravity out of 

die crucible into a stainless steel mesh basket in the cooler region at the bottom of the 

furnace. 

A flow diagram of the infusion system is shown in Pig. 7. As mentioned previ

ously the infusion gas consisted of high purity D 2 . Further purification of the infusion 

D 2 was possible by passing it through a liquid nitrogen trap. Water content of the exit 

D 2 gas was monitored at the exit with a General Eastern dew point hygrometer. By 

measuring the dew point of the gas the partial pressure of water in the gas is deter

mined. From this partial pressure die oxygen potential of the gas can be determined 

that in turn will determine the stoichiomerry of the U 0 2 . In addition, argon gas was 

available for testing the system. The system was equipped with pressure and tempera

ture interlocks that could stop inflowing gas as well as power to the induction heater if 

an unexpected temperature or pressure transient occurred. 

2.2.2. Operation 

In operation the sustainable upper limit of temperature at a particular pressure 

was limited by the maximum power of the induction heater as well as the heat transfer 

characteristics inside the infusion furnace. In the previous design the furnace was to 

be operated in an automatic mode with the thermocouple output signal sent to a satur

able core reactor that controlled the power supply of the induction heater. With the 

change in temperature measurement technique a manual mode was used with the 

power level of the induction heater being adjusted to give a particular temperature 

desired. Although there was some oscillation in temperature because of changes in 

furnace power it was possible to sustain a somewhat constant temperature over long 
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periods of time (=» 2 hr). 

The maximum plate current achievable in the induction heater was 1.2 amps D.C. 

At a pressure of 10 arm. of D 2 this current corresponded to a temperature of 1800 °C 

in the induction furnace. The temperature of 1600 °C was chosen as the base tempera

ture to be used as it was easily achievable at higher D 2 pressures. Although the pres

sure furnace could withstand pressures above 100 arm the upper limit of pressure was 

limited by the desired temperature at higher pressures. For a temperature of 1600 °C 

this limit was about 40 arm. 

During operation one surprising site of heating was in the ceramic feedthroughs 

through which the induction heater coil enters the pressure vessel. At high induction 

currents heat was generated inductively in the steel surrounding these feedthroughs that 

necessitated additional cooling at this site to protect the neoprene O-rings in the 

feedthroughs. A mixture of liquid nitrogen and air directly applied was used for this 

cooling. This was difficult to achieve and this unexpected heating also served to limit 

the operation of the furnace. 

As mentioned above, the water content of the D 2 was monitored after exiting 

from the furnace. After the D-> pressure was reduced to 20 psig (240 kPa) it was 

passed through the hygrometer. The dew point of the gas ranged from -32 to -20 °C. 

This corresponds to partial pressures of water of 25 to 100 Pa. From these partial 

pressures as well as the pressure of the D 2 the oxygen potential of the gas can be 

determined. The corresponding oxygen potentials are -570 to -520 kJ/Mol. From the 

phase diagram of UOj the oxygen-to- uranium ratio can be determined as a function of 

oxygen potential and temperature. At a temperature of 1600 °C U 0 2 should be per

fectly stoichiometric between an oxygen potential of -250 and -700 kJ/Mol. As shown 

above during operation the oxygen potential of the D 2 was between these limits that 

implies that the U 0 2 should have remained perfectly stoichiometric. The hygrometer 

was connected by one meter of stainless steel tubing to the heating site. Possible 
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absorption of water in mis tubing would have suggested a lower water content in die 

pressure vessel than that determined by the hygrometer. If this is true possible reduc

tion of die samples at high temperature could occur. 

In the original design of the flow system it was anticipated that it would be 

necessary to pass the incoming D 2 through a liquid nitrogen cold trap to reduce any 

water vapor present. As the water content of the D 2 did not appear to be high enough 

to cause any oxidation of the U 0 2 this step was not necessary. The pressure of the D 2 

was measured at the exit of the pressure furnace and ranged from 62.5 to 500 psig 

(567 to 3445 kPa). The regulator was set to reduce the pressure to 20 psig (240 kPa) 

before entering the hygrometer before exiting through the flowmeter. The flow of the 

Di was monitored at this point and was set for most experiments at 3 liters(STP)/min. 

2.2.2.!. Operational Procedure 

The samples were first loaded into the molybdenum crucible set up and then 

placed in the induction nimace. An initial vacuum outgassing at room temperature for 

at least 1 hour helped remove any adsorbed water in the system or on die samples. A 

pressure of 10"* torr (10~* Pa), measured close to the diffusion pump, was obtainable. 

The pressure inside the pressure vessel was certainly higher, although no estimate was 

obtained. After this vacuum outgassing was completed the valve to the diffusion 

pump was closed and the system was slowly brought up to the pressure desired. Next, 

the power to the induction furnace was increased slowly to increase the temperature. 

This was done rapidly up to about 800 °C, and in steps of about 100 deg/min 

thereafter. The system was kept at the infusion temperature and pressure for the 

prescribed infusion time. It was necessary to frequently adjust the liquid nitrogen/air 

cooling mixture for the feedthroughs during operation. When it was desired to quench 

the sample, a 5 mA current was passed into the system simultaneously with the cessa

tion of power to the induction heater. Whether the sample had really dropped could 

be determined by sighting through the optical pyrometer. The inflowing D : was 
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replaced with Ar and the pressure was reduced to atmospheric. After about 2 hours or 

sometimes longer the samples were removed and transferred by hand to the release 

apparatus. 

2.2.2.2. Experimental Variables 

As shown above four types of U 0 2 were studied These include; single crystal, 

polycrystalline, hypostoichiometric polycrystalline and hyperstoichiometric polycrystal

line U 0 2 The base temperature of infusion and pressure of D 2 were 1600 °C and 10 

atm respectively. Hypostoichiometric and hyperstoichiometric urania were studied 

only at this pressure and temperature. For single crystal and polycrystalline U 0 2 the 

temperature dependence of solubility was studied at an infusion pressure of 10 atm D 2 

at infusion temperatures of 1000 to 1600 °C. The pressure dependence of solubility 

for these two species was studied at an infusion temperature of 1600 °C at D 2 pres

sures of from 5 to 35 atm. 

2.2.3. Saturation Time and Quench Calculation 

The time needed to saturate the specimen with deuterium can be calculated if the 

diffusion coefficient of the gas in the solid is known. Using Wheeler's2 value for the 

diffusion coefficient of hydrogen in UO2, the diffusivity of the D 2 in U 0 2 at the tem

peratures of interest can be calculated. For the maximum infusion temperature of 1600 

°C the diffusivity is 7.85 x 10"4 cm2/sec, and for the minimum temperature of 1000 °C 

the diffusivity is 1.28 x 10~* cm2/sec. From Crank™ the characteristic time for 

diffusion can be determined by solving for t in Dt/a" = 1. For a single crystal sample 

of 4 mm radius the characteristic times will be 4 and 21 minutes for 1600 and 1000 °C 

respectively. For a polycrystalline sample of about 5 mm radius the characteristic 

times are 5 and 33 minutes. As there was some uncertainty with these diffusion 

coefficients an infusion time of 1 hr was chosen to provide enough margin of safety. 

In addition experiments with infusion times of 2 or 3 hours were performed to see if 
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saturation had occurred. 

Previously it was mentioned that it was necessary to rapidly quench the samples 

to prevent alteration of the deuterium saturation concentration in the solid by the tem

perature history of the cooldown. Although the quench is done as quickly as possible 

the temperature behavior during the cooldown is significant. As a first order approxi

mation to the quench it was possible to experimentally determine the cooldown of the 

sample in the crucible when it was not dropped. This zero order quench was deter

mined by measuring the temperature as a function of time after the power was turned 

off. The results for several of these cooldowns are shown in Fig. 8. The results were 

fitted to an exponential decay with an initial cooling rate of 42.2 °C per sec. To 

decrease from 1600 to 1000 °C took about 18 sec or an average rate of 34 °C per sec. 

The somewhat slow cooling is because of the large mass of the molybdenum crucible. 

During the quench as the samples fall from the crucible, cooling is limited by uV 

heat transfer characteristics of the U 0 2 and the surrounding D 2 . This problem can be 

modeled mathematically and solved numerically. 

Mathematically this problem can be modeled as a sphere of radius a and initial 

temperature T^ dropping from a hot zone into a stagnant gas of temperature T 0 . As it 

falls, it loses heat by conduction/convection to the ambient D 2 and by radiation to the 

walls at temperature Too- The temperature T 0 of the ambient D 2 was determined by 

modeling the heat balance inside the pressure vessel. 

The conduction/convection heat transfer coefficient h, for this system, is given by; 

N u = ^^- = C + 0 . 3 8 8 ? ^ * C + .33RC16 (6) 

where the Prandtl number, Pr is 0.73 for D 2 > and k g is the thermal heat conductivity of 

D 2 . C is a term owing to conduction that initially was set equal to 2 (for steady state) 

but was found to not accurately describe the problem. Instead, the conduction contri

bution to cooling was computed separately using the computer code HEATING6.2 3 
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The Reynolds number Re for a free falling sphere where t is the time of the drop is 

given by; 

R e = (2aKSt i 
v (7) 

where gt is the velocity, and v is the kinematic viscosity evaluated at th mean tem

perature f given by; 

- T, + T„ 
T« — -

where TH is the surface temperature of the sphere. 

From the above three equations the heat transfer coefficient h is; 

(8) 

2a 
.33 (2a)w SL 

v(T) 
(9) 

where gas propenies are computed at T. The radiation heat loss, q^j is given by the 

Stefan-Boltzmann law; 

q ^ = € a (T* - V ) (10) 

Where € 0.86 is the emissivity of U0 2 , and o» 5.67x10s W/m: K4. For this problem 

the heat conduction equation is given by: 

PsC, 9T l_B_ 
"• 8t " r2 3r k.r2 3 1 

9r (ID 

Where T is a function of radius r, and time t. The temperature-dependent properties of 

U0 2 are: p s , the density; C^, the heat capacity; and k s, the thermal conductivity. The 

initial condition for this equation is given by; 

T(r,0) = T S o (12) 

where T^ is the initial surface temperature. The surface boundary condition is given 

by; 

- k s T(a,t) 9r = h [ T(a,t) -Ts, ] + q ^ (13a) 
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where h is given by Eq (9) and q ^ by Eq (10). By symmetry the boundary condition 

at r=0 is given by: 

^ =0 (13b) 
o 3r 

This series of equations were solved for both a typical polycrystalline and single cry

stal U 0 2 sample that has been quenched from 1600 °C. The resulting average and 

surface temperature for these two samples are shown in Figs. 9 and 10 along with the 

temperature observed above when there was no quench. In Fig. 11 the average and 

surface temperature for a polycrystalline sample cooled by transient conduction as 

above is compared with cooling by steady state conduction. 

2.3. Gas Release Apparatus 

2.3.1. Description of Apparatus 

The gas release apparatus consists of a vacuum outgassing furnace whose func

tion is to outgas the U 0 2 samples that have been infused with D ? in the infusion fur

nace. The samples rest inside a molybdenum crucible that is heated by a brew fur

nace. The gases that are released in this outgassing are then detected by an in-situ 

mass spectrometer. 

A schematic of the vacuum outgassing furnace is shown in Fig. 12. The samples 

are placed inside a molybdenum crucible that was 1.27 inch O.D. (3.23 cm), 1.11 inch 

l.D. (2.82 cm), and 5.55 inches long (14.1 cm), and electron beam welded to a 3.5 in. 

wide molybdenum flange. Rhenium foil was used to line the bottom of the crucible to 

prevent any reaction between U 0 2 and the crucible at higher temperatures. 

A brew furnace In which the crucible was placed, is heated by a tungsten mesh 

element, 3 in. diameter and 6 in. long. The temperature was controlled by the voltage 

applied to the heating element that was surrounded by a series of tungsten radiation 

shields to minimize the heat loss and to protect the outer shell of the furnace, that was 
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cooled by water. The entire furnace was contained in a bell jar that was under a 

vacuum for operation. A pressure of 10"* torr ( 1 0 - 4 Pa) could be obtained using a 6 

in. diffusion pump. The temperature of the samples was measured at the outside wall 

of the crucible by a W/3% Re-W/5% Re thermocouple. 

As the samples are heated, the released gases leave the crucible via a small-bore 

capillary tube that is aimed directly at the ionizer of a quadrupole mass spectrometer 

one centimeter away. In this way, the gases are delivered in free-molecule flow to the 

mass spectrometer detector. All components outside the molybdenum crucible are 

constructed of stainless steel. The only exception is the oxygen-free copper gasket 

sealing the flanges at the top of the crucible. This use of stainless steel helps to avoid 

any reduction of any D 2 0 released from the pellets. Cooling of the bottom of the 

molybdenum flange helped to protect the weld joint at that point from direct radiation 

from the furnace. To prevent adsorption of condensiUe D 2 0 or D 2 on cold metal sur

faces the capillary assembly is independendy heated to about 100 °C. The capillary 

assembly consists of a small cylinder welded to a small-bore capillary tube. The small 

cylinder is 6.7 cm long and has an O.D. of 1.9 cm. The small-bore capillary tube is 

4.3 cm long and has an I.D. of 2.0 mm. 

The steady state pumpour time of the crucible-capillary assembly is the ratio of 

the signal intensity in molecules/sec to the steady state molecular population in the 

assembly. This time has been calculated to be less than 0.6 sec. Thus the system 

samples all the gases released from the U 0 2 samples with a very small time constant. 

The signal derived from the mass spectrometer via the lock-in amplifier is proportional 

to the instantaneous rate of release of the species of interest from the sample in the 

crucible. 

The rate at which gases leave the crucible via the sampling tube is measured 

using a modulated molecular beam technique. Before the molecular beam formed by 

effusion from the sampling tube reaches the ionizer of the mass spectrometer, it is 
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periodically interrupted by a three-bladed chopper rotating at a modulation frequency 

of 50 Hz. The output signal of the mass spectrometer (tuned to mass 4 for D 2 and 20 

for D 2 0 ) is an a.c. signal from the direct (modulated) gas flow from the sampling tube 

superimposed on a d.c. background signal owing to D 2 or D 2 0 that has not yet been 

pumped out of die vacuum system. The output signal from the mass spectrometer is 

fed into a lock-in amplifier, that discriminates against the d.c. component of the signal 

and responds only to that part of the signal that has a frequency equal to that of the SO 

Hz reference signal from the beam chopper. The modulated beam technique permits 

measurement of signals that are only 0.1% of the d.c. background signal. 

To quantitatively convert the mass spectrometer output signcl to release rate of 

D 2 or D 2 0 from the U 0 2 samples, calibration of the system is required. For this pur

pose, the crucible is fitted with an input line coming from a chamber outside the 

vacuum system that contains a calibration gas (see fig. 12). By allowing the calibra

tion gas to flow into the crucible at a known rate and recording the mass spectrometer 

signal owing to this flow, absolute calibration of the mass spectrometer can be accom

plished. The end of the calibration line runs into the side of the capillary assembly, 

thus giving the calibration line the same geometric view of the mass spectrometer ion

izer. To avoid backflow of released gas up the calibration line, the tube that connects 

the calibration line to the capillary assembly has a 1.2 cm long section with a .38 mm 

diameter tube. 

Normally calibration is performed with the same gaseous species that is released 

form the pellets. In general, the rate of pressure drop in a calibration chamber of 

known volume is measured to determine the flow rate out of the chamber. It was 

found in a previous study1 that it was necessary to use neon instead of D 2 0 as the 

calibration gas. This is because the latter strongly adsorbs on cool metal surfaces and 

reliable determination of flow rate by measurement of pressure decrease in the known 

calibration tank volume was difficult to achieve. It was determined experimentally that 



38 

the flow rate through the variable leak used to regulate flow of calibration gas is pro

portional to the chamber pressure and inversely proportional to the square-root of the 

molecular weight. Thus for equal pressures in the calibration chamber, the flow rate 

of neon is equal to the flow rate of D20. For the same calibration chamber pressures 

(and hence equal flow rates), die mass spectrometer signal for D 2 0 was found to be 

about 3 time that of Neon. This factor was used to convert the neon calibration signal 

to an equivalent D2O sensitivity of die mass spectrometer. When D 2 was used as the 

calibration gas a similar although less severe problem occurred. It was found that on 

heating an empty crucible after calibration with D 2 that some previously adsorbed D 2 

was released. Therefore, as with C^O, it was necessary to use an indirect method of 

calibration. For D 2 , helium was used as the calibration gas. As with D 2 0 for the 

same calibration chamber pressures the mass spectrometric signal for D 2 was found to 

be about 3 times that of helium. Thus a factor of three could be used to convert the 

helium calibration signal to an equivalent D 2 sensitivity of the mass spectrometer. 

This difference is because of a lower mass spectrometer sensitivity for helium than for 

D 2 . 

The calibration line had a length of 70 cm consisting of both copper and stainless 

steel VA inch tubing with an I.D. of 4.45 mm. The end of this line had a shut off 

valve to isolate the system inside die bell jar during outgassing. In addition to this 

valve, flow into die calibration line was regulated by a Granville Phillips variable leak. 

The calibration chamber consisted of a Wallace & Tieman absolute pressure gauge and 

some associated tubing leading to the variable leak. The total volume of this chamber 

and tubing was 400 cm 3 . It was possible to All mis chamber with the appropriate cali

bration gas and to then independently pump it out after the calibration was complete. 

In an earlier publication using a similar apparatus,24 spurious results were 

obtained in an experiment measuring D 2 0 release from UO z. On raising the tempera

ture of die furnace large signals were observed regardless of the mass number to 
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which the mass spectrometer was tuned to (including mass 9, where no signal is 

expected). These signals were because of electronic pickup from the furnace current 

by the mass spectrometer. To avoid this problem, the mass spectrometer was encased 

in an aluminum sheath. 

2.3.2. Operation 

2.3.2.1. Operational Procedure 

The infused samples that have been loaded into the molybdenum crucible in the 

release apparatus first undergo a vacuum outgas at a pressure of 10"* torr ( 1 0 - 4 Pa) for 

a period of 3 to 18 hrs. This vacuum outgas helped to remove any adsorbed water on 

the samples and the low pressure was necessary for proper operation of the mass spec

trometer. 

After the outgassing the mass spectrometer system was turned on and allowed to 

warm up for about a half hour. Before the temperature of the system was raised it 

was necessary to calibrate the system. The pressure gauge outside the bell jar was set 

at a pressure of 11 torr of lielium for D 2 calibration, or neon for D 2 0 calibration. The 

gas was allowed to flow into the release apparatus at a rate of about .05 torr/minute for 

D 2 . This corresponds to 7 x l 0 1 7 mol/sec or 282 fig/hr of D 2 . This flow rate resulted in 

an output calibration signal of from 1 to 30 millivolts. The large differences in this 

signal was because of small changes in the geometry of the detection system from one 

experiment to another and because of degradation in the gain of the mass spectrometer 

over time. This flow rate and signal corresponds to a calibration of from 3 to 94 

(.ng/hr)/|iv. The average for all the experiments was 23 (ng/hr)/|iv. A similar calibra

tion for Ne was performed. 

After this calibration it was necessary to remove any of this calibration gas from 

the system before beginning to heat the samples. This took about 5 minutes, although 

the heating of the crucible was not begun for at least 30 minutes to be certain that no 
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residual calibration gas was present in the system. 

To verify that the detection system was not responding to spurious electronic 

noise owing to the furnace or some other source a blank was run using an empty cru

cible. A background signal owing to electrical noise of up to 1.0 u.v was obtained 

during this blank run at temperatures up to 1800 °C. With the above calibration this 

corresponds to a signal level of about 20 ng/hr. As an additional precaution an experi

ment was run with an as received sample of U 0 2 that had not been infused with D 2 . 

The results were the same as with the empty crucible with an average signal level of 

about 20 ng/hr. 

In an initial experiment the temperature of the crucible was slowly raised until an 

appreciable signal of D ; was obtained. This temperature was found to be about 500 

°C. The temperature was then raised at the rate of 400 °C/hr to a maximum tempera

ture of 1800 °C. This maximum temperature was chosen because of electronic pickup 

from the furnace at high temperature and for safe operation of the mass spectrometer. 

Additionally at higher temperature appreciable vaporization of the U 0 2 could occur. If 

the release of D 2 was not complete the temperature was maintained at 1800 °C until 

completion. If the release was completed at an earlier temperature then the experiment 

was concluded at a temperature below 1800 °C, although never lower than 1520 °C. 

In later experiments to conserve time initially the temperature was quickly (» .1 hr) 

raised to 500 °C before starting the temperature ramp. 

At the conclusion of the experiment another calibration was run. This calibration 

differed as much as 20% from the one done before the temperature was increased. An 

average of the two calibrations was used thus giving an error of ± 10% in the results. 

In practice it was not possible to maintain the temperature ramp at exactly 400 

°C/hr always because of experimental limitations. The temperature was monitored at 3 

minute intervals and an attempt was made to keep this difference at 20 °C every 3 

minutes. When the actual temperature difference differed from this amount then the 
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temperature ramp was changed to keep the overall temperature ramp at the specified 

rate. Although the change every 3 minutes sometimes was as small as 5 or as large as 

40 °C, within a few 3 minute intervals the 400 °C/hr temperature ramp was reesta

blished. In one hour increments of the experiment the specified temperature ramp was 

maintained within 1%. 

During operation the background level was continuously monitored by shifting 

the mass filter to mass 9 and using that signal as the background level. This mass 9 

signal averaged about 1 |iv giving a background level of about 20 ng/hr. The 

difference between the mass 4 signal and the mass 9 signal gave the actual D 2 signal. 

Because of electronic noise it was not possible to determine a difference less than 

about O.OS to 0.1 u.v. The upper limit was applicable at higher temperatures. Given 

the above calibration this would give a release rate sensitivity limit of about 2 ng/hr. 

Since the experiments ran for about 3 '/i hours this detection method had a total sensi

tivity limit of less than 10 ng of deuterium. For a U 0 2 sample of about 4 g this gives 

a sensitivity limit of 0.2 ppm atomic. 

In the first few experiments appreciable amounts of D 2 0 were detected. It was 

found using another blank that this D 2 0 signal was due almost totally to the tail of the 

mass 18 water signal at mass 20. By restricting the mass filter only true D 2 0 signals 

were then detected, which were found to be less than 0.5% of the total Dsub2 release. 

In addition to the system being able to respond to signals as low as O.OS |xv, it 

was able to respond to signals as large as 500 millivolts--7 orders of magnitude 

greater. During a typical experiment the maximum signal level of about 5 millivolts 

was achieved, although the actual amount varied depending on the experiment as well 

as the calibration level of the system. For polycrystalline samples maximum D 2 sig

nals of 20 |ig/hr were obtained, and for single crystal samples a maximum of 1 ug/hr 

was obtained. 
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2.3.3. Estimate of D 2 Losses During Operation 

During operation it is possible that some of the D 2 that is outgassed from the 

sample can be lost before it reaches the capillary tube. It is at this point right before 

entering the capillary tube that the calibration gas enters the capillary assembly. From 

this point both outgassed D_, and He calibration gas will have the same view of the 

mass spectrometer and any losses after this point will be accounted for by the calibra

tion. The two possible mechanisms in which outgassed D 2 can be lost are through 

backrlow into the calibration line and permeation through the molybdenum crucible. 

An estimate can be made for both losses. 

2.3.3.1. Loss Through Flow into Calibration Line 

For flow through a capillary tube of radius a and length 1 to a vacuum from a 

reservoir at a pressure P(torr), the intensity v in molecules/sec is given by 

3.5X10 2 2 P t o C T 8 a , 
v = = = — Ra- (14) 

VMT 3 l 

8a 

where — is the Clausing factor, na is the area of the capillary hole, M is the molec

ular weight of the gas (4 for D 2) and T is the temperature of the gas. From this equa

tion the ratio of the beam intensity going through the top capillary to that lost through 

the side calibration tube is given by 

v ca l _ a cal 'top . 

V I O O , 3 I, 
"top lop . £ _ >cal 

Where the subscript cal refers to the calibration tube. This ratio of intensities is calcu

lated to be 0.02S using Eq (15). Thus only 2.4% of the total flow out of the crucible-

capillary chamber will enter the side calibration tube. As the calibration tube was not 

pumped by the vacuum system the actual amount should be less. 
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2.3.3.2. Loss of Deuterium by Permeation through the Crucible Wall 

To calculate the permeation of B 2 through the molybdenum crucible wall it is 

necessary to calculate the D2 pressure inside the crucible. Since the release charac

teristics of D 2 for polycrystalline and single crystal samples were substantially different 

it is necessary that they be separately considered. 

For the polycrystalline samples a typical experiment resulted in a total release of 

10 jig of D 2 . About 90% of this release occurred between 750 and 1150 °C in a 

period of one hour. An assumption can be made that the release rate is constant at 10 

ug/hr for one hour. Given this assumption gives an efflux of 4 . 18x l0 H mol D 2/sec 

from the capillary at the top of the crucible. Given a temperature at the top of 100 °C, 

Eq (14) yields a pressure in the crucible of: 

P D j = 2.37x10-* torr or 3.16xl0 _ 2Pa 

From this pressure and the known permeability of D 2 in molybdenum, PPQ,, of 2 5 

l»l»Di = 1.8xl0 , 7exp ''-89950 ^ 
RT 

(D mol.Xmm) 
(16) (cm2 ,(secKTorr) f t 

where R is in J/K. The total flux J D in atoms/sec-cm2 through the crucible wall of 

thickness t is given by 

J D « 2 P P D T ~ t — < l 7> 

As an approximation it can be assumed that about 2/3 of the crucible urea is the tem

perature T of the outgas. This gives an area of s 80 cm 2. Given the area and the 

flux, the total released in the outgas can be determined from the product of the flux 

and the area and time. For the typical experiment mentioned above with a crucible 

thickness of 2.05 mm the product of the flux and the time yields a total loss by per

meability through the crucible of 0.47 ug D 2. For this experiment this is 4.5% of the 

total release. 
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For the single crystal samples a typical experiment resulted in a total release of 

0.6 ug of D 2 . As in the polycrystalline samples about 90% of this release occurred in 

a one hour period, although between temperatures of 1250 and 16S0 °C. The release 

can be approximated as a constant release of 0.6 |i.g/hr for one hour. This assumption 

gives an efflux of 2.51xl0 1 3 mol D2/sec. Using Eq (14) as before yields a pressure in 

the crucible of: 

P D l » 1.42X10"5 torr or ! 90xlO - ; ,Pa 

For permeation of hycrogen in molybdenum Frauenfelder26 found that permeation at 

constant pressure exhibited maxima at low pressures and high temperatures where the 

effect of dissociation becomes significant. In addition at pressures of 10"5 torr or less 

measured permeation rates were substantially lower than predicted owing to the slower 

rates of the surface processes at these low pressures. At this pressure and temperature 

both effects are important. From Frauenfelder's data an average flux for a one mm 

thickness of molybdenum for this pressure awl temperature v_^ge is 

cm" hr 

Given the above area and thickness 'his yields a total loss by permeation through the 

crucible of 7.8 ng D 2 , or 1.3% of the total released. 

Other experiments with single crystal samples had somewhat lower release rates 

that would also give small losses because of surface effects. Additionally some exper

iments with polycrystalline samples had releases at lower temperatures where permea

bility rates would be small. In summary the losses because of permeability, although 

not zero, are experimentally insignificant. 
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3. RESULTS 

3.1. Gaussian Fits to Release Rate Data 

The release rate curves vs. time obtained experimentally were fit using Gaussian 

functions. Although this data analysis method is not based on a physical model of the 

release process, it helps organize the data for subsequent analysis. 

A Gaussian curve G(t), with an area A can be expressed by 

0 , 0-;s •*(•*[?" (18) 

J 
where c is the time at which the peak release rate is reached, and o is a function of 

the peak width. It is related to the area, A, and maximum amplitude of the peak, H by 

« A 

Thus a panicular peak is characterized by three parameters; the area, the amplitude, 

and the time of the maximum release. The total area under the release rate curve 

represents the solubility of D2 in the solid. 

The release rate vs. rime curves all contained more man one peak, each of which 

was fitted independently. Since the amplitude and position of each peak as well as the 

total area were generally well known this analysis was tractable. A Monte Carlo 

method was used to vary these parameters in an interval around initial guesses. This 

method uses random numbers to give randomly spaced guesses within a particular 

interval for each parameter individually. Summing up the respective Gaussians for 

each peak gives a calculated release curve for which a least square difference from the 

experimental release curve is computed. An example of a best-fit Gaussian curve for 

the typical polycrystalline U 0 2 release curve of experiment 2 is shown in Fig. 13. In 

addition to the experimental release curve the four individual peaks are shown. Tables 

3 and 4 were constructed from these Gaussian fits to the experimental release curves. 

All die experimental release rate curves obtained are shown in Appendix B. 
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3.2. Release of D 2 from Single Crystal U 0 2 

A total of 9 experiments were conducted with single crystal U0 2 samples. A 

summary of all 9 of these experiments is shown in Table 3. This table shows for each 

experiment die infusion temperature, pressure and the time these conditions were main

tained. The temperatures of die respective peaks as well as the areas of each peak and 

the total areas are also shown. Six experiments were conducted at infusion tempera

tures of 1200 to 1600 °C at an infusion pressure of 10 atm of D 2. Three additional 

experiments at infusion pressures of 5.42 to 26.8 atm D 2 at an infusion temperature of 

1600 °C were conducted. 

A typical release curve for a single crystal sample is shown in Fig. 14. This 

figure shows the net D 2 release rate in (|ig/hr)/g U 0 2 as a function of time of the out-

gas. The net release is the actual release rate minus the background. The temperature 

ramp shown by a dashed curve is also a function of time. The release rate curve 

shown has two peaks. The first small peak with a peak D 2 release rate of 0.03 

(ug/hr)/g U0 2 occurs at a temperature of about 900 °C and a second considerably 

larger peak with a peak release rate of 0.24 (ug/hr)/g U 0 2 occurs at 1400 °C. The 

total D 2 release is about 0.2 ug/g U0 2 or 27 ppm atomic. This figure represents the 

total solubility of D 2 at 1600 °C and a pressure of 10 atm in single crystal U0 2 . 

The presence of two peaks in this release curve is inconsistent with a simple 

diffusion release process from a solid. As will be shown later, the temperature at 

which die second peak occurs is also inconsistent with a simple diffusion model based 

on Wheeler's2 value for hydrogen diffusion in U0 2 , thus implying that some other 

mechanism must control release in this system. 

The total D 2 release varied from 0. for experiment 22 to 0.340 ug/g U0 2 for 

experiment 27. 

For the experiments conducted at 10 atm of D 2 two peaks were detected. For 



Table 3 

SINGLE CRYSTAL U 0 2 SUMMARY 

1--
GAUSSIAN FITTED PEAKS 

1 
1 INFUSION PEAK TEMPS(C) D ; D ISSOLVED Per PK(ng/g) T O T A L 
| E X P T # T(C) P(aim) l(hr) 1 2 3 1 2 3 DISSOLVED(n|/|) 

18 1600 10. l'/i 874 1545 25 204 229 
19 1600 10. I'A 874 1402 21 157 178 

i -° 1500 10. PA 1240 1428 60 I I 71 
21 1400 10. 2 1108 1490 24 10 34 

i --1 1300 10. 2 1103 1407 1. 9 10 
22 1200 10. 2 0 

24 1600 5.42 IV. 737 995 1601 15 30 110 154 
26 1600 20.0 Vh 748 905 1659 10 20 228 265 
27 1600 26.8 W, 859 1531 1736 73 | 235 31 340 

* • 
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three of these experiments the first peak was the smaller one with most the release 

occurring at the higher temperature of the second peak. In experiment 20 and 21 this 

order was reversed but on closely examining experiment 21 it is possible that this 

curve may represent only one peak with a peak temperature of about 1400 °C For the 

three other experiments conducted at 1600 °C at pressures other than 10 atm of D 2 

three peaks were observed. On a closer examination the first two peaks of experi

ments 24 and 26 could be considered to be one peak. Similarly in experiment 27 the 

second and third peak could also be considered to be one peak. With these interpreta

tions, a pattern of a first small peak at 850- 1100 °C and a larger peak at 1400-1700 

°C holds for 6 of the 8 experiments in which D 2 release was observed, with Expts. 20 

and 21 being an exception to this rule. For experiments at the same infusion tempera

ture and pressure, (Expts. 18 and 19), the peak temperatures and relative areas are 

about the same. 

3.3. Release of D 2 from Polycrystalline U<)2 

A total of 23 experiments were performed on polycrystalline U 0 2 . Fifteen exper

iments were conducted at infusion temperatures of 1000 to 1600 °C at an infusion 

pressure of 10 atm of D 2 . Five additional experiments at infusion pressures of 5.42 to 

32.0 atm D 2 at an infusion temperature of 1600 °C were conducted. In addition three 

experiments using hypostoichiometric and hyperstoichiometric urania samples were 

performed at an infusion pressure of 10 atm of D 2 and an infusion temperature of 1600 

°C. 

3.3.1. Stoichiometric UOj 

A typical release curve for a polycrystalline U 0 2 sample is shown in Fig. 15. 

This curve shows three discernible peaks. The peaks are more distinct than those for 

the single crystal samples, and the second and third peaks are more comparable in 

magnitude than the two peaks found in the single crystal samples. Another important 
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difference is that die release rate as well as total release from polycrystalline U 0 2 is at 

least 10 times greater than from single crystal U 0 2 . The second and third peaks 

correspond to a peak D 2 release rate of about 3.8 (ug/hr)/g U 0 2 and the first peak is 

about 1.2 (ug/hr)/g U 0 2 . The temperature of the peaks also differs from single crystal 

U 0 2 . The second rnd third peaks occur at 800 and 1000 °C instead of at 1400 °C in 

single crystal U 0 2 . Additionally the first peak at 700 °C is not present in most of the 

single crystal experiments. 

A summary of all the above experiments is shown in Table 4, As in Table 3, the 

total area represents the solubility of D 2 at the infusion temperature and pressure of the 

particular experiment. The experiments are grouped into four sections. The top sec

tion shows the experiments where the effect of temperature of infusion at fixed D 2 

pressure was examined. The second section examines the effect of pressure of infu

sion at constant temperature. The third section examines the effects of variations in 

experimental conditions other than T, P, and t as well as hyperstoichiometric urania, 

and the last section examines hypostoichiometric urania and UD 3 . 

In Fig. 15, which depicts the results of experiment 2, only three peaks are 

immediately apparent, although in Table 4 this experiment is shown to have 4 peaks. 

Upon a closer analysis it was determined that it was possible to separate the last peak 

into two separate peaks. In other experiments this fourth peak was also present, 

although sometimes only as a shoulder on the third peak. 

In addition to die effect of temperature, the effect of infusion time was studied in 

the first group of experiments. For experiments at 1600, i400, 1200, and 1000 °C the 

time of infusion was increased from 1 to 2 hours. For the 1400 °C infusion an addi

tional experiment with an infusion time of 3 hours was performed. As is evident from 

experiment 3 there was no significant difference between the one and two hour infu

sion times at 1600 °C implying that saturation equilibrium had been achieved after one 

hour. But for the 1400 1200, 2nd 1000 °C infusion experiments saturation was not 
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TaWe4 

POLYCRYSTALLINE UO, SUMMARY 

GAUSSIAN FITTED PEAKS 

EXPT INFUSION PEAK TEMPSK) D, DISSOLVED Per PK(nt/|) TOTAL 

!>#«• DISSOLVED 
t T « l PlAMH NMI I I ) 4 1 1 ) 4 ("Ml 

i UO. l*0» 10. t * t 124 103* 1277 7* 32* 1107 If I t tO 
2 1*00 10. 470 7*2 too* 12)7 •J 11*3 1722 ) 4 . 3)20 

) l«08 10. *7$ •*» 12*0 300 I2W 141 1734 
4-> 1*00 to. M2 717 •2* not 123 431 * 2 ) « I2 20*7 
1 - I4C3 10. 147 •44 171 I H 371 
17 1400 10. «M 7*7 H I 10*7 14 2** 34* 77 * 7 * 
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achieved until 2 hours. An infusion time of three hours produced no significant 

difference for the 1400 °C infusion experiment. This long saturation time of (greater 

than an hour for infusion temperatures less than 1400 °C) is contrary to what was 

expected from the earlier calculation of saturation time based on Wheeler's2 diffusion 

coefficient of hydrogen in U 0 2 . In that analysis (Sec. 2.2.3) the saturation time was 

calculated to be about 10 minutes for this infusion temperature. 

Another variable studied was the effect of the temperature ramp rate (ie, dT/dt) 

on the release curve. In experiment 4 an outgassing rate of 200 °C/h instead of the 

usual 400 °C/h was used. The resulting release curve is shown in Fig. 16. This figure 

shows the resolution of the four peaks is a little better than in the other experiments at 

1600 °C infusion conditions but the difference is not significant. 

For experiments in which the infusion pressure was greater than 10 atm of D 2 

(Nos. 13,29,14) similar release curves to those at 10 atm were observed. The only 

difference is that the third peak was observed to be somewhat broader, clearly requir

ing its separation into two peaks. 

One major characteristic of die release curves is that the number of peaks and 

their temperature seems to be dependent on the temperature of infusion. In experi

ments where the infusion temperature is 1400 °C or greater at least three peaks are 

present. The first peak at a release temperature of 660-770 °C in the lower-

temperature infusion experiments is completely absent. A release curve for the 1000 

°C infusion of experiment 11, shown in Fig. 17 is typical of a low temperature infu

sion experiment. Although it is possible to resolve this peak into two peaks, it is 

probable that there is only one peak at - 950 °C, unlike the three peaks observed in 

the higher temperature infusion experiments. 

In the third group of experiments the effect of quenching, temperature history, 

pretreatment, and hyperstoichiometry were studied. In experiment 9 and 31 the sam

ples were not quenched normally but were allowed to cool in place. In experiment 31 
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the total released was about 25% less than that in the experiments with an infusion 

temperature of 1600°C where the samples were quenched normally. In experiment 9, 

in addition to slow quenching, the effect of temperature history was examined by heat

ing the sample for '/> hr at 1600 °C then lowering the temperature to 1200 °C for the 

next Vi hr. If the infusion process was totally irreversible then this experiment should 

have given a release curve similar to an experiment with a 1600 °C infusion tempera

ture. This was not observed although the total release was about 80% greater than in 

the normal 1200 °C infusion experiments suggesting some irreversibility. As the final 

temperature was 1200 °C, the effect of the slow quench on the quantity of D 2 dis

solved was not significant. 

In experiment 15 the effect of preheating the sample was examined. An as-

received sample was heated in vacuum in the outgassing furnace to about 1800 °C for 

about 3 hours to cause the grain size to increase. An optical photomicrograph of this 

sample that has been etched to show the grains is shown in Fig. 18 with a typical 

grain size of about 15 microns. As the grain size is not significandy greater than an 

as-received sample, some other effect of the 1800°C anneal must be responsible for the 

much larger D 2 solubility observed in this experiment. 

In experiment 35 a hyperstoichiometric urania sample fabricated as described pre

viously with an oxygen-to-uranium ratio of 2.065 was infused with 10 atm of D 2 at 

1600 °C. Additionally the sample was not dropped. The resulting release rate curve is 

similar to that of experiment 31 and other experiments with similar infusion tempera

ture and pressure. The total release is comparable to experiment 31 where the sample 

was not dropped, although the second peak is much larger in experiment 35 than in 

31. It appears that the added oxygen in this sample had no appreciable effect on the 

observed D 2 solubility. 

In summary, for stoichiometric U 0 2 the release rate curve exhibits from one to 

four peaks dependent on the temperature of infusion. For higher infusion temperatures 
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Fig. 18 Optical Photomicrograph of a preheated polycrystalline UOi sample 
chemically etched to show the grain-boundaries 
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a fust peak at 660- 770 °C is present. A second peak at 750- 900 °C is present in all 

the experiments as is a third peak at 890- 1060 °C. A fourth peak at a temperature of 

1100- 1260 °C is also piesent in the higher temperature infusion experiments, being 

particularly noticeable at higher pressure infusion experiments. 

3.3.2. Hypostofchiomeiric Urania 

As mentioned previously in experiments where the infusion temperature was 1400 

°C or greater, a first peak at 660- 770 °C is present. The results for the hypos-

toichiometric urania samples give a possible explanation for this particular peak. 

As was described previously two samples of hypoitoichiometric urania were 

examined, one with a oxygen-to-uranium ratio of 1.976 and the other about 1.90. The 

first corresponds to experiment 32 and the otiter, experiment 33. The release rate 

curve of experiment 32 is shown in Fig. 19. This curve is similar to mat of the 

stoichiometric UO2 sample except the release rate is about 20 times greater in magni

tude. The first peak is about 50 times greater than the average stoichiometric U 0 2 first 

peak. So is the second peak. From Table 4 it is seen that for experiment 33 the first 

peak has a total D2 release of 155 ug/g U0 2 , about 1500 times greater than for the 

typical stoichiometric sample. As in experiment 32 the second peak is also large, as is 

the third peak. The total solubility of D2 in this sample was 221.4 ug/g U0 2 . As 

mentioned previously the hypostoichiometric urania U0 2 _ x has a large population of 

extrinsic anion vacancies. Clearly this increase in anion vacancies has increased the 

solubility of deuterium in the solid. 

Aside from the increased vacancies, another factor is involved in the large 

increase in solubility in the hypostoichiometric urania samples. This large solubility is 

particularly evident in the first peak in experiment 33. A possible source of this D 2 

release is from the dissociation of UD3 The chemistry of uranium deuteride was 

reported by Katz27 with its formation given by this reaction: 
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U + 3 / 2 D 2 - » U D 3 (17) 
This reaction proceeds to completion at 2S0 °C. Additionally it will decompose at 

temperatures above 450 °C. 

To understand how UD 3 was formed in these experiments it is necessary to 

review the phase diagram of U 0 2 , shown in Fig. 20 . 2 8 At temperatures below 1200 °C 

U 0 2 _ x is present as two separate phases, U 0 2 solid and uranium rmtal. Above this 

temperature it is possible to form a separate U 0 2 _ x phase and uranium liquid, depend

ing on the oxygen-to-uranium ratio. For experiment 32 this single phase U0 2_„ would 

be present at 1600 °C and in experiment 33, additional uranium liquid is present. If a 

stoichiometric U 0 2 sample is heated above 1200 °C and if the oxygen potential is 

sufficiently low it is possible to reduce the sample to hypostoichiometric urania. Pre

viously it was mentioned that during infusion the oxygen potential was determined to 

be insufficient to reduce the sample although it was possible that the oxygen potential 

at the heating site was less than that measured. If this is so it is possible that the sam

ple could have been reduced. On cooling of this hypostoichiometric: sample, uranium 

would be precipitated. As the sample cools further below 4S0 °C the uranium metal 

can react with the D 2 gas present to form UDj. 

To test this hypothesis regarding the source of the first peak, experiment 34 was 

conducted. In this experiment a 3 g sample of U was heated in SOO torr of D 2 at 2S0 

°C for about 2 hours in the outgassing furnace. The sample was cooled and after eva

cuating the D 2 the sample was then outgassed. The results are shown in Fig. 21. 

Only one peak was observed at a temperature of 638 °C. This peak corresponds to the 

dissolution of UD-,. The temperature at which this occurs corresponds usually to the 

first peak mentioned earlier, although in the hypostoichiometric samples the tempera

ture of the first peak was somewhat less. For the samples that were initially hypos

toichiometric, the amount of UD 3 formed would be considerably greater than that in 

pure U 0 2 because of the excess uranium. Other evidence of this UD 3 formation was 
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die powdering of the sample in experiment 33, which is due to formation of UD3. 

With an oxygen-to-uranium ratio of about 1.90 it is possible that up to 150,000 

ppm atomic of D 2 (or 1100 u.g/g U0 2 ) could be released if all the excess uranium 

reacted to form UD3, 7 times greater than was observed. For experiments such as 2, 

where 100 ng of Ityg U 0 2 was released (owing to possible UD3 formation), a similar 

analysis assuming only one percent of die excess uranium reacting to form UD3 gives 

an oxygen-to-uranium ratio of 1.999. These calculations demonstrate that even a small 

extent of hypostoichiometry in which UD3 is formed during the quench can result in a 

very large apparent solubility of deuterium in urania. 

3.4. Solubility Summary 

The total area under the net release rate curve, represents the solubility of D 2 in 

the particular U 0 2 sample at the given infusion temperature and pressure. In these 

results it was assumed that die loss of D 2 during quenching was negligible. This 

assumption is discussed further in Appendix A. This information shown in Tables 3 

and 4, for single crystal and polycrystalline U0 2 , respectively, is analyzed below. 

3.4.1. Single Crystal U() z 

An Arrhenius plot of the D 2 solubility in single crystal U 0 2 is shown in Fig. 22. 

This shows the five experiments with an infusion pressure of 10 atm of D 2 at tempera

tures from 1300 to 1600 °C. These points have been fitted to a straight line giving a 

heat of solution, AHS, of +235 kJ/mol. The positive sign shows that U0 2 is an endoth-

ermic absorber of hydrogen. The fit to these points is good with a small uncertainty. 

The solubility at this pressure, can be expressed as: 

where R is the gas constant, and T the infusion temperature in K. 
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In Fig. 23 a plot of the log of the solubility as a function of the log of the infu

sion pressure in atm of D 2 is shown. This is for the 5 experiments at an infusion tem

perature of 1600 °C. These 5 points have been fitted to a straight line giving a slope 

of 0.48 ± 0.01. This slope of nearly one half suggests a square root dependence of the 

solubility with pressure that from the argument in Sec. 1.2 implies that Sievert's Law 

is followed. Thus from Eq (3), the dissolution of hydrogen in U 0 2 is a two-step 

atomic process, implying hydrogen will be present in atomic form in the U0 2 lattice. 

From this square-root dependence of the solubility with pressure, the Sievert's law 

constant of D in U0 2 is determined to be: 

S *CD(ppm atomic) l4? •• 
/ 270 ) \ m D 

2 g U 0 2 

/VIo 
P-10atm 

or 

I 
S = 3.0xl07 exp -235 kJ I ppm atomic 

R T J -Jatm 

Examining individual peaks for these single crystal release experiments gives no 

added information. The first peak in particular has no recognizable dependence on 

pressure or temperature. 

3.4.2. Polycrystalline U() 2 

An Arrhenius plot of the equilibrium concentration of deuterium in polycrystalline 

U0 2 exposed to D 2 gas at 10 atm is shown in Fig. 24. This shows the ten experi

ments with an infusion pressure of 10 atm of D 2 at temperatures from 1000 to 1600 

°C. These points have been fitted to a straight line giving a resultant heat of solution, 

AHS, of s 100 kJ/mol. The positive sign shows that polycrystalline U0 2 is an endoth-

ermic absorber of hydrogen, as was single crystal U0 2 . The fit to the points is not as 

good as for single crystal U0 2 , although excluding the points that probably did not 

achieve saturation, as well as the possibly spurious results at an infusion temperature 
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of 1000 °C, gives a good fit with the same slope. The solubility at this pressure, S of 

D2 in u.g/g U 0 2 can be expressed as: 

r . . . . . \ 

gUOj 
= 1.3xl03 exp 

10 Mm 

-100 U 
RT 

In Fig. 25 a plot of the log of the solubility as a function of the log of the infu

sion pressure at 1600°C is shown. Eight of these 9 points have been fitted to a 

straight line giving a slope of 0.52 ±0.13. The point representing the experiment with 

an infusion pressure of 20 atm of D2 has been ignored in this fit. This slope of one 

half as for single crystal U0 2 implies atomic dissolution of hydrogen in polycrystalline 

U0 2 . The Sievert's law constant for polycrystalline U0 2 is: 

c <c ,M I -100 Id 
S » 5.5x10* exp R T 

pom atomic 
•vatm 

An examination of the pressure and temperature dependence of the individual 

peaks gives some added information, but this will be deferred until a model is pro

posed for the origin of separate peaks in the release rate curve. 

3.5. Comparison with other Ceramic Oxides and Wheeler's2 Results 

Although the solubility results of this study can be compared with those of other 

ceramic oxides 1 3 - 1 8 there are no comparable release rate results. Although there is 

data on outgassing experiments conducted at constant temperature for some of these 

ceramics, simple diffusion always has been assumed to govern the release of hydrogen 

from these solids 1 3 , 1 4 , 1'. The presence of multiple peaks in the outgassing curves as in 

this study has not been found in any of these cases including that of Wheeler2 for 

hydrogen in UCK 

3.5.1. Ceramic Oxides 

The results for hydrogen solubility in ceramic oxides was summarized in Table 2. 

One main difference between the other ceramic oxides and UQ2 is the heat of solution 
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of hydrogen, AH,. In the ceramic oxides the AH, is between 3 and 76 kJ/mol. in con

trast to 100 and 235 U/rnol for poiycrystalline and single crystal U 0 2 , respectively. 

This large AH„ particularly for single crystal UO2. suggests great difficulty in dissolv

ing hydrogen in the U 0 2 lattice in comparison with other ceramic oxides. Only for 

AI2O3 is data available for both the single crystal and poiycrystalline form of the solid. 

The difference in the solubility between single crystal and poiycrystalline U 0 2 is 

greater than for A i 2 0 3 . although both show higher solubility in the poiycrystalline 

material rather than the single crystal solid. 

A graph showing an Arrhenius plot of the solubility at one atm of hydrogen for 

the ceramic oxides of Table 2 and uranium oxide from this study is shown in Fig. 26. 

The solubility of U 0 2 is less than any of the other ceramics shown in the figure. 

Other ceramics mentioned previously (e.g. titania) also have larger hydrogen solubility 

than reported here for hydrogen in U 0 2 . 

3.5.2. Wheeler's results 

It is difficult to compare these results with that of Wheeler2 as no pressure or 

temperature dependence of his results on hydrogen solubility were given. Only the 

statement that hydrogen solubilir varied between 4 and 54 ppm atonvc for single cry

stal U 0 2 at temperatures of - 500 to 1000°C is given in Ref. 2. Assuming that the 

infusion pressure is one atm of hydrogen, the resulting Sievert's Law constant is some

what greater than those determined here. 
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4. MODELING OF RELEASE KINETICS 

4.1. Simple Diffusion Model 

A first model to be analyzed for the release of D 2 from the U 0 2 samples is that 

of simple diffusion. This model assumes that D 2 is released from the sample during 

the outgas by diffusion; it. was used by Wheeler in his analysis of release of hydrogen 

from UOj. 2 

The diffusion equation for the mobile deuterium atoms in a sphere is given by: 

(19) 

Where c is the solute concentration and D(T) is the diffusivity, a function of T, the 

temperature of the solid at a particular time. The initial condition is: 

C 0 * Cs„ (T0> (M) 

where C 0 , is the initial uniform concentration equal to the saturation concentration, 

CSM, at the infusion temperature, T 0 corresponding to the conditions of infusion. The 

surface boundary condition in this vacuum outgas is given by: 

c(a,t) = 0 (21a) 

where a is the radius of the sphere. By symmetry the boundary condition at r=0 is: 

dc D(T) a f a > 
dt " r2 Br ra7 

dr *0 (21b) 
o 

4.1.1. Solution of Diffusion Equation 

In this outgassing case, the dependence of temperature on time and the tempera

ture ramp rate, p\ is given by: 

T - T s + Pt (22) 
where T, is the temperature at t » 0 at the start of the ramp. 

This analysis must recognize that the diffusion coefficient is a function of tern-
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perature, that, with Eq (22), makes it a function of time. The diffusivity D is related 

to the diffusivity DQ at the infusion temperature T 0 by: 

D = Doexp{ — 
ED ' ±"i 

Where E D is the activation energy of difnision. As the temperature is given as a func

tion of t by Eq (22) the diffusivity can be expressed as a function of t by: 

D * D 0 fD(t) (23b) 
The function fD can be determined from Eqs. (22) and (23a). 

This problem can be simplified by defining three dimensionless groups for the 

time, for the radius, and for the concentration. For the time a new variable, t can be 

defined as: 

t = - ^ - (24a) 
a* 

and for the radius a new variable p is given by: 

p = - (24b) 
a 

and finally for the concentration, a new variable C is given by: 

C » ~ (24c) 

With C 0 given by Eq (20). 

Substituting Eqs. (23b) and (24a-c) into Eq (19) gives: 

3C f _1 _3_ 
at " D p 2 3 R 

•» dC (25) 

with the initial condition of Eq (20) now given by 

C = 1 at T=0 (26a) 
and the boundary conditions of Eqs (21a-b) now given by 

C = 0 at 0=1 (26b) 
and 
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^ = 0 at p=0 
dp 

(26c) 

To solve Eq (23) analytically, it is necessary to numerically integrate fD over t 

giving a new variable, 6: 

6 = j fD(t') dt' 
o 

With this relation the solution of Eq (25) from Carslaw & Yeager29 is given by: 

*p£i n 
sin(njcp) exp-^nVO) 

(27) 

(28) 

Although this gives the solution as a function of the dimensionless radius, p, and 

through Eq (27) the dimensionless time t, what is required in this model is the time 

dependency of the release rate, R. 

R = -DS (ac) 
dt 

(29a) 

Where S is the surface area. Here the release rate, R is given as a function of t by: 

R = -Ro foW 
3C 
dp p-i 

Where R,, is a reference release rate and is given by: 

B 3DQCO 
Ko= 5 

(29b) 

(29c) 

When CQ, the initial concentration is given in ug D2/g UQ2, and D 0 in cm2/scc, then 

the units ot Ry are (ug D;/scc)/g U0 2 . The gradient of the concentration at the sur

face in Eq (2%) is a function of time and can be evaluated by differentiating Eq (28) 

yielding: 

' a c ^ 
ap 

(30) = -2 £exp(-nV0) 
lp«l n»l 

This expression can be evaluated at x by relating 9 to t by Eq (27). Substituting this 

equation into Eq (29b) with R<, given by Eq (29c) gives the release rate, R, as a func

tion of t: 



R=^f D (T) Iexp j -nV 
a n - i 

JfD(T') 
0 
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(31) 

4.1.2. Comparison of Solution with Results 

Using the diffusivity of hydrogen in U 0 2 determined by Wheeler2 and tempera

ture ramp of Eq (22) in Eq (31) yields a release curve as a function of time. In the 

diffusion model the initial concentration is assumed to be the total measured deuterium 

released per gram of U 0 2 . The results of this analysis shown with the corresponding 

experimental results are shown in Figs. 27 and 28 for experiments 2 and 18. The 

unsuitability of this model is evident; as the diffusion model gives only one peak at 

620 °C for both the polycrystulline and single crystal samples. Moreover, this peak 

occurs at at a lower temperature than most of the polycrystailine release, and at a 

much lower temperature than the single crystal release. 

The simple diffusion model can give only one release peak, in contrast to what 

was observed. But it is possible that by varying the diffusivity, a better fit to the 

release data could be obtained. This was done for both a single crystal and polycry

stailine release experiment. 

In the model discussed above for a particular solid of radius a and initial concen

tration Co only two parameters, D„ and E D , determine the shape of the release curve as 

a function of temperature. By varying these two parameters it is possible to fit a sin

gle release peak. The parameters were varied by a Monte Carlo method us described 

previously tor the Gaussian fit to the release curves. 

For the polycrystalline U 0 2 outgas of Expt 2 (Fig. 13), a fit to the first peak 

(after the hydride peak) was attempted. This would imply that some other mechanism 

was involved in the last two peaks of Fig. 13. The results for this fit along with the 

peak that was obtained using Wheeler's values for the diffusivity are shown in Fig. 29. 

The diffusivity parameters for the best fit to this peak ore 8.9 xlO 8 cm2/sec for the 

pre-exponential factor, DQ, and 280 kJ/mol for the diffusion activation energy, E D . 
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For the single crystal experiments a fit to the second peak of experiment 18 was 

attempted, as this peak is the major one in this release experiment. The results of this 

fit are shown in Fig. 30, with D 0 given by 1.77 xlO 4 cm2/sec, and EQ by 319 kJ/mol. 

These parameters for the best fits differ considerably from those of Wheeler. The 

activation energies of 280 and 309 kJ/mol are large for the diffusion of hydrogen in 

solids, being more comparable to self-diffusion of cations such as IT*4 in U 0 2 . 

The preexponential factor DQ can be shown by absolute rate theory for interstitial 

or vacancy diffusion of an impurity atom in a lattice to be about equal to aoV where 

ao is the lattice constant and v the vibration frequency of the impurity atom. For UOi 

ao is 5 A 0 and v is within an order of magnitude of 10 1 3 sec - 1 . With these values D 0 

should be about 0.02 to 0.2 cm2/sec. These ore rough estimates but nonetheless are 

more than 4 orders of magnitude smaller than the best fit value of D 0 for experiment 

18 shown above. Thus although a fit to one peak with a diffusion model is possible, 

the abnormal diffusivity parameters obtained suggest the unsuitability of this model to 

explain these release results. 

To further verify this conclusion, release curves from other experiments were 

investigated, with similar results. Finally, the possibility that release from the polycry-

stalline sample was governed only by diffusion to the grain boundaries was investi

gated. Even with this unrealistic assumption a pre-exponential factor of about 

10 s cm 2/sec is obtained. This is still to large, again showing that the diffusion model 

is not applicable to these results. 

4.2. Diffusion with Trapping and Resolution 

A second model that was proposed for the release of D 2 from the U 0 2 samples is 

that of diffusion with trapping and resolution. This model is similar to the simple 

diffusion model except with the inclusion of trapping and resolution of the migrating 

deuterium atoms in the U 0 2 . This model has been applied to release of fission gases 
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from U 0 2 , 3 ° although in this earlier work this release was at a constant temperature in 

contrast to the temperature ramp used in this study. 

The main feature of this model that distinguishes it from the simple diffusion 

model is that D atoms are distributed between mobile sites in the U 0 2 lattice and trap

ping centers uniformly distributed in the U 0 2 solid. These trapping centers can be 

natural defects in the solid that can significantly hinder the release rate. For simplicity 

it is assumed that there is only one type of trap. Mobile diffusing atoms are trapped 

and the trapped atoms are in turn detrapped. Atoms diffusing to the surface are 

released. 

4,2.1. Solution of Diffusion Equation with Trapping and Resolution 

With the above assumptions an additional variable, m, can be defined as the con

centration of D atoms in traps. Traps are assumed to act as effective homogeneous 

sources or sinks with rates of trapping and detrapping given by: 

gc = trapping rate, ppm D/sec (32a) 
and 

bm s detrapping rate, ppm D/sec (32b) 
Where g is the trapping rate constant, and b is the resolution parameter, both having 

units of sec - 1 . The two parameters are assumed to be independent of radius and time. 

With the above definitions, an analogue of Eq (19) for this case of diffusion with 

trapping and resolution is given for the mobile D atoms as: 

- gc +bm (33a) 

(33b) 

When the sample is outgassed with a linear temperature ramp described in Eq 

(22), Eqs. (33a) and (33b) can be simplified as was done in the simple diffusion 

dt r 2 dr { * J 
and for she trapped D atoms as: 

dm . 
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model. Expanding g and b as was done for D in Eqs. (23a) and (23b) gives for g: 

g = &>exp<-
E f 

T ~ T 0 

= go f,W (34a) 

Where E g is the activation energy of trapping, go is g at the temperature of infusion, 

T ( ), and the function f, can be determined using Eq (22). Expanding for b, 

boexp{3^-J- 'bftWt) (34b) 

Where Ej, is the activation energy of resolution, bo is b at the temperature of infusion, 

T^ and the function fh can be determined using Eq (22). Further simplification is 

obtained by defining a dimensionless time, x, and dimensionless radius, p, and dimen-

sionless mobile D atom concentration, C, as in Eqs. (23a-c) for the simple diffusion 

model. Additionally, a reduced trapped D atom concentration, M, con be defined as: 

(35) 

A dimensionless trapping rate constant G, and resolution parameter, 8 are defined as: 

G = 

and; 

B = 

gpa 

Do 

bpa-

(36a) 

(36b) 

Substituting these last 3 equations along with Eqs. (24a-c) for x p, and C in Eqs. (33a) 

and (33b) gives: 

and 

dx = f D

 p 2 * P dp 

M « G f , C - B f b M 

> 
- Gfg C + Bfb M (37a) 

(37b) 

For the initial conditions for C and M it is assumed that at the beginning of the outgas 
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the initial gas is partitioned between the lattice and the traps by the initial trapped frac

tion y. It is given by: 

So 
y = fraction of gas in traps at t=0 = (38a) 

bo + So 
The initial conditions for C and M are thus given by: 

C » 1 - y at T-0 (38b) 
M • y at t»0 (38c) 

With the boundary conditions of Eqs. (27a) and (27b) for simple diffusion also appli

cable here. 

The equations above can be solved numerically to give the reduced concentration 

of lattice atoms, C, as a function of position, and time. This solution can be related to 

a release rate using the analysis of Eqs. (29a-c) used for the simple diffusion model. 

To test the above model numerically, the case of go • 0, and bo finite (giving y»0 and 

thus no trapping) was tested. This corresponds to simple diffusion and the numerical 

results obtained were identical to those obtained analytically. Other limiting cases 

were investigated, all giving the expected results. 

4.2.2. Comparivm of Solution with Results 

After these initial tests of the model an attempt was made to reproduce the multi

ple peaks observed in this study with this model. In addition to the parameters D 0 and 

E D present in the simple diffusion model, four additional parameters, go, bo, E g , and 

Eh, are produced to characterize trapping and resolution. These six parameters were 

allowed to vary (within reasonable bounds) and many release rate curves were 

obtained. Even by varying the three pre-exponential parameters through 10 orders of 

magnitude and the three activation energies by up to 400 kJ/mol, it was not possible to 

produce multiple peaks in the experimental temperature ranges. Thus this model of 

diffusion with trapping and resolution was not able to describe tht results of this study. 
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4.3. Detrapping Model 

The last model that was applied to the release of D 2 from U 0 2 was that of 

detrapping. In this model the gas atoms are assumed to be trapped at specific sites in 

the solid. When thermally activated they are detrapped from these sites and rapidly 

diffuse to the surface where they are released. Detrapping from each site is considered 

to be independent of the detrapping from other sites, causing multiple peaks. This 

model is similar to one that has been proposed to describe the thermal desorption spec

tra of implanted tritium from stainless steel, 3 1 and deuterium from nickel.3- In this 

model, the rate of release of trapped gas is governed by the following equation, 

dC 
- -~ = * C X expt-Ea/RT) (39) 

where x is the reaction order of detrapping; k is the pre-exponential factor of the 

detrapping rate constant; C is the concentration of trapped gas; and E d is the activation 

energy for detrapping. The term dC/dt in units of (ppm atomic)/sec or (ug/g)/h is the 

release rate that is measured in this study. When the detrapping is operated at a linear 

heating rate (|J) given in Eq (22), the release rate will reach a maximum value at a 

temperature of T m , where d 2N/dt 2 = 0. From this condition and Eq (39) the relation

ship os T m , {$, and E d is found to be, 

In 
T M E ( E,, ^ 

\ p J = R T m

 + "[^(v-1 J 
where C m is the concentration of trapped gas at T m . 

(40) 

4.3.1. First and Second-Order Strapping 

'n this study only first and second-order detrapping has been assumed. First 

order detrapping was observed by Erents32. For first-order detrapping, the analogs of 

Eqs (39) and (40) are, 

- *— = k C exp(-E<1/RT) (41) 
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ana 

In 
P I R/t RT„ 

Eq (41) can be solved for the concentration as a function of time, C(t) giving 

C(t) = C 0 exp j - k J exp(-Ed/RT)dt' I 

(42) 

(43) 
o J 

where C 0 is the initial concentration as defined in Eq (20), and t=0 is the start of the 

temperature ramp. With a known C 0 and assumed values of k and E d for a particular 

temperature ramp, (J, the concentration as a function of time, C(t) from Eq (43) is sub

stituted in Eq (41) to give the release rate as a function of time. 

In second-order detrapping Eq (39) becomes, 

dt = A C exp(-Ed/RT) (44) 

The pre-exponential factor k has units of sec V(M-g/g) or sec~l/(ppm atomic) depending 

on the units of concentration. Eq (44) can be solved as before for C(t) giving 

C(t) = 1 +k } exp^Ej/RTJdt' 
\ - i 

(45) 
c o o 

The release rate can be found by substituting Cu into Eq (44). The form of Eq (40) 

for second-order detrapping is 

, f T - a 

l nlx RT„ 
+ ln \ (46a) 2RkCm J 

From Eq (44), the concentration C m at T m is related to the maximum release rate R m i U t 

by 

C m = \ I Rmax exr^E./RT) (46b) 
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4.3.2. Comparison of Solution with Results 

As was shown in Sec. 3 the release rate curves exhibited multiple peaks, with 

sometimes up to four peaks present. The first peak present in many of these experi

ments was attributed to decomposition of uranium deuteride formed during the infu

sion process. This release of this deuteride was assumed to be governed by the 

decomposition of this species rather than detrapping; in those experiments where 

hydriding occurred the "deuteride" peak was removed before this analysis. In experi

ments where four peaks were observed, this removal of the first peak left three remain

ing peaks. As mentioned in Sec. 3.1 the fourth peak could actually be the tail of the 

third peak. With this additional assumption only two sites for trapping are present. 

In this detrapping model there are only two adjustable parameters per peak; the 

pre-exponential factor of the detrapping rate constant, k, and the activation energy of 

detrapping, E d . But, as was shown in Eq (43) for first-order detrapping, and Eqs. 

(46a,b) for second-order detrapping, these two parameters are related. This relation 

depends only on the temperature at the maximum of the release peak for first-order 

detrapping, and additionally, the release rate of this peak for second-order detrapping. 

Thus there is only one adjustable parameter per site, with two parameters (E d and k) 

needed to characterize each site. 

The temperature at the maximum of the release peaks, T m , was obtained from the 

Gaussian fit analysis, with the initial concentration per site, C 0 , being the areas under 

the individual peaks. The pre-exponential factor of the detrapping rate constant for 

each site was varied independently using a Monte Carlo method described previously. 

For each value of k so selected, a corresponding value of E d was calculated from Eqs. 

(42), (46a), and (46b). After this initial fit, the values of T m and C ( ) of the peak were 

varied over a small interval to obtain a better fit. Thus the peak temperatures and 

areas vary slightly from the earlier Gaussian peak fit analysis. If necessary, the fit was 

re-optimized by again varying the rate constants for each site, but using the new T m 
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and Cg for each peak. 

4.3.2.1. Fit for the Release of D, from Single Crystal UOs 

The single crystal outgassing experiments predominantly consisted of two peaks 

and required no removal of any peak owing to decomposition of uranium deuteride. 

An attempt was made to model the release curves with second-order detrapping from 

two sites but the fits obtained were unsatisfactory. A first-order dt apping from two 

independent sites was determined to give the best fit to the results. The fit for the 

release rate curve of Expt. 19 is shown in Fig. 31. The D 2 release in (,ng/hr)/g UO; is 

shown for both the experimental and calculated release versus the temperature of the 

sample in degrees C. For this experiment values of 3.98 see - 1 for k, and "*9 kJ/mol for 

Ej for the first site and 2.75 x 10 3 for k, and 208 kJ/mol for E d for the second site 

were obtained. 

This model was applied to all the D 2 release rate curves from single crystal U 0 2 . 

A summary of these results is shown in Table 5. Although it would have been desir

able to have a single pre-exponesitial factor and activation energy for each site fit all 

experiments, this was not possible. Instead a best fit was obtained for each experiment 

independently. 

For experiments 18 and 19, having similar infusion conditions, similar pre-

exponential factors and activation energies were obtained. 

For the second peak, which occurred at a temperature of 1410 to 1665 °C, for 6 

of the 8 experiments in Table 5 a pre-exponential factor, k of .4xl0 -' to 84x10 3 s ec - 1 

was obtained with a corresponding activation energy, E d of 200 to 270 kJ/mol. 

The behavior of the rate constants and activation energies for the first peak was 

more erratic. For 5 of the 8 experiments with first peak temperatures between 850 and 

1110 °C the k's varied between .2 and 10 sec - 1 and the Ej's between 58 and 108 

kJ/Mol. 
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Table 5 

SINGLE CRYSTAL U 0 2 SUMMARY 
DETRAPPING MODEL FITTED PEAKS 

INFUSION PK TEMPS D2 DISSOLVED DETRAP CONSTANTS* 
EXPT T P (C) Per PK(ng/g) K(sec-l) EdOd/mol) 

# (C) (atm) 1 2 1 2 1 2 1 2 

18 1600 10 1 882 1544 17 211 0.25 438. 58 199 
19 1600 10 | 850 1410 15 163 3.98 2.7E+3 79 208 
20 1500 10 I 1239 1419 56 17 1.2E+3 2.2E+5 176 267 
21 1400 10 1 1112 1497 23 10 3.23 1.6E+4 98 212 
23 1300 10 I 1104 1420 0.5 9.2 9.5 8.4E+4 108 254 

24 1600 5.42 I 984 1609 26 107 0.74 3.7E+4 74 272 
26 1600 20 A 908 166S 20 219 1.7E+5 4.1E+3 181 247 
27 1600 26.8 | 860 1602 67 263 535 | 0.71 122 | 115 

* First-order detrippinf 
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The temperature and pressure dependence of the total deuterium released from the 

second site was similar to that obtained earlier for the total release from both sites. 

Because of the erratic behavior of the first site, no temperature and pressure depen

dence could be determined for this site. 

4.3.2.2. Fit for the Release of D 2 from Polycrvstalline U() 2 

For noncrystalline degassing experiments with infusion temperatures of 1400 °C 

or greater, the peak arising from decomposition of uranium deuteride was removed 

prior to analysis. When possible, the last two peaks were combined into one, giving a 

maximum of two sites for these experiments. No fit was attempted for experiments 

where it had been determined that the sample had not reached saturation. 

The fit for a typical release rate curve (experiment 2) is shown in Fig. 32. The 

first peak was fitted with a first-order detrapping model, and the second peak with 

second-order detrapping. Other possibilities were examined but produced unsatisfac

tory fits. An examination of the first peak seems to suggest a linear pressure depen

dence, implying solution of hydrogen in molecular form. As no recombination is 

necessary in detrapping a dissolved molecule, a first-order process would result. 

A fit for Expt 3, which was characterized by a large activation energy of detrap

ping of the first peak, is shown in Fig. 33. The large pre-exponeniial factor is neces

sary for this sharp peak. For experiments with infusion temperatures less than 1400 

°C it was found that a one-site, second-order detrapping model was appropriate, as 

shown for Expt 11 in Fig. 34. 

A summary of the fits achieved using mis model for the other D 2 release rate 

curves from poly crystalline crystal U 0 2 is shown in Table 6. All the experiments with 

infusion temperatures of 1400 °C or greater have a first peak with first-order detrap

ping and a second site with second-order detrapping. The first peak temperatures used 

with this model in all but two of the experiments, are between 750 and 890 °C. For 
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the first group of experiments with an infusion pressure of 10 atm of D 2 the range of 

temperature is even narrower. For the second peak the range of temperatures for all 

but two of the experiments is 890 to 1100 °C. For the first group of experiments, all 

save one exhibited peaks in a range of 930 to 1050 °C. 

The pre-exponential factors, Jt, and energies of activation, E d , are shown in Table 

6. The second peak appears to be more consistent than the first peak. For the top two 

sections of the table all but one experiment have k values between 0.1 and 577 

sec~'/(ng/g) and an E d between 140 and 205 kJ/mol. For experiments with similar 

Infusion temperatures and pressures there is an even greater similarity as evidenced in 

the detrap parameters for Expts 17 and 30, or 6 and 16, or even for the hypos-

toichiometric urania specimens of Expts. 32 and 33. Unfortunately the first peak is 

less consistent, particularly for some of the experiments at infusion temperatures of 

1600 °C. For some of these experiments the first peak at 800 to 900 °C was sharp 

requiring a combination of a large k and large Ed(i.e., the desorption rate constant). 

To obtain a consistent set of parameters for the fust peak an additional analysis 

was performed. If the product of k and exp(-Ed/RT) are plotted for 9 of the 11 of the 

experiments of the top two sections of Table 6(as in Fig. 35), the extreme variability 

of the individual parameters is removed. It is possible to obtain an "average" line 

representing the first-order detrapping from this site. The detrapping parameters for 

this "average" line are 6x10 7 s ec - 1 for it, and 220 kJ/mol for E d. 

The temperature dependence of the total deuterium released from each site as 

determined with this model was examined. An Arrhenius plot of the total D 2 released 

from the first site for 10 atm infusion pressure is shown in Fig. 36. A linear fit to 

these six points gives a heat of solution, AH, of 101135 kJ/mol. An Arrhenius plot for 

the total D 2 released from the second site is shown in Fig. 37. A linear fit to all nine 

of these points gives a resultant AH, of 82±10 kJ/mol. The point representing the 

lowest infusion temperature (1000 °C) experiment was excluded in the fining 
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TaMe6 

POLYCRYSTALLINE U 0 2 SUMMARY 

DETRAPPING MODEL FITTED PEAKS 

INFUSION PK TEMPS D, DISSOLVED DETRAP CONSTANTS 
EXPT T P <C> Pet HHH/ti Kttw-u K<HCi/*Mt EtfOtJ/mol) 

» Sm- (O (Mm) 1 | 2 1 2 l« 2-. 1 2 

i DO; l«00 10 146 1031 522 1366 3.2E+3 9.1 176 171 
2 1*00 10 •06 1019 1170 2113 6.0E+4 19. 155 201 
1 IMO 10 170 997 343 1317 1.064-15 211. 311 201 

4-1 1*00 10 NO 957 397 1545 I.IE+I5 0.16 364 155 
17 1400 10 792 949 195 713 I.3E+5 21.2 160 164 
30 1400 10 M l 1200 312 546 4JE*4 3.3 166 177 
6 1200 10 929 369 61. 167 
16 1200 10 943 423 577 190 
I I 1000 10 940 46* 43.5 167 

12 UO, 1600 5.4 794 916 271 1740 I.2E+I7 0.31 377 131 
21 1400 It.S 921 1152 2100 1349 37.1 27.0 105 204 
13 1*00 20 69} 194 1277 7212 1.56+17 5.60 360 166 
2* 1600 23 M4 905 707 2774 1.36*14 I.IE+3 357 2(3 
14 1600 32 156 1072 1095 3502 4.IE+I 0.10 242 144 

9-M UOj 1200 10 935 699 4.1 147 
31-4 1600 10 171 1113 454 1000 62.9 0.21 tos 143 
I 5 - I 1600 10 747 119 I4 t 6116 I.0E+I7 434 377 204 
33-. uo.„ 1600 10 762 947 1091 322 555 6.IE+6 I I I 277 

32 U O „ H 
1600 10 161 1090 3.3IE4 7470 743 I.OE+4 (26 275 

33-. U O , . 1600 10 153 971 J 5.1 IE4 I.72H4 3.16*3 2.IE+6 131 316 

• VtW4*^Vft 6J*?tn999il*S 

* ) Iwfan— w M i l i m 1/Jftrn 1M0. VihtM l<00 
** SffCHMm f«vtr4 •*»•>* m ihr «fwciMr 
*) ^#rfn^»f« fHrhfttnt (• IIHUI ( * («M 1 lift 
*fc INtwtit-iiMf in* i f n i i M K •Jwiiftfj tn'uMam 
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procedure. 

An analysis of the pressure dependence of the total D 2 released from each site did 

not give as good a fit as above, partially because of the uncertainty in the partitioning 

of the total release between the two sites for the high pressure infusion experiments. 

In Fig. 38 a plot of the log of the total Dj released from the first site as a function of 

the log of the infusion pressure at 1600°C is shown. The nine points have been fit to 

a straight line giving a slope of - 0.8±.2. This slope is closer to 1.0 than to 0.5, 

implying molecular binding of hydrogen in this site. In Fig. 39 a similar plot of the 

log of the total D 2 released from the second site as a function of the log of the infu

sion pressure is shown. A linear fit to eight of these nine points (the point represent

ing the 20 arm infusion pressure experiment was excluded) has a slope of - 0.42±.20. 

This slope of neariy Vi implies trapping of hydrogen in atomic form in this second 

site. 
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5. DISCUSSION OF TRAPPING 

5.1. Trapping in Uranium Dioxide 

The model discussed in Sec. 4.3 assumes that deuterium gas atoms are trapped at 

specific sites in the uranium dioxide solid. In single crystal U 0 2 specimens there are 

few possible trapping sites. These trapping sites can be either dislocation lines or pos

sible impurity atoms. A certain amount of thermally produced vacancies are also 

present and can serve as trapping sites in these specimens. 

In polycrystalline U0 2 specimens many more possible trapping sites are present 

than in the single crystal specimens. For these sintered specimens, trapping sites such 

as grain boundaries are present as well as a greater amount of impurity atoms and 

dislocations than for the single crystal specimens. Additionally, these samples have a 

closed porosity of 7%, and these closed pores can act as possible trapping sites. If it 

is assumed that during infusion these pores act as gas bubbles containing D 2 at a pres

sure of Pc + 2y/R where P. is the infusion pressure, f, the surface tension, and R, the 

pore radius, a "solubility" can be calculated. Assuming an infusion pressure of 10 atm 

of D 2, a Y of 0.6 Pa-m30 for U0 2 , and from Fig. 3 an average pore radius of 2 urn, the 

above relation gives a pressure of 1613 kPa. Assuming ideal gas behavior, for a U0 2 

sample of 1% closed porosity at 1600 deg °C, the deuterium solubility is determined to 

be 2.64 ug/g. For the hypostoichiometric specimens, the many vacancies present act 

as additional trapping sites. 

5.2. Trapping of Hydrogen in Metals and other Refractory Materials 

As mentioned in Sec. 4.3 trapping of hydrogen was observed in stainless steel by 

Hirabayashi11 and in nickel by Ercnts32. In the former study the main emphasis was 

on the surface trapping of tritium on stainless steel, but detrapping of "residual hydro

gen" that had diffused into the bulk was observed. This tritium originating from the 

bulk was evolved at 750 and 970 K and was assumed to be held in the microstructure 
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of the steel. Otsubo 3 3 also observed evolution of hydrogen from traps in steel at simi

lar temperatures, with additional trapping in the ferrite grain-boundary, micro-voids, 

and other micro-structure of the steel. Wilson and Baskes 3 4 also observed trapping of 

hydrogen as deuterium in stainless steel, although detrapping occurred at only 330 K. 

In addition to trapping of deuterium in nickel, Erents 3 5 has also observed trapping 

of deuterium in tungsten and molybdenum. He also observed that desorption from 

these traps was the rate-controlling step in release of deuterium from the solid. In the 

release of deuterium from tungsten, vacancies were assumed to act as traps giving a 

temperature peak at 8S0 K. These vacancies had been produced by deuterium bom

bardment. The release of deuterium from molybdenum was observed at lower tem

peratures than from tungsten. 

A series of papers by Brice and Doyle 3 6 , 3 7 , 3 8 have dealt with hydrogen trapping 

in refractory materials including ones suitable to act as fusion reactor components. 

Additionally a model was developed to explain this retention. In silicon, this model 

suggests that the hydrogen traps are multiple-vacancy complexes. In stainless steel the 

hydrogen traps were also assumed to be multiple-vacancy complexes. Holland and 

Merrill 3 9 also observed trapping of hydrogen as tritium in fusion reactor materials. 

They assumed that the trapping sites resulted from dislocations and impurities in the 

materials. 

Buters and Van den Beukel 4 0 have studied trapping of helium in various materi

als, as well as helium desorption from molybdenum. They showed that dislocations 

and point defects such as vacancies could act as traps in the bulk lattice. They deter

mined that during outgassing, the trapped helium is released at temperatures charac

teristic of the binding state of the trap. 

5.3. Trapping in This Experiment 

From the above observations it is possible to attempt to identify the trapping sites 
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found in this experiment. For the polycrystalline U 0 2 specimens two trapping sites 

were shown in Sec. 4.3.2.2. The first site that was only present in experiments with 

infusion temperatures of 1400 °C or greater may be vacancies that are produced at 

those temperatures. As was shown in Sec. 3.3.2 only in these experiments was the 

U 0 2 reduced to hypostoichiometric urania, precipitating uranium metal that reacted 

with die D 2 gas to form UD 3 . In the two experiments using initially hypos

toichiometric urania samples die solubility was observed to be up to 3 orders of mag

nitude greater than for the stoichiometric samples. For Expt. 32 where the oxygen-to-

uranium ratio was 1.976 it is possible to calculate the fraction of anion vacancies occu

pied if it is assumed that the deuterium which is detrapped from the first site is coming 

entirely from vacancies. If every vacancy was to contain one deuterium atom, a 

stoichiometry of 1.976 would give a total D solubility of 24,000 ppm. For Expt. 32 

the total D 2 observed to be detrapped from the first site was 33.8 ug/g or 4560 ppm 

implying that 19% of die vacancies is occupied with deuterium. Additionally, the tem

perature at which this site was detrapped, (i.e. 750 to 890 °C) is similar to that 

observed above for detrapping of hydrogen from vacancies in stainless steel, (i.e. -

600 °C) The second trapping site could be owing to any of the microstructural defects 

present in die polycrystalline solid; die grain boundaries, the closed pores, or impurity 

atoms in the solid. Assuming that the second trapping site is the closed pores, the 

observed 1 to 2 ug/g of D 2 released from these sites is comparable to the 2.64 ug/g 

solubility in these pores calculated in Sec. 5.1 for the same infusion conditions. 

The identity of the trapping sites in die single crystal specimens is more difficult 

to determine. The first trapping site could also possibly be owing to vacancies, but its 

detrapping rate constants and even its order of detrapping is different from the first 

polycrystalline trapping site. The second trapping site in the single crystal specimens 

differs considerably from the polycrystalline specimens, being more strongly bound, 

with release temperatures in the 1400 to 1650 °C range, rather than the 900 to 1100 °C 



107 

observed in the latter specimens. As their are less trapping sites available in the single 

crystal specimens, the identity of this site is unclear. In addition, the very different 

fabrication histories of the single crystal and polycrystallinc U 0 2 specimens could 

explain the considerable difference in the nature of the trapping sites. 
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6. CONCLUSIONS 

6.1. Thermodynamic Solubility of Hydrogen in Li02 

The solubility of hydrogen in the lattice of single crystal and in polycrystalline 

UO2 was determined. The dissolution of hydrogen in both single crystal and polycry

stalline U 0 2 was found to be a two step process, implying that hydrogen is present in 

atomic form in U0 2 , corresponding to Sievert's law. The heat of solution of hydrogen 

in both single crystal and polycrystalline U0 2 was found to be positive, which shows 

that solution is endothermic with respect to the hydrogen molecule. 

The Sievert's law constant of D in single crystal U 0 2 was determined to be: 

S = 3.0xl07exp -235 kJ N ppm atomic 
Vatm RT 

and for D in polycrystalline UO ; was determined to be: 

S = 5.5xl04 exp -100 kJ 
RT 

ppm atomic 
Natm 

6.2. Chemical Nature and Location of Hydrogen in U 0 2 

The solubility of hydrogen in polycrystalline U0 2 was found to be - 10 times 

that of hydrogen in single crystal U0 2 , implying that 90% of the dissolved hydrogen 

in polycrystailine U 0 2 is present in the gnun boundaries and other microstructural 

defects not present in single crystal U0 2-

The hydrogen solubility in hypostoichiometric urania was found to be up to 3 

orders of magnitude greater than in stoichiometric U0 2 , depending on the oxygen-to-

uranium ratio of the specimen. This difference was due partially to formation of UD3 

during quenching of the infused sample, but was also because of the increased number 

of extrinsic anion vacancies present in the hypostoichiometric urania. This implies that 

the primary solution site of hydrogen in the U0 2 lattice is the anion vacancy. In 
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hyperstoichiometric urania the added oxygen had no appreciable effect on the observed 

hydrogen solubility. 

6.3. Release Kinetics of Hydrogen from U 0 2 

It was found that the released deuterium was observed to be in the molecular 

state rather than combined with oxygen as D 2 0 . 

The release rate curves for the single-crystal and polycrystalline U 0 2 specimens 

exhibited multiple peaks. These multiple peaks were inconsistent with release 

governed by diffusion or by diffusion with trapping and resolution. Attempts to fit the 

peaks individually with a diffusion model produced abnormal diffusivity parameters 

suggesting the unsuitability of diffusion to describe the release kinetics. 

It was determined that the release kinetics of hydrogen from U 0 2 is governed by 

thermally-activated release from traps or specific binding sites in both the polycrystal

line and single-crystal U 0 2 specimens. A maximum of two trapping sites were 

observed for each type of U 0 2 . 

For single-crystal UOi first-order detrapping from both sites was observed. The 

first site with a peak release occurring at temperatures of 850 to 1100 °C was fit with 

a pre-exponential factor, k, of 0.2 to 10 sec - 1 , and a corresponding activation energy, 

E d of 58 to 108 kJ/Mol. The second site with a. peak release occurring at temperatures 

of 1410 to 1665 °C was fit with a k of 0.4x10'* to 84xl0 3 sec"1, and a corresponding 

E d of 200 to 270 kJ/Mol. 

For polycrystalline U 0 2 first-order detrapping was observed for the first site, but 

second-order detrapping was observed for the second. The first site with a peak 

release occurring at temperatures of 800 to 900 °C was fit with one average k of 6x l0 7 

sec - ' , and a corresponding E d of 220 kJ/Mol. The second site with a peak release 

occurring at temperatures of 890 to 1100 °C was fit with a second-order k of 0.1 to 

577 sec" l/(ng/g) and a corresponding E d of 140 to 205 kJ/Mol. 
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APPENDIX A 

Estimate of D 2 loss during Quenching 

It was assumed in Sec. 3.4 that the D 2 loss during quenching was insignificant. 

Since hydrogen solution in U 0 2 is endothermic, specimens saturated at high tempera

ture have a thermodynamic tendency to reject hydrogen as the temperature drops. 

Using the temperature behavior of the sample during a quench determined in Sec. 

2.2.3, the fraction of initial saturated D 2 retained in the quench can be estimated by 

two models. The first model assumes that D 2 release is controlled by bulk diffusion, 

with the diffusivity of hydrogen in U 0 2 determined by Wheeler2. In the second 

model, the rate of release is assumed to be controlled by detrapping from traps in the 

solid with rates that were determined in Sec. 4.3. 

A.I Release Via Simple Diffusion 

The diffusion equation for mobile deuterium atoms in a sphere was given in Eq 

(19) in Sec. 4.1. In this equation the diffusivity, D, is giver, as a function of T, the 

temperature of the solid at a particular position and time. The dependence of tempera

ture on r and t during the quench converts D into a function of r and t during the 

quench. The initial condition of Eq (20) and boundary condition of Eq (21b) still hold 

for this analysis but the surface boundary condition is now given by: 

c(a,t) = C S a l ( T s ) (A-l) 

The time dependence of the surface temperature, T s , converts C S a I (T s), the saturation 

concentration at the surface, to a known function of t, via the usual temperature depen

dence of the Sievert's law constant. The temperature dependence of the Sievert's law 

constant for single crystal and noncrystalline U 0 2 was given in Sec. 3.4.1 and 3.4.2 

respectively. The values of the radius, a, for the single crystal and poly crystal line 

specimens used in this calculation are 0.4 and 0.4S cm respectively. These values are 



I l l 

l/i the average equivalent sphere diameters shown previously in Sec. 2.1, Eqs. (19-21) 

with the new boundary condition (A-l) were solved numerically giving the concentra

tion, c, as a function of the position, r and time, t. ITiis concentration distribution was 

then integrated over the sphere and then divided by the initial saturation concentration 

to give the fraction of the initial infused D 2 retained as a function of time. The results 

of this analysis for both the polycrystalline and single crystal samples that have been 

quenched from 1600 °C at 10 atm of D 2 are shown in Figs. A-l and A-2 respectively. 

A resultant loss of about 20% for the polycrystalline sample and 25% tor the single 

crystal sample is determined using this model of release via simple diffusion. 

A.2 Release via Del rapping 

This model assumes that release of D 2 during the quench is governed by detrap-

ping from the two sites present in the solid. The rate of release from the sites of type 

it in a unit volume at radius r at time t is given by: 

dt'j 
— » -*; e-* exp 

E. di (A-2) 
v RT(r,t) 

where c{ is the concentration on the site i at the radius, r, and kit x, and E d i are the 

pre-exponential factor of the detrapping rate constant, the reaction order and the 

detrapping activation energy for site i. To find the total deuterium lost from the unit 

volume at the radius r it is necessary to integrate Eq (A-2) 

c \ dc- •• ( — Ej; 
dt (A-3) 

where o, u is the radially uniform concentration of deuterium on site i at saturation, and 

r 1 ( is the radially dependent final deuterium concentration on site i. This calculation 

c. 
gives the fraction retained, — , as a function of r, which is then integrated over the 

sphere to give the total retained on a particular site. 
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The above analysis was applied to the polycrystalline and single crystal results 

from Sec. 4.3. For the polycrystalline samples, a first order detrapping with a k of 

6x l0 7 s ec - 1 and E d of 220 kJ/mo! was used for the first site. The second site was 

characterized by second order detrapping with a £ of 100 sec - 1/ng/g, and E d of 200 

kJ/mol was used in the analysis. For the first polycrystalline site the above analysis 

predicts that none of the initial D2 is retained in the quench, while for the second site, 

100% retention is predicted. For the single crystal U 0 2 samples only the second peak 

was examined with this model, as the first peak was too small and erratic to study. A 

first order detrapping with a * of 5x10' sec' 1 and E4 of 210 kJ/mol was used. Nearly 

100% retention of D3 in the quench is predicted. 

A.3 Uniform Release Model 

The preceding two models represent opposite limiting cases. In the second, it 

was assumed that release of Di was determined by detrapping from traps in the solid, 

and that diffusion was assumed to be infinitely rapid. But the above analysis shows 

that under these conditions the first site would be completely depleted, which is con

trary to experiment. Most likely both processes are occurring. As suggested by 

Erents32 the release of deuterium from traps is a two stage process with first a detrap

ping from a trapping site, and then diffusion of deuterium out of the lattice. For the 

second site in the polycrystalline and single crystal sample mis would imply that since 

the detrapping did not occur during the quench, diffusion kinetics are moot. For the 

first site in the polycrystalline sample, release during quenching is probably governed 

by diffusion, since detrapping appears to be rapid. At the much lower temperatures of 

the release experiment, however, the more highly-activated detrapping kinetics controls 

the release rate. However, as much as 20% of the saturation concentration could have 

been lost during the quench. 

There is experimental evidence that even the 20% loss is too high. In Expt 31 
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the sample was allowed to cool in place with a slower cooling rate compared with the 

normal procedure, (i.e. requiring 18 s to cool to 1000 °C vs 6 s. in the drop quench) 

If bulk diffusion was rate-controlling the above model predicts that the first site should 

be completely depleted. However Table 6 shows that this is not correct; the amount 

retained in this peak is only slightly less than in the experiments with the same infu

sion conditions and a normal quench. This observation suggests that for a normal 

quench the amount lost in the first peak will even be less than the 20% predicted by 

diffusion, using Wheeler's3 dirrusivity, where extrapolation to temperatures as high as 

1600 °C overpredicts hydrogen mobility in U0 2 . 
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APPENDIX B 

Experimental Release Rate Curves 

The experimental release rate curves for the experiments summarized in Tables 3 

and 4 are shown in Figs. B-1 to B-31. In these figures, the release rate in ng/hr-g 

U02(in Figs. B-22,23 the release rate is given in H-g/hr-g U0 2), and temperature of the 

outgas in deg °C are given as a function of the time in hours. The figures are num

bered in the order in which they appear in the tables, with the polycrystalline U 0 2 

experiments summarized in Table 4 first, followed by the single crystal U0 2 experi

ments summarized in Table 3. The release rate curve for experiment 34, the dissolu

tion of UD3, not shown here, was shown previously in Fig. 8. 
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