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ABSTRACT

A technique was developed for measuring the solubility of hydrogen in refrac- -
tory c¢rami¢s, as well as the kinetics of release of the dissolved hydrogen. The
ceramic samples (UO, in this study) are eXposed to high pressure ‘hydr'ogen 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 UO, sample or about 0.3 ppm atomic. In this
study, experiments were conducted on both polycrystalline UO, and single crystal
UO, specimens. The éxpcrimental variables in this study included temperature
(1000 - 1600 °C) and infusion pressure (5 -32 atm'Dz), and for the polycrystalline

specimen, the stoichiometry of the oxide. The dissolution of hydrogen in both



single crystal and polycrystalline UO, was found to obey Seivert’s law. The

Sievert’s law constant of deuterium in single crystal UO, was determined to be:
3.0x107exp(~235 kJ/RT) ppm atomic/vatm and  for  polycrystalline UO,:

5.5x10%xp(~100 kJ/RT) ppm atornic/«/Zt-m—. The solubility of hydrogen in hypos-
toichiometric urania was found to be up to three orders of magnitude greater than in
stoichiometric UQ, depending on the O/U ratios-- thus implying the anion vacancy
is the primary solution site in the UO, lattice. The release-rate curves for the single
crystal and polycrystalline UO, 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 UO, 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 UO, specimens. The
single-crystal specimens exhibited first-order detrapping from two sites, and the
polycrystaliline speciméns first-order detrapping from the first site and second-order
detrapping from the second site that was observed at a higher outgassing tempera-

.
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1. INTRODUCTION |

1.1. Background

When heated to high temperature, improperly fabricated UO, 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 reacfor coolant. Onev possible source of hydrogen in ‘the fuel (other than
~adsorbed H,0) is hydrogen dissolved in‘the lattice of the solid. Hydrogen can be
introduced into the ﬁ1e1 .during manufacture, which includes éintering in H5/H,O mix-
tures at =1700 C. The hydrogen/H,O atmosphere is used to control the stoichidmetry
of the resulting UO, pellets. In a previous study by Olander et. al,! thé interaction of
water with UO, was extensively studied. At present no reliable information on hydro-
gen solubility in UO, is available. Previous results by Wheeler? on hydrogen interac-

tion with UO,, which will be discussed later, are inconclusive.

Trans'port. and solubility of tritium in UO, 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 as well as an atmospheric con-
tamination problem as leaking primary coolant water evaporates into the primé.ry 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 UO, at elevated |

temperatures.

Tritium behavior in other ceramic oxides* 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.’ (e.g LiZO,6 LiAlO,7 ) The



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 U0O,, (b) to
determine the chemical nature and location in the microstructure of hydrogen bound in
single crystal and polycryStalline UO,, and (c) to examine the characteristics of the
kinetics of release of hydrogen from single crystal and polycrystalline samples of UO,.

The experimental variables that are used to achieve these objectives includevthe
pressure and temperalure of hydrogen infusion, and the stoichiometry and morphology
of the UO, samples.

Tlaere are two possible mechanisms for hydrogen dissolution in the UO, lattice.

The first mechanism is one-step molecular dissolution:

H,(g) = Hy(dissolved) €Y

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

Cy,

K., = — = K%xp(-AH{/RT) )
P PHz
Where Cy, is the concentration of hydrogen molecules dissolved in the solid, Py, is
the hydrogen gas pressure, K° is the pre-exponential factor and AH; is the heat of solu-
tion of hydrogen in UO,. The other mechanism for dissolution is two-step atomic dis-
solution:

VaH(g) = H(g) (3a)
and

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

giving a total reaction:



1aH,(g) = H(dissolved) 4)
The equilibrium constant K, for this reaction is given by:

Cu

P (Py)”

K, = K°xp(-AH/RT) ‘ )

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

A By varying the temperature at a particular préssure and .then constructing an
Arrhenius plot for the concentration of dissolved hydrogen versus temPefature it is
possible to determine the sign and magnituderf 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.

Egs. (2) and (5) providé two different relations between hydrogen pressure and
the concentration of the dissolved hydrogen. In Eq (2) Cy, is directly proportional to
the pressure of H,(g); this is. known as Henry’s law. In Eq (5) Cy is proportional to
the square root of of the pressure of H,(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 correspénds 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 is the effect on hydrogen solubility of
stoichiometry of the UO,. Unlike most ceramic oxides, UO, can exist in different
stoichiometries depending on the prevailing oxygen'potential of the ambient gas. In
stoichiometric UO, the oxygen-to-uranium ratio is exactly 2. In hypostoichiometric
urania (UO,_,), that can only exist at temperatures above 1300 C, the O/U ratio is less
than 2. Finally hyperstoichiometric urania (UO,,,) corresponds to O/U ratios greater
than 2.

In the UO, lattice there are only two possible possible solution sites for hydro-

gen: (1) The (¥3,'%,%) interstitial site in the fluorite structure (as shown by helium



solubility studies)8 and; (2) The anion vacancy (as suggested by Wheelerz). By vary-
ing the stoichiometry the vacancy concentration is greatly altered. The concentration
of thermally generated (intrinsic) anion vacancies in the fluorite lattice is small in
stoichiometric UO,. However, extrinsic vacancies (required to satisfy charge neutrality
in the crystal) are produced in UO,_,. Conversely in UO,.x there should be few
anion vacancies. Thus by comparing the solubility of hydrogen in stoichiometric and
hypostoichiometric UO, the role of anion vacancies in dissolving hydrogen in the lat-

tice can be determined.

Another variable studied is the morphology of the ceramic; Both polycrystalline
and single crystal samples have been tested. From these experiments, the effect on
solubility of grain boundaries and other microstructural defects present in polycrystal-
line UO, are explored. These defects may be sites for hydrogen dissolution in
polycrystalline UO,.

Finally the release kinetics are examined for the 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 speéiﬁc bihding sites in the solid is
important as the previous study on H,0 release suggested.! Possible traps in the solid

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

Alt_hough hydrogen is mentioned as the species of interest, actually deuterium was
used as the infusing gas in UO, in this study. The use of deuterium avoids the prob-
lem of measuring small hydrogen or H,O signals by a mass spectrometer in the pres-
ence of a large hydrogen or H,O background in the vacuum system during fhe out-
gassing of the UO,. In addition, direct molecular beam sampling and in situ detection
of the released deuterium or D,O 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

1.3.1. Hydrogen Solubility and Diffusion in UQ,

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
UO,, with almost none on solubility of hydrogen in UO,. Past work dn tritium tran-
sport in UO, 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 UO, single cry-
stals were heated in hydrogen or tritium sufficiently long to achieve saturation at tem-
peratures of 500 C to 1000 C and i)ressurcs of 0.1 to 0.9 kPa. During subsequent
heatihg,v vthe 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 cm?/sec is given by:

D = 0.37exp(-59.8kJ/RT) | (6)
The only other work measuring the diffusivity of hydrogen in UO, with this

method was pérfon’ned by Aratono and N‘akashima.9 Here a polycrystalline pellet of
UOz.was thermally infused with-tritjum gas for enough time to reach equilibrium
before subsequent outgassing. The results that are shown in Fig. 1 are in reasonable
agreement, suggesting no significant difference in hydrogen diffusion in single and
polycrys'talline UO,. 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 UO, by Scargill,! Aratono and Tachigawa,!!

and Aratono and Nakashima,!? involved release from lightly-irradiated samples of
U0O,. Scargill10 examined release from neutron- irradiated polycrystalline and single-
crystal samples of UO,. 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 the 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 Tachigawa!! for
release of recoil-injected tritium from neutron-irradiated UO, 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. al'® on out-of-pile
release from irradiated UO, polycrystailine pellets and on in-pile release from UO,
pellc:ts.12 These works hav.e been in general agreerhent with that of Scargill.lo' They
also observed tritium release as HTO when any water vapor was present in the sweep

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

Aside from the results of Aratono and Tachigawa!! there appear to be two classes
of diffusion of hydrogen in UO,: A relatlvely fast diffusion for thermally infused
hydrogen and a slow one for fission-produced tritium. One possible explanation
advanced by Aratono and Nakashima® is that tritium produced in fission is in an ener-
getic atomic form that can react with the oxygen m UO; to form hydroxyl bonds that
can impéde 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

1'° have speculated that thermally-

major impedance to transport. Whveeler2 and Scargil
infused hydrogen is in molecular form, leading to more rapid diffusion than the highly

reactive atomic form of the fission produced tritium.

Only Wheeler” has estimated solubilities of hydrogen in UO,. The tﬁtal amount
of hydrogen ,ab36rbcd and dissolved during heating in single crystal UO, was meas-
ured. Values of the hydrogen solubility varied. between limits of about 0.03-0.4 ug
hydrogen/g UO,, (4-54 ppm»atomic),‘ with no systematic variation with the temperature

and pressure, which were not indicated.



Table 1

Summary of Measured Tritium Diffusion
Coefhicients in UO,

D = D,exp(-Q/RT)

D, Q Temp. Range
Material (cm?%/sec) | (kJ/mol) (°C) Reference
UO0,-S.C." | 037 | 598 500-1000 2)
UO,-P.C* | 0.5 76 400-600 9)
UO,-P.C."! .003 163 600-1000 (9)
UO,-P.C,S.C*| .12 182 600-1000 (10)
UO, pellets"? 50 134 400-800 (1)

* . T thermally infused into UO;
*1- T produced in UO, by fission
*2. T produced in UQ, by neutron reaction with Li
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Wheeler proposed that this variable hydrogen solubility was due to undetectable
variations in the O/U ratio and the resulting anion vacancy concentration. The low
solubility suggests that vary few sites were available. In addition, it was observed that
UQ, crystals heated in wet hydxogén resulted in smaller hydrogen contents. However

no quantitative results were given.

1.372.' Hydrogen Solubility in Other Ceramié 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 ha.é 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,O, and LiAlO,, 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 dlso of interest.

Elleman, et. al.,!3 has studied the hydrogen transport in the ceramic oxides Al,Ox,
BeO, and Y,0;. Solubility data was only obtained on Al,O3. In addition he has

reviewed the literature on hydrogen transport in other nonmetallic solids. !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 qua’dnipole 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 function of temperature. Alumina was found to be an
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endothermic absorber of hydrogen with an activation energy of 76 kJ/mol. Earlier
work by Roy and Coble!S 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 0.5 value associated with
hydrogen dissolution in metalé, and indicates hydrogen dissolution in the solid in
atomic form. In addition to Al,Os, efforts to measure solubility wére 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,),"*  titania(Ti0,),!6 zinc oxide(Zn0,),!7 lithium oxide(Li,0),!% and
zirconia(ZrO,). For ZrO,, only hydrogen permeability of oxide coatings on zirconium
was investigated.19 The linear pressure dependence of the permeability suggesis molec-

ular dissolution of hydrogen in ZrO,.

There have been several studies of hydrogen solubility in silica that are summar-
ized by Elleman.!* 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 SiO, is
an 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 TiO, was reported by Iwaki and Mura. 16

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 interbreted the results in terms of chemisorption of hydrogen but crude esti-
mates of the solubility of hydrogen could be inferred. As thé samples had reached dis-
solution equilibrium the data implied-a total (adsorbed plus dissolved) hydrogen con-
centration in TiO, of 4 x 103.to 12 x 10° ppm atomic for temperatures increasing from

350 to 500 C.

Thomas and Lander!’ examined hydrogen dissolution in ZnO by observing the:
conductivity changes when the oxide was exposed to hydrogen gés at high tempera-

tures. The solubility was found to vary with pressure as (PHz)%' 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 Li,O is needed to evaluate

the tritium inventory in the blanket as well as to understand the tritium release process.
The solubility in sintered Li,O pellets was measured by H. Katsuta et a_l.18 using a -
process similar to Elleman’s'? The samples were equilibrated with both hy&ogen and
deuterium‘a.nd 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 (PHE)'/’. This suggests that hydrogen exists
in atomic form in Li,O as in Al,0;. Unfortunately, other results by Ihle and Wu?0 on
deuterium solubility in single crystal Li,O at 600 C were determined to be 56 ppm
atomic at 133 Pa and 5 ppm atomic at 13.3 Pa. Thesc 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,O; single crystal and polycrystalline Al,03; ZnO; and for



vitreous SiO, are shown in Table 2.

12



Table 2

13

Summary of Measured Hydrogen Solubility

Coefficients in Ceramic Oxides at | atm

S = S,exp-AH/RT

S, AH | Temp. Range
Matenial (ppm atomic) | (kJ/mol) |  (°C) Reference

S. C Ale}, 3 :

powder - 100x10 75.7 700-1300 (13)
Pressed ALO3 | 5n4v1n3

pellets 204x10 66.7 1582-1816 (15)
Vitreous SiO, 500 8.4 | 100-1000 (14)
ZnO 98.7x10° 76.6 ~400-700 (17)
Polycryst. Li,0 453 16 500-700 (18)
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2. EXPERIMENTAL

2.1. UO, Samples

Both single crystal as well as polycrystalline samples of UO, were used in this
study. In addition both hypostoichiometric urania (UO,) as well as hyper-

stoichiometric urania (UO,,,) were used.

UO, 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 UO, 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 L.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(3.175 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 meral was cleaved leaving a sample consisting of UO, with
some diffused uranium metal. These samples of UO, + U were thus hypos-

toichiometric urania (UO,_,). An optical photomicrograph of the second sample is
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Fig. 2 SEM Photomicrograph of an as-received single crystal UO, sample
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XBB 871-311A

Fig. 3 SEM Photomicrograph of an as-received polycrystalline UO- sample
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shown in Fig. 4 with the white spots showmg the uramum metal in the solid. The first |
sample was analyzed by heating it in a controlled Hz/ HZO atmosphere at 1600 °Cto .
oxidize it to stoichiometric UO,. 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 pho-
tomicrograph is about 1.90. This is less than the oxygen-to-uranium ratio expected for
UO, at the lower phase boundary between UO,_, and U of 1.94 at 1600 °C. This
excess uranium is present because when the pellet was cleaved some undiffused

uranium metal was accidentally included in the sample.

The hyperstoichiometric urania was produced by partially oxidizing UO, in air at
low temperature producing UO, + U;QOg, corresponding to UQO,,,. Some of the
unused sample was analyzed by heating it in hydrogen at 1600 °C to reduce it to
stoichiometric UO,. A measurement of the weight loss because of this reduction gave

an oxygen-to-uranium ratio of 2.065.
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 of a suspension rig for
holding up to 10 grams of solid oxide inside a molybdenum crucible that is heated
ihductively. This assembly is located inside a 3/8 inch (9.53 mm)thick stainless steel

pressure vessel.

 The stainless steel pressure vessel that was used as the infusion fumace 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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Fig. 4 Optical Photomicrograph of a hypostoichiometric urania sample
(white spots are uranium metal)
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flange is 12 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 the 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) diameterAhole in the top of the
vessel had-a ¥ inch (6.3 mm) thick ciuartz high pressure window enabling the tem-
perature inside the vessel to be determined optically. Three feedthroughs were placed
in the pressuré 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 Y2 inch (1.27 cm) holes in the bottom
flange allowed for éntry and exit of the deuterium gas. Cooling chls were brazed to

the outside of the pressure vessel.

The method of heating used in the v'mfusion 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 altemnating magnetic field that has a maxixﬁum density within the
coil close to the tums. This alternating magnetic field will in turn 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 tum
3/16 inch (4.5 mm) ‘induction heater coii with an intemal 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 UO, is an
electrical insulator it is not possible to heat it with an induction heater directly. Thus,
to heat the UO, 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 UO, sample sat on a thin rhenium foil at the bottom of the
crucible. The cruciblé was about 2.4 mm thick and with such a thickness was

expected to give a uniform interior temperature.

The temperature of the UO, 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 Northrop Cd. 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 UO, Saxnple was susperided in the mid-
dle of a tungsten or rhenium susceptor with the sémple temi)erature 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 UO, 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 18 showh later. The
samples that rest on a rhenium foil at the bottom of the crucible fests on a trap door
mechanism that is held in place by a thin tungsten wire. When it is desired to quench
the sample cndugh current to melt the tungsten support wire is transmitted into the fur-
nace through the wire. The bottom lid opens and the sample falls by gravity out of
the 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 Fig. 7. As mentioned previ-
ously the infusion gas consisted of high purity D,. Further purification of the infusion
D, was possible by passing it through a liquid nitrogen trap. ‘Water content of the exit -
D, gas was monitored at the exit with a General Ezistem 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 the oxygen potential of the gas can be determined
that in tum will determine the stoichiometry of the UO,. In additioﬁ, 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 tcmpefature measurement teéhnique 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 (é 2-hr).

The maximum plate current achievable in the induction heater was 1.2 amps D.C.
At a pressure of 10 atm. of D, this current corresponded to a .temperatufe of 1_800 °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, pressures. Although the pres-
sure furnace could withstand pressures above 100 atm 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 atm.

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 |
fecdthrougﬁs. A mixture of liquid nitrogen and air directly applied was used for this
cooliﬁg. “This was difficult to achieve and this unexpected heéting zﬂso 'served to limit

the operation of the furnace.

- As mentioned above, the water content of the D, was monitored after cxiﬁng
l 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, the oxygen potential of the gas can be
~ determined. The corresponding oxygen potentials are -570 to -520 kJ/Mol. From the
phase diagrmn of UO, the Qxygen-to'- uranium ratio can be determined as a function of
oxygen potential and temperature. At a temperafure of 1600 °C UO, 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, was between these limits that
implies that the UO, 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 this tubing would have suggested a lower water content in the
pressure vessel than that determined by the hygrometer. If this is true possible reduc-

tion of the 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, through a liquid nitrogen cold trap to reduce any
water vapor present. As the water content of the D, did not appear to be high enough
to cause any oxidation of the UO, this step was not necessary. The pressure of the D,
was measured at the exit of the pressure fumace 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

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

2.2.2.1. Operational Procedure

The samples were first loaded into the molybdenum crucible set up and then
placed in the induction fumace: An initial vacuum outgassing at room temperature for
at least 1 hour helped remove any adsorbed water in the system or on the samplés. A
pressure of 1078 torr (10_4 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 diffusioﬁ
- 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 simultangously 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

,VAs shown above four types of UO, were studied These include; single crystal,
polycryéialline, hypostoichiometric polycfystalline and hyperstbichiometric polycrystal-
line UO, The base temperature of infusion and pressure of D, were 1600 °C and 10
atm erespectively. Hypostoichiometric and hyperstoichiometric urania were studied
only at this préssure and temperature. For single crystal aﬁd polycrystalline UO, the
temperature dependence of solubility was studied at an infusion pressure of 10 atm D,
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, 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
vdiffusion coefficient of the gas in the solid is known. Using Wheeler’s” value for the
diffusion coefficient of hydrogen in UO,, the diffusivity of the D, in UO; at the tem-
peratures of interest can be calculated. For the maximum infusion temperature of 1600
- °C the diffusivity is 7.85 x 10~ cm?/sec, and for the minimum temperature of 1000 °C
the diffusivity is 1.28 x 10 cm?sec. From Crank?2 the characteristic time -.fo'r
diffusion can be detenninéd by solving for t in Dt/a®> = 1. For a s'mgle' 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 femperature as a functioﬁ of time after the power was turned
off. The results for several of these cooldowns are shéwn 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 the
heat transfer characteristics of the UO, and the surrounding D,. This problem can be
modeled mathematically and solved numerically.

Mathematically this problem can be modeled as a sphere of radius a and initial
temperature Tg_ dropping from a hot zone into a stagnant gas of temperature T;,. As it
falls, it loses heat by conduction/convection to the ambient D, and by radiation to the
walls at temperature Toy. The temperature Ty of the ambient D, was determined by

modeling the heat balance inside the pressure vessel.

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

_ (2a)h

| = C + 0.388Pr*Re”” C + .33Re” (6)
g

N

where the Prandtl number, Pr is 0.73 for D,, and kg is the thermal heat conductivity of
D,. 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 HEATING6.23

%
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The Reynolds number Re for a free falling sphere where t is the time of the drop is

given by;

_ (axe
v

Re )

where gt is the velocity, and Vv is the kinematic viscosity evaluated at the mean tem-
perature T given by;

T, + Ty

T=
2

(8)
where T, is the surface temperature of the sphere.

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

k Ff l/2
h= D [.33 (2a)" [—5_5—] } 9)
2a v(T)

where gas properties are computed at T. The radiation heat loss, qq is given by the

Stefan-Boltzmann law;

Q¢ = €0 (Ts4 - T004) (10)
Where € 0.86 is the emissivity of UO,, and o= 5.67x10® W/m? K*. For this problem

the heat conduction equation is given by:

of _ 1 d JaT |
pSCPs ot - r2 or [ksvrz or ) i an

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

UO, are: pg, the density; C,,, the heat capacity; and kg, the thermal conductivity. The
initial condition for this equation is given by;

T(r,0) =T, (12)
where Tg_ is the initial surface temperature. The surface boundary condition is given
by;

-kg T(a,t) [%% J =h[T(@@,\t) =Ts |+ Graa (13a)
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where h is given by Eq (9) and g4 by Eq (10). By symmetry the boundary condition -

at r=0 is given by:

aT | _ | |
e

This series of equations were solved for both a typical polycrystalline and single cry-
st_al UO, sample that has been quenched from 1600 °C. | The resulﬁng 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 UO, 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 arm'olybdenum crucible that was 1.27 inch O.D. (3.23 ¢cm), 1.1l inch
I.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 UO, and the crucible at higher temperatures.

A brew fumace in which the crucible was placed, is heated by a tungsten mesh

elerﬁent, 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 107% torr (10'4 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 centiméter 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 ovnly 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,O 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 fumace. To prevent adsorption of condensible D,O or D, on cold metal sur-
faces the capillary assembly is independently 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 pumpout 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 calcﬁlated to be less than 0.6 sec. Thus the system
samples all the gases released from the UO, 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

k.
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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, and 20
for D,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, or D,O that has not yet been
pumped out of the vacuum system. The output signal from the ‘mass spevctromevter 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 50
Hz reference signal from thevl 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 spectfometer output signaﬂ to release rate of
D, or D,O from the UO, samples, calibration of the system is -réquired. 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 saxhe geometric view of the mass spvectrometer’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. |

Nonna.lly‘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 thé chamber. It was
found in a previous study! that it was necessary to use neon instead of D,O as the
calibration gas. This is beéause the latter strongly adsorbs on cool metal surfaces and
reliable determination of flow rate by meﬁsurement of pressure decrease in the known

calibration tank volume was difficult to achieve. It was determined experimentally that
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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 D,O. For the same calibration chamber pressures
(and hence equal flow rates), the mass spectrometer signal for D,O was found to be
about 3 time that of Neon. ThlS factor was used to convert the neon calibration signal
to an equivalent D,O sensitivity of the mass spectrometer. When D, was used as the
calibré,tion gas a similar although less severe problem occurred. It was found that on
heating an empty crucible after calibration with D, that some previously adsorbed D,
was released. Therefore, as with D,O, it was necessary fo use an indirect method of
calibration. For D, helium was used as the calibration gas. As with D,0 for the
same calibration chamber pressures the mass spectrometric signal for D, 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, sensitivity of the mass spectrometer.
This difference is because of a lower mass spectrometer sensitivity for helium than for
D,.

The calibration line had a length of 70 cm consisting of both copper and stainless
steel ¥4 inch tubing with an I.D. of 445 mm. The end of this line had a shut off
valve to isolate the system inside the bell jar during outgassing. In addition to this
valve, flow into the calibration line was regulated by a Granville Phillips variable leak.
The calibration chamber consisted of a Wallace & Tiemnan absolute pressure gauge and
some associated tubing leading to the variable leak. The total volume of this chamber
and tubing was 400 cm®. It was possible to fill this chamber with the appropriate cali-

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

In an earlier publication using a similar apparatus,24 spurious results were
obtained in an experiment measuring D,O release from UO,. On raising the tempera-

ture of the 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 1078 torr (107* 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 necessafy for proper operation of the mass spec-

trometer.

After the outgassing the mass spectrometer system was tumned on and alléwed 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 t_he bell jar was set
at a pressure of 11 toﬁ of helium for D, calibration, or neon for DO calibration. The
gasA was allowed to flow into the felease apparatus at a rate of about .05 torr/minute for
D,. This corresponds to 7x10"7 mol/sec or 282 pg/hr of D,. 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 éystem from one
_experiment to another and because of degradation in the gain of ihc mass spectrometer
over time. This flow rate and sigﬁal corresponds to a calibration of from 3 to 94
(ng/hr)/uv. The average for all the experiments was 23 (ng/hr)/uv. 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 puv 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 UO, that had not been infused with D,.
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-
tﬁre 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 UO, could occur. If
‘the release of D, was not complete the temperaturé 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 (z..l 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 éhanged to keep the overall temperé.ture 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%.

Durmg operanon the background level was contmuously momtored by shifting
the mass filter to mass 9 and using that signal as the background level This mass 9
signal averaged about 1 v giving a background level of about 20 ng/r. The
~ difference berween the mass 4 signal and the mass 9 signal gave the actual D'2 signal.
Beéause of electronic noise it was not possible to determine a difference less than
about 0.05 to 0.1 pv. The upper limit was applicable at higher temperatures. Given
the above calibration this would give a r_élease rate sensitivity limit of about 2 ng/hr. '
Since the experiments ran for about 3 2 hours this detcction- method had a total sensi-
tivity limit of less than 10 ng of deuterium. For a UO, sample of about 4 g this gives -
a sensitivity limit of 0.2 ppm atomic. |

In the first few expenments apprec1ab1e amounts of D,O were detected. It was
found using another blank that this D,O signal was due almost totdlly to the tail of the
mass 18 water signal at mass 20. By restricting the mass filter only true D,O 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 0.05 pv, it
was able to respond to signals asvlarge as- 500 millivqlts--7_ orders of magnitude
greater. During a typical experiment the maximum signai.lgvel 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, sig-
nals of 20 pg/hr were obtained, and for single crystal samples a maximum of 1 pg/hr

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

During operation it is possible that some of the D, 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, can be lost are through
backflow into the calibration line and permeation through the molybdenu.m 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%% P
ve ot T 83 o (14)

JMT 31

where 2—? is the Clausing factor, na® is the area of the capillary hole, M is the molec-
ular weight of the gas (4 for D,) 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

: 3
Veal _ Acal lxop

Vlop ataop 1cal

(15)

Where the subscript cal refers to the calibration tube. This ratio of intensities is calcu-
lated to be 0.025 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 D, through the molybdenum crucible wall it is
necessary to calculate the D, pressure inside the crucible. Since the release charac-
.teristics of D, 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 pg of D,. About 90% of this release occurred between 750 and {150 °C in a
period of one hour. An assumption can be made that the release rate is constant at 10
yg/hr for one hour. Giveﬁ this assumption gives an efflux of 4.18x10'* mol D,/sec
from the capillary at the top of the crucible. Given a témperature at the top of 100 °C,

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

Pp, = 2.37x10™ torr or 3.16x107Pa -

From this pressure and the known permeability of D, in molybdenum, PPy, of?3

—89950 ] (D mol.)(mm) (16)

PPy = 1.8x10"ex
D: p[ RT (cm?(sec)(Torr)”
where R is in J/K. The total flux Jp in atoms/sec-cm? through the crucible wall of

_ thickness t is given by

(PDZ)'/z
(17)

JD = 2PPD2

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

2 Given the area and the

perature T of the outgas. This gives an area of = 80 cm
flux, the total released in the outgas éan 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 pug D,. 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,. As in the polycrystalline samples about 90% of this release occurred in
a one hour. period, although between temperatures of 1250 and 1650 °C. The release
can be approximated as a constant release of 0.6 pg/hr for one hour. This assumption
gives an efflux of 2.51x10*3 mol D,/sec. Using Eq (14) as before yields a pressure in

the crucible of:

Pp, = 1.42x107 torr or 1.90x107*Pa

For permeation of hydrogen in molybdenum Frauenfelder?® 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 1075 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 and temperature range is

atoms D

Jp = 1.2x10%
b cm® hr
Given the above area and thickness this yields a total loss by permeation through the

crucible of 7.8 ng D,, 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-
iménts 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

X |
A t—€
G(t) = expi—Vs | — (18)
~ ovan { ["H

where € is the time at which the peak release rate is reached, and ¢ is a function of

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

A
H V2r

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

G

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

represents the solubility of D, in the solid:

The release rate vs. time curves all contained more than 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 pardmeters 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 UO, 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 the experimental release rate curves obtained are shown in Appendix B.



47

(v 1d)esesjey
(exd)esvsioy
{zxd)esvejey
(xdjeseajey
‘(dxejessejoy

6u zZvE ‘D LE2L PId ‘Bu ZZ/ ‘D 6001 €Nd
Bu G6LL ‘D 264 ‘THd ‘Bu G6 D 09 INd
aAIND asesjay g 1dx3 0} 14 ueissney gf By

(1u) awny
.

-

m_
/ ,

; ;
h i ~ 7
VARV

- 00§

-000t

- 008t

- 0002

- 009¢Z

-000¢€

- 009¢E

{ZON B-1u/Bujerey ‘joy zQ

000?*



48

3.2. Release of D, from Single Crystal UQ,

A total of 9 experiments were conducted with single crystal UO, samples. A
summary of all 9 of these experiments.is shown in Table 3. This table shows for each
iexperiment the infusion temperature, pressure and the time these conditions were main-
tained. The temperatures of the 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,. Three additional
experiments at infusion pressures of 5.42 to 26.8 atm D, 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, release rate in (pug/hr)/g UO, 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, release rate of 0.03
(ug/hr)/g UO, occurs at a temperature of about 900 °C and a second considerably
larger peak with a peak release rate of 0.24 (p.g/hf)/g UO, occurs at 1400 °C. The
total D, release is about 0.2 pg/g UO, or 27 ppm atomic. This figure represents the

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

The presence of two peaks in this release curve is inconsistent with a simple
diffusion release process from a solid. As v;/ill be shown later, the temperature at
which the second peak occurs is also inconsistent with a simple diffusion model based
on Wheeler's® value for hydrogen diffusion in UO,, thus implying that some other

mechanism must control release in this system.

The total D, release varied from 0. for experiment 22 to 0.340 pg/g UO, for

experiment 27.

For the experiments conducted at 10 atm of D, two peaks were detected. For
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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 exaxhining experiment 21 it is possible that this
curve may represent only one peak with a peak temperaturc of about 1400 °C For the
three other experiments conducted at 1600 °C at pressures other than 10 atm of D,
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, 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, from Polycrystalline UO,

A total of 23 experiments were performed on polycrystalline UO,. Fifteen exper-
iments were conducted at infusion temperatures of 1000 to 1600 °C at an 'mfusion
pressure of 10 atm of D,. Five additional experiments at infusion preséures of 5.42 to
32.0 atm D, 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, and an infusion temperature of 1600

°C.

3.3.1. Stoichiometric UO,

A typical release curve for a polycrystalline UOé sample is shown in Fig. 15.
This curve shows three discernible peaks. The peaks are more distinct than those for
the single crysial 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 the release rate as well as total release from polycrystalline UO, is at
least 10 timeé greater than from single crystal UO,. The second and third .peaks
correspond'to a peak D‘2 release rate of about 3.8 (ug/hr)/g UO, and the first ﬁeak is
about 1.2 (pg/hr)/g UOz. The temperature of the peaks also differs from single crystal
UO,. The second and third peaks occur at 800 and 1000 °C instead of at 1400 °C in
single crystal UO,. Additionally the first peak at 700 °C is not present in most of thé

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 Dz at the infusion temperature and pressure of the
pérticular 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,
pressure was eiamined. The second section examines the effect .of pressure -df ‘infu-
sion at constant témperature. The third sectibrx examines the effects of variations in
experimehtal conditions other than T, P, and t as well as hyperstoichiometric urania,

and the last section examines hypostoichiometric urania and UD;.

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 é closer analysis it was determined that it was possible to separate the last peak
imo two separate pcaks. In other experiments this fourth peak was also present,

although sometimes only as a shoulder on the third peak.

In addition to the effect of temperature, the effect of infusion time was studied in
the first group of experiments. For experiments at 1600, 1400, 1200, and 1000 °C the
time of infusion was increased from’l to 2 hours. For thé 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 irnplying that saturation equilibrium had been achieved after one

hour. But for the 1400 1200, and 1000 °C infusion experiments saturation was not
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POLYCRYSTALLINE UO, SUMMARY

GAUSSIAN FITTED PEAKS

EXPT INFUSION PEAK TEMPS(C) D, DISSOLVED Per PK(ng/g) TOTAL
» Spec- Ty | Piam | tthey || 1 2 3 4 ! b] 3 4 DISSOLVED

imen (ng/g)

! uo, 1600 | 10. 1§ 699 ] 836 | 1056 | 1277 76 $26 1 1107 | 267 1980
2 1600 | 10 1l 670 ] 792 | 1009 | 1237 95 19s | 1722 342 3320
3 1600 | 10. 2 875 | 999 | 1260 300 | 1280 | 141 1734
4o 1600 | 10 1 | 682 7187 | 926 1109 125 431 923 | 612 2097
S 1400 | 10 1 847 { 944 m 196 378
17 1400 | 10. 2 [f696] 7971 961 | 1097 84 269 549 77 979
i 30 1400 10. B) 771 | 888 | 1064 | 1260 96 304 142 384 926
8~ 1300 | 10. ! 1011 282 289
6 1200 | 10 | 898 | 1060 241 129 370
16 1200 | 10. 2 89t | 985S 181 228 415
10~ 1000 10 ! 816 | 963 61 16 178
1 1000 10 2 828 987 174 281 456
12 uo, 1600 | S.4 1 727 189 | 920 | 1123 124 265 942 | 802 2165
28 1600 | 16.5 1 761 | 878 { 1030 | 1183 594 1281 | 1278 790 3950
13 1600 | 20. t 675|788 | 893 1230 269 1363 | 6170 | 781 8649
29 1600 | 25 1 7141 197 | 903 | 1261 128 828 | 1885 | 675 3597
14 | 1600 | 32 ] 716 | 849 | 1015 | 1225 186 1226 | 1727 ] 1749 4924
9 | UO, 1200 | 10 ] 942 | 1216 636 7 700
I 1600 | 10 1 720 | 875 | 1061 | 1258 46 500 467 | 507 1518
[ $ee 1600 | 10 I J 671 | 749 | 890 | 1077 220 966 | 4666 | 1266 7256
354 | UOyoes | 1600 | 10 t [ 604 774 | 991 100 | 1187 253 1509
32 | UO g || 1600 | 10 | $ss | 863 | 1101 6.11E3 | S.98E4 | 1090 4.60€4
33 | UO, e |l 1600 | 10 I |l 488 | 84S | 994 t.SSES | 8.32e4 | 13300 221E4
4 uD, 1 638 1.€5 1.ES

*0 Equilibnum not achicved

*1 Outgassed a1 200 K/ insiead of 400 K/

*2 lafusson conditons. 172 hr at 1600. 172 he at 1200
*) Specimen cooled down in the crucibie

°4 Specimen prehested 10 1800 C* for Y hm in vacuum

*y Powdering of spetimen during infusion
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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’s? diffusion
coefficient of hydrogen in UO,. 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 tha_nvih the other ekperiments 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,
(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 the 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 %2 hr at 1600 °C then lowering the temperature to 1200 °C for the
next Y4 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 effecf of the slow quench on the quantity of D, 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 fumace to about 1800 °C for
about 3 hours to cause the grainvsize 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 significantly greater than an
as-recéived sample, some other effect of the 1800°C anneal must be responsible for the

much larger D, solubility observed in this experiment.

In exp;:rimcnt 35 a hyperstoichiometric urania sdmple fabricated as described pre-
viously with an oxygen-to-uranium ratio of 2.065 was infused with 10 atm of D, 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, solubility.

In summary, for stoichiometric UO, the release rate curve exhibits from one to

four peaks dependent on the temperature of infusion. For higher infusion temperatures
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XBB 871-308A

Fig. 18 Optical Photomicrograph of a preheated polycrystalline UO- sample
chemically etched to show the grain-boundaries
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a first 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 present in the higher temperature infusion experiments, being

particularly noticeable at higher pressure infusion experiments.

3.3.2. Hypostoichiometric 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 hypostoichiometric 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 other, experiment 33. The release rate
curve of experiment 32 is shown in Fig. 19. This curve is similar to that of the
stoichiometric UO, 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 UO, first
peak. So is the second peak. From Table 4 it is seen that for experiment 33 the first
peak has a total D, release of 155 pg/g UO,, 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 D, in this sample was 221.4 ug/g UO,. As
mentioned previously the hypostoichiometric urania UO,_, 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,
release is from the dissociation of UD; The chemistry of uranium deuteride was

reported by Katz27 with its formation given by this reaction:
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U + 3/2 Dy — UD; (17)
This reaction proceeds to completion at 250 °C. Additionally it will decompose at

temperatures above 450 °C.

To understand how UD; was formed in these experiments it is necessary to
review the phase diagram of UO,, shown in Fig. 20.28 At temperatures below 1200 °C
UO,_, is present as two separate phases, UO, solid and uranium metal. Above this
temperature it is possible to form a separate UO,_, phase and uranium liquid, depend-
ing on the oxygen-to-uranium ratio. For experiment 32 this single phase UO,_, would
be present at 1600 °C and in experiment 33, additional uranium liquid is present. If a
stoichiohxetric UO, 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 450 °C the uranium metal

can react with the D, gas present to form UD;.

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 500 torr of D, at 250
°C for about 2 hours in the outgassing furnace. The sample was cooled and after eva-
cuating the D, 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 UD5;. 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; formed would be considerably greater than that in

pure UO, because of the excess uranium. Other evidence of this UDy formation was
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the powdering of the sample in experiment 33, which is due to formation of UD;.

With an oxygen-to-uranium ratio of about 1.90 it is possible that up to 150,000
ppm atomic of D, (or 1100 pug/g UO,) 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 D,/g UO, was released (owing to possible UD; formation), a similar
analysis assuming only one percent of the excess uranium reacting to form UD; gives
an oxygen-to-uranium ratio ot 1.999. These calculations demonstrate that even a small
extent of hypostoichiometry in which UDj 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, in
the particular UO, sample at the given infusion temperature and pressure. In these
.results it was assumned that the loss of D, 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 UO,, respectively, is anaiyzed below.

3.4.1. Single Crystal UO,

An Arrhenius plot of the D, solubility in single crystal UO, is shown in Fig. 22.
This shows the five experiments with an infusion pressure o‘f 10 atm of D, at tempera-
tures from 1300 to 1600 °C. These points have been fitted to a straight line giving a
heat of solution, AH,, of +235 kJ/mol. The positive sign shows that UO, is an endoth-
ermic absorber of hydrogen. 'I'hé fit to these points is good with a small uncertainty.
The solubility at this pressure, can be expressed as: | |

D -235 kJ
[—g%a :] o =7.0x10° exp(? J

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, is shown. This is for the 5 experiments at an infusion tem-
perature of 1600 °C. These 5 points vh.ave 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 UQO, is a two-step
atomic process, implying hydrogen will be present in atomic form in the UO, lattice.
From this square-root dependence of the solubility with pressure, the Sievert’s law

constant of D in UO, is determined to be:

S =Cp(ppm atomic) /NP = 270 ug D /410
2 g Y02 |p10am

or

S = 3.0x10’ exp["235 kJ ] ppm atomic

RT vatm

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 UO,

An Arrhenius plot of the equilibrium concentration of deuterium in polycrystalline
UO, exposed to D, gas at 10 atm is shown in Fig. 24. This shows .th.e ten experi-
ments with an infusion pressure of 10 atm of D, at temperatures from 1000 to 1600
°C. These points have been fitted to a straight line giving a resultant heat of solution,
AH,, of = 100 kJ/mol. The positive sign shows that polycrystalline UC2 15 an endoth-
ermic absorber of hydrogen, as was single c’rystal UO,. The fit to the points is not as
good as for single crystal. UO,, 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

~ D, in ug/g UO, can be expressed as:

ug D 3 -100 kJ
e = 1.3x10% exp| ————
[ g UO, ]10 o [ 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 D, has been ignored in this fit. This slope of one
half as for single crystal UO, implies atomic dissolution of hydrogen in polycrystalline

UQO,. The Sievert’s law constant for polycrystalline’ UO, is:

—100 kJ | ppm atomic
S = 5.5x10% exp| -
[ RT ] ~atm

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’s® Results

Although the solubility results of this study can be compared with those of other
ceramic oxides!*'® 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'>!*!13 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 Wheeler? for

hydrogen in UO,.

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 UO, is the heat of solution
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of hydrogen, AH,. In the ceramic oxides the AH; is between 8 and 76 kJ/mol. in con-
trast to 100 and 235 kJ/mol for polycrystalline and single crystal UO,, respectively.
This large AH,, particularly for single crystal UO,, suggests great difficulty in dissolv-
ing hydrogen in the UO, lattice in comparison with other ceramic oxides. Only for
Al,O; is data available for both the single crystal and polycrystalline form of the solid.
The difference in the solubility between single crystal and polycrystalline' U0, is
greater than for Al,O;. although both show higher solubility in the polycrystalline

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 UO, 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 UO,.

3.5.2. Wheeler’s results

It is difficult to compare these results with that of Wheeler? as no pressure or
temperature dependence of his results on hydrogen solubility were given. Only the
- statement that hydrogen solubility varied between 4 and 54 ppm atomic for single cry-
stal UO, 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, from the UO, samples is that
of simple diffusion. This model assumes that D, is released from the sample during
the outgas by diffusion; it was used by Wheeler in his analysis of release of hydrogen

from UO,.”

The diffusion equation for the mobile deuterium atoms in a sphere is given by:

% _bpm 3 [ade
o 2 or [r“ ar] (19)

Where ¢ 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:

Co = Csut (To) (20)
where Cy. is the initial uniform concentration equal to the saturation concentration,
Cs,. at the infusion temperature, T, corresponding to the conditions of infusion. The

surface boundary condition in this vacuum outgas is given by:

cat)=0 , (21a)

where a is the radius of the sphere. By symmetry the boundary condition at r=0 is:

[é«a] 0 a1b)
or 0

4.1.1. Solution of Diffusion Equation
In this outgassing case, the dependence of temperature on time and the tempera-

ture ramp rate, f3, is given by:

T=T,+ 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 tem-
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perature, that, with Eq (22), makes it a function of time. The diffusivity D is related

to the diffusivity Dy at the infusion temperature T by:

- .
D =D, exp{—-ﬁ?- (:rl— - —'I}—o J } (23a)

Where Ep is the activation energy of diffusion. 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 = Dy fip(t) | (23b)
The function fp can be determined from Egs. (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:

Dot . )
1= —— (24a)
a® '

and for the radius a new variable p is given by:

r
_r 24b
p a (24D)
and finally for the concentration, a new variable C is given by:
c
C=-— 24c¢
Co (24¢)
With Cy given by Eq (20).
Substituting Egs. (23b) and (24a-c) into Eq (19) gives:
dC 1 0 [ 20C :
—— =fp — = |p" = 25
ot vD p2 oR [p op ) » _ (@)
with the initial cbndition of Eq (20) now given by
C=1att=0 ) (26a)
and the boundary conditions of Egs (21a-b) now given by

C=0atp=l (26b)

and
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aC _
% - 0 at p=0 . (26¢)

To solve Eq (25) analytically, it is necessary to numerically integrate fp over 7

giving a new variable, ©:

T
8 = [ fp(t)) dv’ (27)
0 — [
With this relation the solution of Eq (25) from Carslaw & Yeager?d is given by:
-2 & (-1)" . 2
C=— z - sin(nnp) exp—(n’n6) (28)
mp o n

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 o€ ‘ : (29a)
ar r=a
Where S is the surface area. Here the release rate, R is given as a function of T by:
R = -Ry fp(7) %9- ‘ ' (29b)
p p:.-l
Where Ry, is a reference release rate and is given by:
3DyCo
)y = a2 (29C)

When C,, the initial concentration is given in pug D,/g UO,, and Dy in cm?/sec, then
the units of Ry, are (ug D,/sec)/g UO,. The gradient of the conc;entration at the sur-
face in Eq (29b) is a function of time and can be evaluated by differentiating Eq (28)
yielding:

L 25 Texpn®0) (30)
WP Joui

n=1
This expression can be evaluated at t by relating 6 to t by Eq (27). Substituting this
equation into Eq (29b) with Ry given by Eq (29c) gives the release rate, R, as a func-

tion of T;
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6D,C o ; | |
R= a(; 0 fp(T) Zexp{—nznz( j fp(t") ]} (31
n=1 » 0 .

4.1.2. Comparison of Solution with Results

Using the diffusivity of hydrogen in UO, determined by.Whe:c:ler2 and tempera-
ture ramp of Eq (22) in Eq (31) yields a release curve as a function of ckne. In the
diffusion xnodcl the initial concentration is assumed to be the total measured deuterium
released per gram of UO,. 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 polycrystalline and single crystal samples. Moreover, this peak
occurs at at a lower temperature than most of the polycrystalline 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
releasc data could be obtained. This was done for both a single crystal and polycry-
stalline release experiment.

In the model discussed above for a particular solid of radius a and initial concen-
tration C, only two parameters, Dy and Ep, determine the shape of the release curve as
a function of temperature. By varying these two parameters it is possiblé to fit a sin-
gle release peuk. The parameters were varied by a Monte Carlo method as described

- previously for the Gaussian fit to the release curves.

For the polycrystalline UO, 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
pczik 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 are 8.9 x10® cm?/sec for the

pre-exponemial factor, Dy, and 280 kJ/mol for the diffusion activation energy, Ep.
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For the single crystal experiments a fit to the second peak of experiment 18 was
attemnpted, as this peak is the major one in this release experiment. The results of this

fit are shown in Fig. 30, with Dy given by 1.77 x10* cm?/sec, and Ep 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 U™ in UO,.

The preexponential factor Dy can be shown by absolute rate theory for interstitial
or vacancy diffusion of an impurity atom in a lattice to be about equal to ay?v, where
ag is the lattice constant and v the vibration frequency of the. impurity atom.. For UOZ
ay is 5 A° and v is within an order of magnitude of 10'3 sec™. With thes‘e' values Dy
should be about 0.02 to 0.2 cm?/sec. These are fough estimates but nonetheless are
more than 4 orders of magnitude smaller than the best fit value of Dy for experiment
18 shown above. Thus although a fit to one peak with a diffusion model is possible,
the abnomal diffusivity parameters obtained suggest the unsqitability of this model to

explain these release results.

To further verify this conclusion, release curves from o_ther experiments were
investigated, with similar results. Finally, the possibﬂity that release from the polycry-
stalline sample was govemed only by diffusion to the grain boundaries was investi-
gated. Even with this unrealistic assumption a pre-exponential factor of about
10° cm?/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, from the UO, 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 UO,. This model has been applied to release of fission gases
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from U02,30 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 diffﬁsion
model is that D atoms are distributed between mobile sites in the UO, lattice and trap-
ping centers uniformly distributed in the UO, 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 tum 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 = detrapping rate, ppm D/sec | (32b)

Where g is the trapping rate constant, and b is the resolution parameter, both having

1

units of sec”. 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:

% _ Do 3 [
a 2 or

p» ] — gc +bm | (33a)

and for the trapped D atoms as:

%—':1 = gc — bm | (33b)

When the sample is outgassed with a linear temperature ramp described in Eq

(22), Egs. (33a) and (33b) can be simplified as was done in the simple diffusion



84

model. Expanding g and b as was done for D in Egs. (23a) and (23b) gives for g:

Eg (11
g = g exp {__ﬁg_ (—T— - T_o ]} = go f,(V) (34a)

Where E, is the activation energy of trapping, go is g at the temperature of infusion,

Ty, and the function f, can be determined using Eq (22). Expanding for b,

E
b = by exp {-_—"— (i -1 ]} = by f,(t) (34b)

Where E, is the activation energy of resolution, by is b at the temperature-of infusion,
Ty, and the function fy can be determined using Eq (22). Further simplification is
obtained by defining a dimensionless time, T, and dimensionless radius, p, and dimen-
sionless mobile D atom concentration, C, as in Egs. (23a-c) for the simple diffusion

model. Additionally, a reduced trapped D atom concentration, M, can be defined as:

m .
M= — ‘ 35
Co (35)

A dimensionless trapping rate constant G, and resolution parameter, B are defined as:

2
G = 8% | (362)
O .
and;
boaz
B= — . (36b)
Dy

Substituting these last S equations along with Eqs. (24a-c) for t p, and C in Eqgs. (33a)
and (33b) gives:

oC _ 1 9 [ ,0C | _ ' |

5= f5 _p2 = (p Y j Gf, C + Bfy M (37a)
and

oM

—— =Gf, C-Bfy M (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:

. S 2o
~y = fraction of gas in traps at t=0 = (38a)
- bo + &
The initial conditions for C and M are thus given by:
C=1-yat1=0 , (38b)
M=y at ‘t=_0 ' (38¢)

With the boundary conditions of Egs. (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 releasevrat‘e using the analysis of Egs. (29a-c) used for the simple diffusion model.
To test the above model numerically, the case of gy = 0, and by finite (giving y=0 and
thus no trapping) was tested. This coﬁésponds 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. Comparison of Solution with Results

After these initial fe‘sts of the model an attempt was made to reproduce the multi-
ple peaks observéd in this study with this model. In addition to the parameters Dy and
Ep present in the simple diffusion model, four additional parameters, gy, by, E,, and
E,, 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 exberimemal temperature ranges. Thus this model of

diffusion with trapping and resolution was not able to describe the results of this study.
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4.3. Detrapping Model

The last model that was applied to the release of D, from UO, 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! and deuterium from nickel32 In this

model, the rate of release of trapped gas is governed by the following equation,

- %f— = k C* exp(-E4/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; is the activation
energy for detrapping. The term dC/dt in units of (ppm atomic)/sec or (1g/g)/h is the
release rate that is measured in this study. When the detrapping is operated at a linear
heating rate (B) given in Eq (22), the release rate will reach a maximum value at a
temperature of T, where d?N/dt? = 0. From this condition and Eq (39) the relation-

ship os T,,, B, and E; is found to be,

| T Ey Ey
In = + In| ——— ‘ (40)
B RT, xRkC, X!

where C,, is the concentration of trapped gas at T,.

4.3.1. First and Second-Order Detrapping

In this study only first and second-order detrapping has been assumed. First

2

order detrapping was observed'by Erents*. For first-order detrapping, the analogs of

Egs (39) and (40) are,

—%%— = kC exp(-Ey/RT) 41
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and

T,2 E,4 Eq |
1 = +In| — : 42
"( B ) RT,, “[Rk v (42)
Eq (41) can be solved for the concentration as-a function of time, C(t) giving
t ) ’
C(t) = Cy exp {—k f exp(—-Ed/RT)dt'} v _ _ 43)
O .

where C is the initial concentration as defined in Eq (20), and t=0 is the start of the
temperature ramp. With a known C, and assumed values of £ and Ey for a particular
temperature ramp, [, 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,

-‘Z—f = kC? exp(~Ey/RT) o _' (44)

The pre-exponential factor k& has units of sec'l/(pg/g) or sec™!/(ppm atomic) depending

on the units of concentration. Eq (44) can be solved as before for C(t) giving

N -1
C(t) = (L k J exp(—Ed/RT)dt’J , : 45) -
Co b

The release rate can be found by'substituting C(1) into Eq (44). The form of Eq (40)

for second-order detrapping is

T, 2 E, [ E |
1 - 46:
"[ B ] RT, H"[zkkcm i (462)

From Eq (44), the concentration C;, at T, is related to the maximum release rate R .,

by

Ya
C,= {% R, ax exp(Ed/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 govermed 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, £, and the activation energy of
detrapping, E;. But, as was shown in Eq (43) for first-order detrapping, and Egs.
(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 édditionally, the release rate of this peak for second-order detrapping.
Thus thefe is only one adjustable parameter per site, with two paraméters (Eq and k)

needed to characterize each site.

The temperature at the maximum of the release peaks, T,,, was obtained from the
Gaussian fit analysis, with the initial concentration per site, Cy, being the areas under
the individual peaks. The pre-exponential factor of the detrapping rate constant for
each site was varied indepcndemly using a Monte Carlo method described previously.
For each value of k so selected, a corresponding value of E; was calculated from Egs.
(42), (46a), and (46b). After this initial fit, the values of Ty, 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,
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and C for each peak.

4.3.2.1. Fit for the Release of D, from Single Crystal UO,

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 detrapping 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, release in (ng/r)/g UO, is
shown for both the experimental and calculated release versus the temperature of the
sample in degrees C. For thi§ experiment values of 3.98 sec™! fbr’ k,- and 79 kJ/mol for
Eq4 for the first site and 2.75 x 10° for k, and 208 kJ/mol for E4 vfor- the second site

were obtained.

This model was applied to all the D, release rate curves from single crystavl‘UOvz.
A summary of these results is shown in Table S. Althoughv it would have been desir- .
able to have a sihéle prc-expoﬁcntial 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 prc-éxponential factor, k of .4x10° to 84)(1(_)3 sec!
was obtained with a corrcsponding activation energy, E; 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™' and the E,'s between 58 and 108

kJ/Mol.
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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, from Polycrystalline UO,

For polycrystalline 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 wére 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 (experimgnt 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 ihe 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-exponential 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 this model for the other D, release rate
curves from polycrystalline crystal UO; is shown in Table 6. All the experiments with
infusion temperatures of 1400 °C or greater have a first peuk 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, 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, &, and energies of activation, E4, are shown in Table
6. The second peak appears to be more consistent than thé first peak. For the top two
sections of the table all bui one experiment have k values Ab‘etween 0.1 and 577
éec'l/(ng/g) and an E; between 140 and 205 kJ/mol. For experimehts 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 isv
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 Ej(i.e., the desorption rate constant).

To obtain a consistent set of parameters for the first peak an additional analysis
‘was performed. If the product of k£ and exp(-E4/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 6x107 _sc:c‘l for k, and 220 kJ/mol for E;.

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, 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 101435 kJ/mol. An Arrhenius plot for
the total D, 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 fitting
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Table 6

POLYCRYSTALLINE UO, SUMMARY
DETRAPPING MODEL FITTED PEAKS

97~

INFUSION | PK TEMPS | D, DISSOLVED DETRAP CONSTANTS

EXPT T P (C) Per Pk(ng/g) Kisee-t) | Kisee-ingg) y Eg(kJ/mol)
# g S | (0 | am)y | 2 t 2 I 2 ! 2
| vo, | 1600 10 { 846 1051 522 1366 § 3.2E+S 9.1 176 | 178
2 {1600 10 | 806 10190 1170 | 2113 || 6.0E+4 89. 15s | 201
3 1600 10 {870 997 343 1387 [f 1.0E+15 211, 3811 201
44 1600 10 800 957 397 1545 || 1.1E+15 0.16 364 | 1SS
17 1400 10 792 949 195 713 | 1.3E+5 21.2 160 | 164
30 1400 10 | 891 1200 312 | 546 || 4.8E+4 | 3.3 166 | 177
6 1200 10 929 369 68. 167
16 1200 10 943 423 577 : 190
1 1000 10 940 468 435 167
12| vo, 1600 54 | 794 986 278 1740 | 1.2E+17 0.31 3771 138
28 1600 | 16.5 § 921 1152 2100 13499 § 371 27.0 105 | 204
13 1600 20 § 693 894 | 1277 7282 || 1.5E+17 5.60 360 | 166
29 | 1600 25 804 %05 707 | 2774 § 8.3E+14 | 1.8E+3 [ 357| 213
14 1600 32 856 1072 f 1095 | 3502 [ 4.1E+8 0.10 242 144
94| U0, | 1200] 10 935 699 ' 4. 147
3o 1600 10 878 1143 454 1000} 62.9 0.21 105 ] 143
150 1600 10 747 889 848 6186 | 1.0E+17 434 377 204
354 | UOsons [ 1600 10 762 9471 1098 322 $5S 6.1E+6 § 111 | 277
32 | UO, 41 | 1600 10 868 1090 § 3.38E« 7470 743 1.0E+4 126 | 275
33+ | UO,e | 1600 10 853 971 | S.11E4 | LL72E4 | 3.8E+3 2.1E+6 138 316

* First-order detrapping

*1 Second-order deirapping

*2 Ouigassed at 200 K/h insicad of 400 K/
3 Infusion conditions. 1/ he at 1600 1/2 hr at 1200
*4 Specimen covied down in the crucihie ’
*3 Specimen prehesied 10 1800 ( ° for \ hry

°8 Powdering of spevimen during infusion
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procedure.

An analysis of the pressure dependence of the total D, 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 D, 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, 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 atm infusion pressure experiment was excluded) has a slope of ~ 0.42+.20.
This slope of nearly Y2 implies trapping of hydrogen in atomic form in this second

site.
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S. 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 UO, 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 UO, specimens many more possible trapping sites are present
.than in the single crystal specimens. For these sintered specimens, trapping sites such
as gréin 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 infﬁsion these pores act as gas bubbles containing D, at a pres-
sure of P, + 2y/R where P, is the infusion pressure, ¥, the surface tension, and R, the
pore radius, a "solubility” can be calculated. Assuming an infusion pressure of 10 atm
of D,, a yof 0.6 Pa-m* for UO,, and from Fig. 3 an average pore radius of 2 um, the
above relation gives a pressure of 1613 kPa. Assuming ideal gas behavior, for a UO,
sample of 7% closed porosity at 1600 deg °C, the deuterium solubility is determined to
be 2.64 pg/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

2. In the former study the main emphasis was

Hirabayashi®! and in nickel by Erents?
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 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 Baskes34 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, Erents3> has also observed trapping
of deuterium in tungsten and molybdenum. He also observed that desorption from
these traps was the rate-controlling stepbin 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 850 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 Doyle36 37 -38 have dealt with hydrogen frapping
in refractory materials including ones suitable to act as fusion reactor compohents.
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
Merrill3? also observed trapping of hydrogen as tritium in fusion reactor materials.
They assumed that the trapping sites resulted from dislocétions and ixnpurities in the
materials.

Buters and Van den Beukel?0 have studied trapping of helium in various materi-
als, as well as helium desorption from molybdehum. They showed that dislocations
and point defects such as vacancies could actvas 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 UO, 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
UO, reduced to hypostoichiometric urania, precipitating uranium metal that reacted
with the D, ‘gas to form UDj;. In the two experiments using initially hypos-
toichiometric urania samples the 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, observed to be detrapped from the first site was 33.8 pg/g or 4560 ppm
implying that 19% éf the 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. (ie. ~
600 °C) The second trapping site could be owing to any of the microstructural defects
present in the polycrystalline solid; the 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 pg/g of D, released from these sites is comparable to the 2.64 pg/g

solubility in these pores calculated in Sec. 5.1 for the same infusion conditions.

The identity of the trapping sites in the 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
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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 polycrystalline UO, ,specirnens 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 UQ,

The solubility of hydrogen in the lattice of single crystal and in polycrystalline
UO, was determined. The dissolution of hydrogen in both single crystal and polycry-
stalline UO, was found to be a two step process, implying that hydrogen is present in
atomic form in UO,, corresponding to Sievert’s law. The heat of solution of hydrogen
in both single crystal and polycrystalline UO, 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 UO, was determined to be:

S = 3.0x10’ exp[—235 kJ J ppm atomic

RT vJatm

and for D in polycrystalline UO, was determined to be:

S = 5.5x10* exp[_loo kJ ] ppm atomic

RT ~atm

6.2. Chemical Nature and Location of Hydrogen in U()z.

The solubility of hydrogen in polycrystalline UO, was found to be ~ 10 times
that of hydrogen in single crystal UO,, implying that 90% of the dissolved hydrogen
in polycrystalline UO, is present in the grain boundaries and other microstructural

defects not present in single crystal UO,.

The hydrogen solubility in hypostoichiometric urania was found to be up to 3
orders of magnitude greater than in stoichiometric UO,, depending on the oxygen-to-
uranium ratio of the specimen. This difference was due partially to formation of UD;
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 UO, lattice is the anion vacancy. In
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hyperstoichiometric urania the added oxygen had no appreciable effect on thé observed

hydrogen solubility.

6.3. Release Kinetics of Hydrogen from UQO,

It was found that the released deuterium was observed to be in the molecular

state rather than combined with oxygen as D,0.

The release rate curves for the single-crystal and polycrystalline UO, 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 unsuitabiliry of diffusion to describe the release kinetics.

It was determined that the release kinetics of hydrogen from UO, is governed by
thermally-activated release from traps or specific binding sites in both the polycrystal-
line and single-crystal UO, specimens. A maximum of two trapping sites were

observed for each type of UQO,.

For single-crystal UO, 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, &, of 0.2 to 10 sec'], and a corresponding activation eﬁergy,
E; of 58 to 108 kJ/Mol. The second site with a peak release occurring at temperétures
of 1410 to 1665 °C was fit with a & of 0.4x10° to 84x10? sec™!, and a corresponding
E, of 200 to 270 kJ/Mol.

For polycrystalline UO, 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 terﬁperatures of 800 to 900 °C was fit with one average k of 6x10’
sec”!, and a correspondin_g Ey of 220 kJ/Mol. The second site wi.th a peak release
occurring at temperatures of 890 to 1100 °C was ﬁt with a second-order k of 0.1 to

577 sec”'/(ng/g) and a corresponding E; of 140 to 205 kJ/Mol.
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APPENDIX A

Estimate of D, loss during Quenching

It was assumed in Sec. 3.4 that the D, loss during quenching was insignificant.
Since hydrogen solution in UO, 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, retained in the quench can be estimated by
two models. The first model assumes that D, release is controlled by bulk diffusion,
with the diffusivity of hydrogen in UO, determined by Wheeler?. 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.l Release Via Simple Diffusion

The diffusion equation for mbbile deuterium atoms in a sphere was given in Eq
(19) in Sec. 4.1. In this equation the diffusivity, D, is given 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) = Cg,, (T) (A-1)
The time dependence of the surface temperature, T, convents Cg,, (T,), 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 polycrystalline UO, was given in Sec. 3.4.1 and 3.4.2
respectively. The values of the radius, a, for the single crystal and polycrystalline

specimens used in this calculation are 0.4 and 0.45 cm respectively. These values are
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Y2 the average equivalent sphere diameters shown previously in Sec. 2.1. Egs. (19-21)
with the new boundary condition (A-1) were solved numerically giving theé concentra-
tion, ¢, as a function of the position, r and time, t. This concentratiori distribution was
then integrated over the sphere and then divided by the initial saturation concentration
to give the fraction of thé initial infused D, 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 16 atm of D, are shown in Figs. A-1 and A-2 respectively.
A resultant loss of about 20% for the polycrystalline sample and 25% for the single

crystal sample is determined using this model of release via simple diffusion.

A.2 Release via Detrapping

This model assumes that release of D, during the quenéh is governed by detrap-
ping from the two sites present in the solid. The rate of releéée from the sites of type
it In a unit volume at radius r at time t is giveni by: | |

Wk er Bai A-2)
==K C CXP.*RT(M) (A-2)

where c; is the cdncentration on the site i at the radius, r, and k;, x, and E4; 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)

ey 3 “Ea A-3
cx i ex | RTeo | | | (A-3)

0

iy
C;

1
where c¢; is the radially uniform concentration of deuterium on site i at saturation, and

¢;, is the radially dependent final deuterium concentration on site i. This calculation

C i .
gives the fraction retained, —, as a function of r, which is then integrated over the

io

sphere to give the total retained on a particular site.
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The above analysis was applied to the polycrystalline and single cfysta.l results
from Sec. 4.3. For the polycrystalline samples, a first order detrapping with a k of
6x107 sec”! and E, of 220 kJ/mol was used for the first site. The second site was
characterized by second order detrapping with é k of 100 sec !/ng/g, and E; of 200
kJ/mol was used in the analysis. For the first polycrystalline site the above analysis
predicts that none of the initial D, is retained in the quench, while for the second site,
100% retention is predicted. For the single crysvta.l UO, samples only the second peak
iavas examined with this model, as the first peak was too small and erratic to study. A
first order detrapping with a & of 5x10% sec™! and E, of 210 kJ/mol was used. Nearly

100% retention of Dﬁ 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 D, was detérmincd by detrapping from traps in the solid,
and that diffusiori 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-
tr:iry to experiment. Most likely both processes are occurring. As suggested by
Erents*? 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 this 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’s? diffusiviiy, where extrapolation to temperatures as high as

1600 °C overpredicts hydrogen mobility in UO,.
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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
UO,(in Figs. B-22,23 the release rate is given in pg/hr-g UO,), and temperature of the
outgas in deg °C are given as a function of the time in hours. The figures aré num-
bered in the order in which they appear in the tables, with the polycrystalline UO,
experiments summarized in Table 4 first, followed by the single crystal UO, experi-
ments summarizéd in Table 3. The release rate curve fér experiment 34, the dissolu-

tion of UDj3, not shown here, was shown previously in Fig. 8.
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