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ABSTRACT

During the development of a standard for the safe, long-term storage of 233U-containing materials,
several areas were identified that needed additional experimental studies. These studies were related to
the perceived potential for the radiolytic generation of large pressures or explosive concentrations of
gases in storage containers. This report documents the results of studies on the sorption of water by
various uranium oxides and on the gamma radiolysis of uranium oxides containing various amounts of
sorbed moisture. In dl of the experiments, 233U was used as a surrogate for the 2*3U. For the water
sorption experiments, uranium oxide samples were prepared and exposed to known levels of humidity to
establish the water uptake rate. Subsequently, the amount of water removed was studied by heating
samplesin aoven at fixed temperatures and by thermogravimetric analysis (TGA)/differential thermal
analysis (DTA). It was demonstrated that heating at 650E C adequately removes al moisture from the
samples. Uranium-238 oxides were irradiated in a ®°Co source and in the high-gamma-radiation fields
provided by spent nuclear fuel elements of the High Flux Isotope Reactor.  For hydrated samples of UQ,,
H, was the primary gas produced; but the total gas pressure increase reached steady value of about 10
psi. This production appears to be afunction of the dose and the amount of water present. Oxygen in the
hydrated UO, sample atmosphere was typically depleted, and no significant pressure rise was observed.
Heat treatment of the UO;-xH,0 at 650EC would result in conversion to U;O, and eliminate the H,
production. For al of the U;O5 samplesloaded in air and irradiated with gamma radiation, a pressure
decrease was seen and little, if any, H, was produced—even for samples with up to 9 wt % moisture
content. Hence, these results demonstrated that the efforts to remove trace moisture from U,O4 are not
necessary to avoid pressurization of stored uranium oxides caused by gammarinduced radiolysis. In fact,
this system can tolerate severa percent of sorbed moisture—most of which can be easily removed by
heating to only 150EC. To complete the picture of the radiolytic response of uranium oxides that have
sorbed moisture, alpha radiolysis experiments have been initiated.
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1. INTRODUCTION

The development of a standard for the safe, long-term storage of 233U-containing meaterias! resulted
in the identification of several needed experimental studies. These studies were largely motivated by a
perceived potential for the radiolytic generation of unacceptable pressures or deleterious products during
the storage of 233U oxides. The primary concern was that these conditions could occur as a result of the
direct or indirect radiolysis of resdua impurities—specificaly fluorides and water—Dby the high radiation
fields associated with 233U-containing materials.

The gammaradiolysis of fluoride impurities in uranium oxides has been studied, and it was
demonstrated that such radiolysis will not result in either overpressurization of storage containers or the
production of deleterious products.? Since amagjor concern in the development of the 222U storage
standard has involved radiolysis of water that could be associated with the stored oxides;! this report
documents the study of the gamma radiolysis of water that is sorbed on uranium oxides and compares
these results with those from the radiolysis of dry uranium oxides. Furthermore, this study included
experiments on the rate and amount of water uptake by uranium oxides, because it was believed that the
major cause of radiolytic pressurization was due to the radiolysis of thiswater. Such water would sorb
principally during the packaging and handling of the oxides in a humid environment. The following
sections provide a description of the experiments, experimental results, a discussion of the results, and

conclusions.

2. EXPERIMENTAL

The experimental program was divided into two distinct activities: water sorption studies and gamma

radiolysis experiments.

2.1 WATER SORPTION

The water sorption studies involved the preparation of uranium oxides, which was followed by

moisture adsorption studies.



2.1.1 Preparation of Uranium Oxides

For this work, it was not practical to use the 233U oxides currently in storage because the high gamma
activity associated with the 232U impurity that is present in dl of these oxides would complicate their safe
handling. Therefore, theirradiation of 238U oxides (as surrogates for 223U oxides) with radiation sources
that give equivalent doses, but at higher rates that were more reasonable for the duration of this study,
was the most practical way to evaluate the radiolytic effects on these oxides. Even though some 23U
oxides from previous research activities were available for the water sorption studies, their pedigree,
which included method of preparation, temperature and storage history, was uncertain. To realize such a
pedigree, it was necessary to prepare these surrogate uranium oxides (i.e., UO;, U304, and UO,) for this
particular task by following procedures most probably” similar to those used in the preparation of the
stored 23U oxides. The oxides were prepared by direct thermal denitration at various temperatures to
promote formation of the particular uranium oxide compounds. The starting reagent for most of these
preparations was uranyl nitrate hexahydrate (UNH), UO,(NO,),C6H,0.

Immediately following the preparations, the anhydrous samples were placed in capped storage vias
and then stored in a dessicator with Drierite® to prevent any premature, extended exposure to moisture in
theair. While this method did not eliminate the brief air exposure associated with the transfer of the
samples from the cooled reaction vessdl to the dessicator, the results of the weight-gain measurements
and the subsequent radiolysis data demonstrated that this cursory exposure had no measurable influence

on the results or the conclusions drawn from these experiments.

2.1.1.1 UO,

The UO, was prepared by simple thermal decomposition of UNH at 350°C according to the following
reaction:

UO,(NO,),6H,0 U0, + 2NO, + %20, +6H,0 . @)

Severa batches (5-28 g each) were prepared by placing the weighed amount in an open porcelain dish
and heating dowly (~19min) to 350°C in a pot furnace. The sow heating was necessary to minimize the
sputtering of the materid as it thermaly decomposed. During this controlled heating, the solid UNH
melted/decomposed at ~150°C, followed by a change in the color of the residue from yellow-green to
light orange at ~250°C. X-ray diffraction (XRD) measurements of the product confirmed that the light
orange solid was anhydrous UO,. Branauer, Emmett, Teller (BET) surface area measurements yielded
areas of 0.49, 0.35, and 0.55 n¥/g, which were typica of that achieved by this method of preparation.

" Itis not dways clear under what conditions these stored oxides were prepared.
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2.1.1.2 U,0,

U,;0; was most conveniently prepared by further heating of the UO, product (see Sect. 2.1.1.1) to
650°C to effect the following reaction:

3UO0;, @ U,04 + %0, . )

As before, smal batches (7—12 g) were prepared, this time by heating to 650°C at 1-2°C/min in an open
porcelain dish and holding at temperature overnight to yield a black solid product. XRD andysis
confirmed that the product was U;O,. The BET surface area of 1.34 m?/g was typical for these
preparations.

2.1.1.3 U;0q containing 5% Gd,0,

To smulate the composition of Consolidated Edison Uranium Solidification Project (CEUSP)-type
materials that contain potentially hygroscopic Gd,O,, U;05 doped with Gd,O, was prepared by combining
asolution of Gd,O, with that of UNH and then evaporating the mixture to dryness. The Gd,O, solution
was prepared by dissolving 0.89 g Gd, O, (Reaction, 99.99%) in 10 mL of 6 N HNO, and stirring for 1-2
h to effect complete dissolution. Similarly, 30.2 g of UNH was dissolved in 35 mL of 6 N HNO;. The
two solutions were combined to produce ~60 mL of a clear yellow solution, which was then evaporated to
near dryness by heating to 80°C. When approximately 50% of the solution had evaporated, a yellow
solid precipitate (UNH with Gd,O;) began to appear. By careful control of the drying, most of the liquid
was alowed to evaporate, leaving a wet solid that was then transferred to a porcelain dish for further,
higher-temperature drying. The dish was placed in a furnace and heated dowly to 340°C, held overnight
at temperature, and then weighed. At this stage, the orange solid (the color typical of anhydrous UQO,)
contained about 5 wt % Gd,O, (yield/expected: 18.4/18.1). The material was returned to the furnace and
heated at 650°C overnight to produce black U;O4 according to the reaction in Eq. (2) (yield/expected:
17.96/17.73). The surface area was found to be 1.61 n?/g—similar to that of 1.34 m?/g obtained for the
neat U0, prepared by the method described in Sect. 2.1.1.2.

2.1.1.4 UOQO, using U;04 starting material

Uranium dioxide was prepared by heating U;O4in hydrogen at ~900°C to effect the following
reaction:

U,0 + 2H, © 3UO, + 2H,0. ©)

A 5.4-g portion of the U;O4 from one of the previous preparations was placed in a porcelain boat which,
in turn, was inserted in a silica tube horizontally positioned in a clam-shell furnace. The silica tube was
connected at one end to an O-ring joint (for loading access) fitted to an O-ring Pyrex vave to which a
0.635-cm (1/4-in.) Teflon® gas line was attached. The opposite end of the tube had a graded sedl to

trangition from silicato an O-ring Pyrex vave leading to a Teflon exit gasline. A flow of 4% hydrogen

3



in argon was introduced into the system at a flow rate of 100 mL/min. The furnace was heated to 896°C
over aperiod of 5 h and kept at this temperature for 42 h. A dark brown solid was obtained which XRD
analysis demonstrated was UO, containing a trace of U,O, (yield/caculated: 4.92/5.19). (Most of the
loss was incurred during the transfer from the porcelain boat to the storage container.) The BET surface

areawas found to be 0.06 m?/g—which is consistent with that expected for materia fired in this manner.

2.1.1.5 UO, using UQO; reagent

Elimination of the U0, intermediate alows the production of UO, directly from the trioxide, UQ,,
according to

UoO, + H, © UO, + H,0. (@]

A 7.53-g charge of UO, was loaded in the porcelain boat and placed in the same silica tube within the
clam-shell furnace. As before, a4% H, in argon gas stream was passed over the sample at 100 mL/min.
The furnace was heated to 550°C over a period of 2 h and kept at this temperature for 45 h. The product
on this occasion was obtained as a black solid which XRD anaysis identified as UO, containing traces of
U,0O, (yield/calculated: 6.92/7.11). Thisis apparently a better method for preparing UO, because of the
lower reaction temperature and thus reduced tendency toward sintering. The surface area determination
of 0.79 n¥/g is considerably higher than that of 0.06 n?/g—confirming the sintering of the material a
higher temperatures.

A summary of severa preparationsis given in Table 2.1.

Table 2.1. Summary of UO, preparations

Obtained weight (g)  Calculated weight (g) BET surface area

(?lg)

Uo, 2.9 2901 0.49
216 3.03

14,52 13.94 0.35

17.48 16.97 055

U.0, 11.99 12.10 1.34
6.59 6.92

U,0, (With 5wt % 18.4 18.1 1.61

Gd,0;)
uo, 4.92 5.19 0.06
6.92 7.11 0.79




2.1.2 Moisture Adsorption Study

A simple constant-humidity chamber was made by realizing the constant water vapor pressure over a
solution of known composition and enclosing such a solution in a standard glass dessicator to equilibrate
with the atmosphere within. If the solute component has no measurable volatility, as in the case of
sulfuric acid, the water vapor pressure can be set by merely adjusting the acid concentration to a
predetermined value. Sulfuric acid solutions have long been used for this purpose, and data reporting
water vapor pressure versus acid concentration (or specific gravity) are readily available (Table 2.2).2 A
dilute solution of sulfuric acid of the proper specific gravity was smply poured into the normally used
dessicant space below the dessicator sample plate. The uranium oxide samples were then placed on the
sample plate in open dishes so that they could equilibrate with the enclosed atmosphere in the dessicator.
These samples were weighed and stirred daily to expose fresh oxide surface to the atmosphere in the
dessicator after each weighing. Earlier work showed that the porcelain dishes themselves would adsorb a
measurable amount of moisture during the humidification process. Therefore, the empty dish was pre-
equilibrated in the system prior to placing the sample in the dish. This procedure of frequently stirring the
solid oxide powder achieved a maximum adsorption rate to establish a “worst-case” situation for moisture
adsorption. Relative humidities less than 100% were chosen to discourage water condensation on the
sampleitsalf, which could occur because of dight temperature variations. Two humidity values were
selected for this study: 97.5% (solution density = 1.05 g/mL) to present the maximum humidity to the
samples without risk of liquid condensation on the sample and 70% (solution density = 1.25 g/mL) to
present a humidity more typical of that which might be encountered in this geographic region. Thissmple
system thus provided a convenient means of tracking the moisture adsorption on apractical time scale,
while the frequent stirring exposed a maximum amount of sample to the humid atmosphere. Other
approaches could be used to produce varying rates and degrees of exposure, but it should be realized that
the results are very dependent on the particular method selected. Once the samples had been exposed to
moigture in the above fashion, they were examined by differential thermal analysis and thermogravimetric
anadysis (DTA/TGA) to establish the weight loss as a function of time during heating in an inert
atmosphere. In addition, other samples were smply heated in afurnace at three fixed temperatures (120,
400, and 650°C) to record the gross weight loss at each stage—an approach that one might use in actually
drying the stored 23U oxides.



Table 2.2. Constant humidity with sulfuric acid solutions“

Relative humidity (%)  Vapor pressure at 20°C

Density of solution (mm Hg)
1.00 100.0 174
1.05 97.5 17.0
1.10 93.9 16.3
115 88.8 154
120 80.5 14.0
125 70.4 12.2
1.30 58.3 10.1
135 47.2 8.3
140 37.1 6.5
150 18.8 33
1.60 8.5 15
170 3.2 0.6

“From Handbook of Chemistry and Physics, 41t ed. Chemical Rubber
Publishing Co., Cleveland, 1959, p. 2500.

2.2 GAMMA RADIOLYSIS EXPERIMENTS

Two different sources of gamma radiation were used: (1) the ORNL ®°Co irradiator and
(2) High Hux Isotope Reactor (HFIR) spent nuclear fuel (SNF) elements. At the completion of an

irradiation, gas and solid samples were taken and analyzed.

2.2.1 %°Co Irradiation Experiments

A J. L. Shepherd Mode 109-68 (Seria No. 654) 5°Co gamma irradiator, providing a dose rate of
about 10° rad/h, was used for the experiments (Fig. 2.1). A photograph of the irradiation chamber with
sample containersingtaled is shown as Fig. 2.2. A detailed description of the irradiator is provided in
ref. 2.

The exposure-rate profile provided by the manufacturer for the irradiator is shown in Fig. 2.3. The
reported exposure rate in the center of the irradiation chamber (i.e., the 100% rate) on December 9, 1977,



ORNL Photo 3063-2000

Fig. 2.1. ORNL ®Co irradiator.

ORNL Photo 3064-2000

Fig. 2.2. Irradiation chamber of ORNL ¢’ Co
irradiator with sample containers installed.



' ORNL DWG 99C-58

Fig. 2.3. Exposure-rate profile for ORNL *°Co irradiation chamber.
(Reported 100% exposure rate on December 9, 1977, was 1.85 x 10° R/h) (after ref. 4).



was 1.85 x 10° R/h.# Unpublished exposure-rate measurements made in 1982 and 1993 showed good
agreement with the expected exposure rate that was estimated from the manufacturer’ s data.®

To evaluate radiolytic yields (i.e., the number of molecules of a species produced per amount of
energy deposited in a material), the energy deposited in the irradiated materia (i.e., the dose) must be
known. Hence, the exposure rate (which is a measure of the amount of ionization produced in ar by
gammaor X-rays) must be converted to adose rate in the irradiated material. The method established in
American Society for Testing and Materials (ASTM) Standard E666-91was used to perform this
conversion.® This method is described in Appendix A to this report.

An auminum spacer disk, with nine evenly spaced holes, was placed in the bottom of the irradiation
chamber to hold sample containers. This spacer disk ensured that the samples remained in afixed
position throughout their insertion into and removal from the “irradiate” position. Additionally, because the
dose rate varies as a function of both the axial and radia position in the chamber (Fig. 2.3), the disk
provided a convenient means by which to index the sample container position. Asit turned out, the
configuration of the containers resulted in the irradiated materias being located in the 100%-exposure-

rate region of the chamber.

2.2.1.1 Sample containers

Sample containers, instrumented with pressure transducers, provided for the real-time monitoring of
pressure inside the container and for withdrawing gas samples at the end of an irradiation. The interior
volume of the containers and associated components (i.e., tubing, fittings, valves, and pressure
transducers) was minimized inasmuch as practicableto provide greater sensitivity to pressure changes
within the container.

The samples to be irradiated were placed in stainless stedl containers, each of which had a small-
diameter nickel" tube connected at one end for pressure sensing and a capped opening at the other end
for loading samples (Fig. 2.4). The sample containers were constructed from 11.75-cm (4.625-in.)-long,
1.27-cm (0.5-in.)-diam type 304L stainless steel tubing. The wall thickness of the tubing was 0.089 cm
(0.035in.). Oneend of the tube was welded closed with a 1.27-cm (0.5-in.)-diam, 0.159-cm
(0.0625-in.)-thick stainless stedl disk. A hole in the center of the disk was connected to 0.159-cm
(0.0625-in.)-diam nickel tubing [~ 84-cm (33-in.)-long]. A small disk of 100-mesh Monel was placed
inside the sample container and over the hole leading to the nickel tubing. This mesh prevented the
movement of particles from the sample container into the tubing. The sample tubing was connected to a
0.159-cm (0.0625-in.) stainless steel Swagelok® tee. The tee was then connected to (1) a 0.318-cm

" While nickel was not considered necessary for these particular experiments, it was part of a
system used in an earlier fluoride irradiation study.

9



ORNL Photo 3065-2000

Fig. 2.4. Sample container and
pressure transducer used in the
%0Co irradiations.

(0.125-in.) stainless steel Nuprd® vave and (2) a 0.635-cm (0.25-in.) Cajon® VCR gland with amale
Cajon VCR nut. The valve was oriented such that the metal valve seat(vs the valve bellows) isolated the
pressure-sensing line. The valve was capped with 2 0.318-cm  (0.125-in.) Swagelok plug, except during
container preparation (e.g., leak checks and volume measurement) and sampling operations. The Cajon
gland was used to mate the sample tubing to a MK S Baratron® pressure transducer (Type 127A).

These transducers were custom-made with 0.635-cm (0.25-in.) Cgjon VCR glands to minimize volume.
A nickel gasket was used to sedl the connection between the two Cgjon glands.

The other end of the stainless steel tubing was welded to a 0.635-cm (0.25-in.) stainless steel VCR
gland with afemale nut. Materid to be irradiated was loaded through this gland into the container. A
VCR plug and nickel gasket were used to close the opening in the sample tube. The overdl length of the
sample container was 17.8-cm (7-in.). Each container was etched with a unique number for
identification. One of the sample containers, S-7, was not fitted with the sampling tubing and pressure
transducer. This arrangement alowed only for withdrawal of gas samples at the end of an experiment,
but not for pressure monitoring.

Preparation of sample containers for their insertion into the 6°Co irradiator consisted of leak checks,
volume measurements, and loading of the samples into the containers. As part of their fabrication, the

containers were leak checked with air to a pressure of about 6.8 atm (100 psia).

10



Just before their use, the containers were leak checked again using both pressure (typically
~3 atm) and vacuum. The volume of the irradiation rig (i.e., the sample container, tubing, vave, and
pressure transducer) was measured by expanding helium from a known volume into the rig, observing the
pressure change, and applying the ideal gas law. The results of the volume measurements are presented

in Table 2.3. Samples were loaded with either an inert (helium) or air atmosphere in the container.

Table 2.3. Volume measurements of irradiation containers
as determined by gas expansion method

Container Volume (cm?)
Cdibrated volume” 153.9
S 141
S14 15.8
S15 17.3
S17 15.9
S18 16.1
S19 16.1
HFIR-2,3,4,5 70.5
HFIR-6-1 36.0
HFIR-6-2 53.8
HFIR-6-3 47.8

“Measured by weight of water required to fill volume.
»S-7 was not fitted with sensing tubing and a pressure
transducer.

11



2.2.1.2 Data acquisition system

A computerized data acquisition system was used to collect data during each irradiation (Fig. 2.5).
Vaidyne® hardware and software were used, providing up to eight data channels per card. Typical
parameters recorded during an irradiation included container pressure, temperature of selected containers,
and ambient pressure and temperature.

Omega® Type K thermocouples and MKS Baratron Type 127A pressure transducers were used to

measure temperature and pressure, respectively.

2.2.1.3 Materials irradiated

Samples of U,04 and UO; with varying water contents were used in these experiments. These
samples were prepared from one of the following: (1) materials on hand at ORNL (S-7, S-14, S-15);
(2) material produced in the conversion prototype’ (S-17); or (3) materials prepared at ORNL for the
water sorption studies, as described in Sect. 2.1.1 (S-18, S-19).

2.2.2 HFIR SNF Irradiation Experiments

To obtain higher dose rates, the HFIR SNF gamma irradiation facility, which islocated at ORNL, was
aso used. Samples can beirradiated in the HFIR SN pool by inserting them inside SNF elements (Fig.
2.6). The SNF eements are cylindrical with a hollow center. In its storage position in the SNF pool, a
cadmium deeve inside the hollow region of the element absorbs neutrons. Hence, the hollow region of
the fuel dement primarily provides agammafield for irradiation. The neutron flux in this region is about
100 neutronsecnt2 »s°1, The contribution of neutrons to the radiation damage is negligible when
comparted with the very large gammafield. Exposure rates vary from about 108 to 10’ R/h or lower,
depending on the time since the discharge of the SNIF from the reactor. The gammarray energy spectrum
for aHFIR SNF element 1 d after discharge from the reactor is shown in Table 2.4.8

M. W. Kohring measured the exposure rate inside HFIR SNF elements as a function of (1) axia
location within the element and (2) time since discharge from the reactor.® These measurements were
made for elements that had been operated at 100 MW for 21.5d (i.e., 2150-MWd burnup). Figure 2.7
shows the peak exposure rate as a function of time since shutdown. This exposure rate can be corrected
for the axia location of the sample by use of Fig. 2.8, which is adapted from ref. 9. In 1987, HFIR
operating power was reduced to 85 MW. This reduced power level necessitated an adjustment in the
reported exposure rates, and such an adjustment was calculated by Kohring.*® Kohring used the
ORIGEN computer code to calculate correction factors that needed to be applied to the measured

12
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Fig. 2.5. Photograph of
data acquisition computer in
operation at the ORNL ¢°Co
source.

ORNL Photo 3067-2000

Fig. 2.6. SNF elements in the HFIR SNF pool.
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Table 2.4. Gamma-ray energy spectrum for a HFIR SNF element 1 d after
discharge from the reactor”

Energy Upper bound (MeV)  Average energy in group Percentage of

group (MeV) tota energy in
group
1 0.02 0.01 044
2 0.03 0.025 044
3 0.045 0.0375 0.89
4 0.07 0.0575 0.56
5 0.1 0.085 104
6 0.15 0.125 2.66
7 0.3 0.225 5.66
8 045 0.375 448
9 0.7 0.575 26.94
10 1 0.85 26.82
11 15 125 6.89
12 2 175 21.06
13 25 225 0.88
14 3 275 124
15 4 35 0.01

Average energy = 0.93 MeV

“Adapted from D. F. Williams, G. D. Del Cul, and L. M. Toth, 4 Descriptive
Model of the Molten Salt Reactor Experiment After Shutdown: Review of F'Y
1995 Progress, ORNL/TM-13142, Lockheed Martin Energy Research Corp., Oak
Ridge Nationa Laboratory, Oak Ridge, Tennessee, January 1996.
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Fig. 2.7. Peak exposure rate in a HFIR SNF element as a function of time since reactor shutdown.
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exposure rates to account for the decreased operating power. These correction factors can aso be
caculated by use of the Borst-Wheeler formula!* which has been shown to be in good agreement with
the correction factors reported by Kohring.*? The correction factor is calculated by

-02_ (f +T)-O.2) (5)

cr(r) = 085" :
(£7°% (¢t +21.5)°%)

where
CF(?) = correction factor at time ¢ after shutdown (unitless),
t = time since shutdown (d), and
T = time of operation at 85 MW [= burnup (MWd)/85 MW] (d).

The factor 0.85 is smply the ratio of the new operating power level (85 MW) to the original operating
power level (100 MW). To evauate the dose rate to a sample, the exposure-rate data provided by
Kohring are adjusted based on the burnup of the element and the axid location of the sample. The
exposure is then converted to dose based on the method described in Appendix A.

2.2.2.1 Sample containers
Two types of vessals were used in the HFIR SNF irradiations. A single small vessdl was used to
irradiate one sample a atime. A larger vessel, containing multiple sample vessals, alowed for the

irradiation of up to four samples at one time.

Small-vessel experiments

The single small vessel has been used in a number of radiolysis experiments on Molten Salt Reactor
Experiment (M SRE)-type salts®*® and on fluoride impurities in uranium oxides2 This container (Fig. 2.9)
was fabricated from a 2.54-cm (1-in.)-diam, 8.9-cm (3.5-in.)-long nickel tube, which is sealed a one end
with nickel plate and has a Conflat® flange at the other end. A hole in the flange was connected to 6.1 m
(20 ft) of 0.318-cm (0.125-in.)-diam Monel tubing, which was then connected to an Ashcroft® compound
pressure gage and a valve for withdrawing gases.

Samples were loaded into the container through the flanged end, either in an inert-atmosphere glove
box or in air. The flange was then sealed with an aluminum gasket. Before the container was sent to the
HFIR for its insertion into an SNF element, the pressure in the container was increased to 1.7 atm (10
psig) with helium because of requirements imposed by HFIR personnel to maintain the container pressure

greater than the water pressure in the SNF pool. Therefore, even samplesinitialy loaded in air
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Fig. 2.9. Schematic of nickel container used in the HFIR SNF small-vessel
irradiations.
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had an overpressure of helium introduced. A sketch of the experimenta configuration used for irradiation
of samplesin HFIR SNF elements is shown in Fig. 2.10.

A lifting bail attached to the flange was used to direct the container into position in the SNF element.
Positioning rods on the lifting bail held the sample about 37 cm (14.5in.) above the bottom of the active
region of the fuel element.

This container was used in four of the experiments (HFIR-2, HFIR-3, HFIR-4, and HFIR-5), and the

void volume of the container is shown in Table 2.3.

Multiple-irradiation container

A multiple-irradiation container was used for the irradiation of up to four samples at once (Fig. 2.11).
Small sample containers consisting of 1.27 cm (0.5 in.)-diam Monel tubing were placed inside an outer
container, which was fabricated from 8.9-cm (3.5-in.)-diam, 44-cm (17.34-in.)-long stainless stedl pipe.
The outer container was closed at one end and had a Conflat flange on the other end. There were five
penetrations in the flange. Four of the penetrations were used to connect the smaller inner containers to
0.318-cm (0.125-in.)-diam stainless stedl tubing. The fifth penetration connected the void volume of the
outer container to 0.318-cm (0.125-in.)-diam stainless steel tubing. In each case, the 0.318-cm (0.125-
in.)-diam tubing was about 6.1 m (20 ft) long and was connected to a pressure transducer and to avalve.

Three of the sample containers (designated HFIR-6-1, HFIR-6-2, and HFIR-6-3) were used in these
experiments. The volumes of these containers are listed in Table 2.3. The samples were loaded in air
and the outer container was pressurized to 10 psig (as required by HFIR operations personnel) before the
experiment was transported to the HFIR for insertion in an SNF element.

2.2.2.2 Data acquisition system

For the small-vessel experiments, a Monel Bourdon pressure gage was used for the HFIR SNF
irradiations. The pressure gage and a valve were attached to a mounting bracket, which was clamped to
the edge of the SNF pool wall (Fig. 2.10). The container was then inserted into an SNF element, and
HFIR operations personne periodically recorded the container pressure.

For the multivessel experiments, Sensotec® (Model FPA, 0-50 psia) pressure transducers were used
for the four inner sample containers. A Kobold® (Model KPK, 30 in. Hg to 100 psig) compound pressure
transducer was used to monitor the pressure in the large outer vessel. The pressure transducer assembly,
mounted on a clamping plate, is shown in Fig. 2.12. Again, this assembly was clamped to the edge of the
HFIR SNF pool wall in the manner depicted in Fig. 2.10. A computerized data acquisition system was

used to record the pressure throughout the experiments.
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experiments with a HFIR SNF element.
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Fig. 2.11. Multiple-irradiation
container used in HFIR SNF
irradiations.
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i1 j & : + : _-‘
Fig. 2.12. Pressure transducer assembly that was

connected to the multiple-irradiation container and used in
HFIR SNF irradiations.
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2.2.2.3 Materials irradiated

Samples of U;04 and UO; with varying water contents were used in these experiments. These
samples were either from (1) material produced in the conversion prototype’ (HFIR-2, HFIR-3) or (2)
materials prepared at ORNL for the water sorption studies as described in Sect. 2.1.1 (HFIR-4, HFIR-5,
HFIR-6-1, HFIR-6-2, HFIR-6-3).

2.3 SAMPLING AND ANALYSES

At the completion of the irradiations, gas samples were withdrawn and analyzed by mass
spectrometry and Fourier transform infrared (FTIR) spectroscopy. To withdraw gas samples, the
irradiation rig was connected to a sampling rig (Fig. 2.13), which consisted of a sample cylinder for mass
spectrometry connected in seriesto a 10-cm FTIR gas cell. Zinc selenide windows were used in the

FTIR gas cells. The uranium valence of some solid samples was analyzed by Davies-Gray titration. #1516

ORNL DWG 99C-6862

FTIR
cell /— Sample cell
for mass
/ spectrometry
_:}]_[><]—_L|><} = To irradiation
L= {><} container
ﬂ {><} To vacuum

Fig. 2.13. Schematic of sampling rig used to withdraw gas samples from
an irradiation container.



3. RESULTS

The results from the water sorption studies are described in Sect. 3.1, while the results from the

gamma radiolysis experiments are presented in Sect. 3.2.

3.1 WATER SORPTION STUDIES

For the water sorption studies, samples were first placed in an atmosphere of known humidity and the

weight increase in the sample was recorded as a function of time. Desorption of the water from the

sample was then studied by heating in afurnace or through the use of aDTA/TGA apparatus.

3.1.1 Humidification of Uranium Oxides

The rate of humidification (i.e., the rate at which the oxides adsorbed water from an atmosphere of
constant humidity) was examined at high (97.5%) and moderate (70%) relative humidities. Still lower
humidities could have been examined and would certainly produce lower rates of humidification.
However, these lower-humidity studies were not deemed necessary for testing after seeing the dramatic
trends represented by the data for 97.5 and 70% humidification.

3.1.1.1 UO,

Two moisture adsorption tests have been performed with anhydrous UO, exposed to 97.5% humidity
using differing amounts of materia (2 and 12 g, respectively). Both tests showed rapid initid rates of
adsorption followed by slower rates until saturation was reached. Figure 3.1 gives the percentage weight
gain as afunction of time for the two samples. The 2-g sample increased 14% in weight after 24 h and
continued to gain weight, reaching weight gains of 28 and 33% after 10 and 28 d, respectively. The 12-g
sample gained 5.3% in 24 h, 22% in 20 d, and continued to gain until it reached 23%. On the shorter time
basis, the 12-g sample showed as much as a 40-mg increase (0.33%/h) initially (as measured &fter the
first hour), then falling off to 20 mg/h through the first day to give the average 5.3% for the first 24 h.

When the rate of moisture adsorption was examined for the atmosphere of 70% relative humidity, a
4-g sample of UO, showed 6.7% weight gain in 24 h and then reached 14% after 3 d. No further weight
gain was noted for the sample. After reaching this point, the sample color had changed from bright
orange to the yellow that istypica of the UO, hydrate. The observed weight gain is representative of
~2.5% more water weight than that found in the hydrate itself (containing 11.2% by weight of H,O).

A comparison of the moisture adsorption for the 97.5 and the 70% relative humidities is shown in

Fig. 3.2
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3.1.1.2 U,04

In asimilar manner, two determinations of moisture adsorption rate have been performed on U;04
samples at 97.5% relative humidity. Asshown in Fig. 3.3, both of these tests showed much lower rates
of adsorption than found for the UO; samples. A 2-g sample of U,O, gained 0.47% weight in 24 h and
reached 1.6% after 15 d. A 9-g sample of U,0O4 showed 0.35% weight gain in 24 h, 1.68% after 20 d,
and reached 2.8 % after 43 d. This sample continued to gain weight in the 97.5% humidity, reaching 8%
after 200 d. When anhydrous U;05; was placed in a 70% humidity environment, the rate of adsorption
was reduced by about half and approached a limit of 4-5% after 200 d. A similar sample that also
contained 5 wt % of Gd,O,; was examined because it had been predicted that the presence of a more
hygroscopic oxide mixed with U;O4 would increase the rate and amount of moisture adsorption.
However, this sample showed moisture adsorption rates similar to those of the neat U;Og. Tests of the
rate of humidification of neat Gd,O, (data not shown in this report) confirmed that it did not adsorb
moi sture from these humid atmospheres at any faster rate than did the pure U,O4 samples. Therefore, no
effect from the added Gd,O, could be seen.

3.1.1.3 UO,
Uranium dioxide did not gain any weight in the atmosphere of 97.5 % relative humidity over a period

of 1 month when measured by these techniques.

3.1.2 Drying Uranium Oxides

The rate and extent of moisture loss from the uranium oxides were examined in two ways. (1) smple
oven drying at selected fixed temperatures and (2) TGA analysis. Because the percent of weight loss
can be represented as either the loss as a function of the moisture-saturated sample or the lossas a
function of the dry reference sample, we express the percentage loss in both ways, indicating the latter
with an asterisk (*). The advantage of the latter representation is that it can be compared directly with
the moisture-gain tests, which also were expressed as percentages based on the anhydrous starting
material.

The moisture-saturated UO, sample lost 20.28% (25.45%)" of weight after being heated at 120°C
overnight, then lost additional moisture to attain a weight loss of 24.6% (32.6%)" after being heated at
400°C overnight, and findly reached atotal weight loss of 25.2% (33.81%)" after being heated at 650°C
for another 24 h. The TGA of this moisture-saturated sample, Fig. 3.4, showed atotal weight |oss of
24.7% (32.83%)" at a heating rate of 60°C/h and 21.4% (27.2%) at a 120°C/h hegting rate.
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The moisture-saturated U;O4 sample lost 0.96% (0.97%)" of its weight after being heated at 120°C
overnight, then reached 1.40% (1.43%)" weight loss after being heated at 400°C overnight, and finally
reached a total weight loss of 1.65% (1.68%)" after being heated at 650°C for another 24 h. The drying
rate at 150°C of such a sample in the TGA system, where the sample was inserted and then heated
quickly to a holding temperature of 150°C, is shown in Fig. 3.5. After 100 min at this temperature, a
0.61% weight loss was observed, after which no further weight change occurred. The TGA of this
moi sture-saturated sample gave atotal weight loss of 1.74% (1.77%)" a a heating rate of 60°C/h and
1.62% (1.64)" at 120°C/h. Typical DTA/TGA anayses of two different U,04 samples are shown in Fig.
3.6, with the most significant change being the moisture loss between 100 and150°C. The drift in the
TGA line beyond 150°C istypical for TGA analyses on this system. The sample showing the larger
weight loss was run to verify the changes seen in the other sample and agrees very well with the former.
Both of these samples were loaded to approximately 5 wt % with moisture in the 97.5% humidity. The
DTA shows a smdl inflection at 100-120°C, which is consistent with the mgjor change in the TGA lines.
The gradual downward drift of the DTA line beyond 400°C is another artifact typical of this system and is
not indicative of any changes in the sample itself. Table 3.1 summarizes the results from the water

sorption experiments.

3.2 GAMMA RADIOLYSIS EXPERIMENTS

Irradiation experiments were conducted for a number of uranium oxide samples using either the
ORNL ®°Co source or HFIR SNF elements. Table 3.2 provides a summary of the irradiation experiments
performed. The results obtained from the radiolysis experiments are presented in Sects. 3.2.1 through
323

3.2.1 Pressure Measurements

Pressure within the sample containers was monitored throughout the irradiations, and the pressure
data from each of the experiments are shown in Figs. 3.7-3.18. The pressure and gas yield (millimoles of
gas per gram of sample) are plotted as a function of dose in each of the figures. The gasyield was

calculated using the ideal gas law.
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Table 3.1. Humidification/Drying tests of uranium oxides

Weight loss (%)

Relative
Compound hu?;/l()(;lty ;;(2 %r)z) Oven drying TGA
120EC 400EC  650EC 60EC/h 120EC/h
(16 h)® (24h?  (24h)?
uo, 97.5 33 255 32.6 33.8 32.8 27.2
975 23
70 14
U,;04 97.5 1.6 0.97 143 1.68 1.77 164
97.5 8.0
70 4.0
uo, 97.5 0 0

@ \WWeight loss based on origind dry sample. See description in text.
> Time sample was held at indicated temperature.
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Table 3.2. Summary of irradiation experiments performed

Container Material Mass Initial Irradiation Total
(9) atmosphere source dose (rad)”

S7 U,0, dry 122 Helium ®Co 18x 10

S15 U,0; with 0.7 wt % H,O 71 Air/Heliunt Co 25x 10°

S17 U,0, dry with 1.4 wt % 80 Helium ®Co 22x 10
fluoride

S19 U,0; with 0.89 wt % H,O 11.22 Air/Heliunt ®Co 22x10°

HFIR-2 U,0, dry with 1.4 wt % 29.963 Helium HFIR SNF 3.0x 10"
fluoride

HFIR-3 U,O; with 1.4 wt % fluoride 32.963 Air/Heliunt HFIR SNF 45 x 10"
and 9.1 wt % H,0

HFIR-5 U,0, with 1.04 wt % H,O 30.0 Air/Heliunf HFIR SNF 8.2 x 10"

HFIR61  U,0,with5wt % Gd,O, 96 Air HFIRSNF  3.3x 10
and 1.48 wt % H,O

HFIR-6-2 U,0, with 6 wt % H,O 14.2 Air HFIR SNF 3.2 x 10"

S14 UOLxH,O with 1.8 wt % 56 Air/Heliunt %Co 25x 10°
H,O

S18 UO,C2H,0 with 2.47 wt % 9.95 Air/Heliunf ®Co 22x 10
sorbed H,0O

HFIR-4 UO,L2H,0 30 Air/Heliunt HFIR SNF 3.7 x 10"

HFIR-6-3 uQ, 17.9 Air HFIR SNF 3.3 x 10"

“W-h/g = 3.6 x 10° rad.

’Not instrumented for pressure.

“Sample container was leak checked with helium prior to opening for loading. Although the sample was
loaded in air, some of the helium was still trapped within therig. Therefore, theinitial atmosphere was air/helium.

‘Dose based on 0.93-MeV average gammaenergy.

¢Sample was loaded in air but was backfilled with helium to 1.7 atm (10 psig) before delivery to HFIR for
installation—a HFIR operations requirement that the pressure in the container be greater than the SNF pool
pressure.
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Fig. 3.11. Pressure and gas yield as a function of dose for sample HFIR-3 (HFIR SNF-irradiated U;O, with
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5 wt % Gd,0; and 1.48 wt % H,0, loaded in air). (Vertical discontinuities represent SNF element changes. See text for full
explanation.)



4%

ORNL DWG 2001-03978

1250 ( 0.06
T 0.05
L ]
1150 A
T 0.04
1050 T 0.03
—_ T002 &
5 950 3
LS, u E
m S
< 1001 3
o 850 @
T0 o
250 - 1 001
T -0.02
650
T -0.03
550 T T T T T T T T T -0.04
0 10 20 30 40 50 60 70 80 90 100

Dose (W-h/g)

Fig. 3.14. Pressure and gas yield as a function of dose for sample HFIR-6-2 (HFIR SNF-irradiated U;04 with
6 wt % H,O0, loaded in air). (Vertical discontinuities represent SNF element changes. See text for full explanation.)
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Fig. 3.15. Pressure and gas yield as a function of dose for sample S-14 (*°Co-irradiated UO,°xH,0 with
1.8 wt % H,0, loaded in air/helium).
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Fig. 3.16. Pressure and gas yield as a function of dose for sample S-18 (*°Co-irradiated UO;C2H,0 with 2.47 wt %
sorbed H,0, loaded in air/helium).
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Container temperatures in the 8°Co irradiator were measured to be about 28°C. The temperaturein
the HFIR small-vessdl irradiations was assumed to be 40°C—the temperature at which the SNF pool
water is maintained. For the HFIR multiple-vessel irradiations, the temperature was estimated from the
change in the pressure in the outer vessel that surrounded the sample container. This temperature
typically ranged from 50 to 60°C, with severa short transients upon insertion of the experiment into a
fresh element or because of lowering of the pool temperature by HFIR operations personndl. Figure
3.19 shows the estimated temperature profile for containers HFIR-6-1, HFIR-6-2, and HFIR-6-3.

Figures 3.7 through 3.14 present results from the irradiation experiments for the U;O4 samples.

Each of these experiments showed only a minor increase in pressure, with most exhibiting an overall
pressure decrease. All of the U;0, samples that had sorbed water and were loaded in air (Figs. 3.7, 3.9,
3.11-3.14) showed a pressure decrease. The two samples that had no sorbed water and that were
loaded in helium showed only a small pressure increase, which could be attributed to the heating of the
container.

Figures 3.13 and 3.14 both present results from the multiple-irradiation-container experiments. For
these samples, arapid initial pressure increase was seen, followed by a steady pressure decrease. After
adose of about 38 W-h/g was reached, these samples were placed in afreshly discharged SNF element
(~5 d since discharge from the reactor). The heat generated by this element caused the pressure in the
sample containers and the outer vessal to increase rapidly. Because the pressure in one of the
containers was greater than a predetermined safety-action level, the experiment was removed from the
SNF element. After the element cooled for an additional 12 d, the experiment was reinserted. Again,
the pressure initialy increased but then began to go down. For both HFIR-6-1 and HFIR-6-2, the
pressure went to vacuum.

Findly, note the pressure dip at a dose of about 80 W-h/gin Figs. 3.13 and 3.14. Thisdip was
caused by changing of the SNIF pool temperature for maintenance activities, which resulted in alowering
of the temperature to about 32°C (Fig. 3.19).

Results for the irradiation experiments with UO; «xH,O are shown in Figs. 3.15-3.18. Each of
these experiments, except for HFIR-4, showed a pressure decrease. In the case of HFIR-4, the

pressure increased about 10 psi to a plateau.
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Figure 3.18 shows results from the multiple-irradiation-container experiment. This sample
(HFIR-6-3) was irradiated along with HFIR-6-1 and HFIR-6-2, and the pressure fluctuations observed
were caused by the same events described for Figs. 3.13 and 3.14.

Figure 3.20 clearly depicts the effect of radiation on samples HFIR-6-1, HFIR-6-2, and HFIR-6-3.
This plot shows the sample pressure as a function of time. Note that when the samples are inserted into a
SNF dement, thereis an initia pressure increase, followed by a steady decrease. During the time the
samples are out of the SNF element, the pressure is steady. Then when the samples are reinserted into

the SNF element, an initia pressure increase is observed, followed by a pressure decrease.

3.2.2 Gas Analyses

Results from the gas analysis of the U;O, samples are presented in Table 3.3, while those from the
gas analysis of the UO,exH,O samples are presented in Table 3.4.

For the samples loaded in air, some insight into the radiolytic effects on the samples can be gained by
comparing the fina gas composition with an inert component of the air, namely argon, that acts as an
internal standard. In Tables 3.5 and 3.6, such comparisons are made for the U;0O4 and UO;exH,O
samples, respectively. For most of the samples, the O, is depleted while the CO, and H, levels are
elevated. In the case of sample HFIR-3, the gas was primarily helium (~96%); therefore, the comparison
may not be appropriate. (This sample was leak checked and backfilled with helium after loading.) A
relatively large amount (~10 vol %) of H, was produced by the irradiation of HFIR-4 (UO;e2H,0). Small

concentrations of either NO or NO, were reported for many of the samples.

3.2.3 Solids Analyses

Severa samples were analyzed by Davies-Gray titration to eval uate the valence of the uranium.4-16
Results of these analyses are summarized in Table 3.7. Sample HFIR-4 (UO,¢2H,0) appeared green
after irradiation—changing from bright yellow. Uranium (1V) is characteristically green; however, no
U(IV) was detected in the sample. Analysis of a sample from HFIR-6-3, which was UO;, also revealed
no U(1V). Samples HFIR-6-1 and HFIR-6-2, which both contained U0, showed a reduced amount of
U(IV) after irradiation as compared with that expected for U;O5.
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Table 3.3. Results of mass spectrometric analysis (vol %) of gas composition from U;O,4 samples

irradiated in either the ®°*Co source or HFIR SNF elements

., S5 GoST sw o (MPR2 0 (Gum  Gowm  wARe2
Component (U,0, dry) (U305 with LAt % (U0, with 0.89 LAt % 14wt % f! uoride  5wt%Gd,O, (U,04 with
0.7 wt % H,0) fluoride) wt % H,0) fluoride) and with and 1.48 wt % 6 wt % H,0)
9.1wt % H,0) H,O)
Initial Helium Air/Heliunf Helium Air/Heliurt Helium Air/Heliunt Air Air
atmosphere
N, 0.72 486 218 54.29 2.03 17 99.32 95.55
He 99.01 40.22 96.21 36.7 96.11 95.64 <0.01 <0.01
H, <0.01 0.01 0.02 0.01 0.004 0.016 0.05 144
Co, 0.09 0.61 041 0.27 173 0.72 042 0.3
Ar 0.02 057 0.31 0.64 0.03 0.04 116 112
o, 0.03 9.88 0.78 79 0.04 186 0.008 151
HF/Ar? 0.01 0.07 0.06 012 0.005 <0.001 <0.01 <0.01
F, <0.01 <0.001 <0.001 <0.001 <0.01 <0.01
CH, 0.01 0.0003 0.004 <0.001 0.005 0.007
CF, 0.02 <0.01 <0.001 <0.01
CO <0.01 <0.01 <0.001 <0.01 <0.01
NO 0.016 <0.001 0.02 0.003
NO, 0.03 0.06
H,O 0.09 0.015 0.02 0.03 0.04

“Sample container was lesk checked with helium prior to opening for loading. Although the sample was loaded in air, some of the helium was till trapped within

therig. Therefore, theinitial atmosphere was air/helium.
bSample was loaded in air but was leak checked and backfilled with helium to 1.7 atm (10 psig) before delivery to HFIR for installation—a HFIR operations

requirement that the pressure in the container be greater than the SNF pool pressure.



Table 3.4. Results of mass spectrometric analysis (vol %) of gas
composition from UQ,;CxH,0 samples irradiated in either
the °°Co source or HFIR SNF elements

S14 S18 HFIR-4 HFIR-6-3
Conperer | OO UOiZOWN (OGO 1U0)
H,0) H,0)
Initial Air/Heliun? Air/Heliun? Air/Heliun? Air
atmosphere
N, 54.8 4835 3734 93H
He 331 3452 51.49 <0.01
H, 0.25 0.83 1046 0.007
Co, 252 304 044 125
Ar 0.63 0.56 024 114
0, 847 1247 0.0005 34
HF/AP* 0.08 011 <0.01
F, <0.01 <0.001 <0.01
CH, 0.003 0.007 0.007
CF, <001
CO <0.01 <0.01 014
NO 0.12 0.07
NO, 011
H,O 0.02 004 0.02

«Sample container was leak checked with helium prior to opening for
loading. Although the sample was loaded in air, some of the helium was till
trapped within therig. Therefore, the starting atmosphere was air/helium.

bSample was loaded in air but was leak checked and backfilled with
helium to 1.7 atm (10 psig) before delivery to HFIR for ingtalation—a HFIR
operations requirement that the pressure in the container be greater than the
SNF pool pressure.
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Table 3.5. Comparison of gas composition (relative to argon) for a standard air
composition and for irradiated U;O4; samples

Ratio Standard air composition® S15 S19 HFIR-3 HFR-6-1 HFR-6-2
O,:Ar 247 17.33 12.34 46.50 0.007 135
CO,:Ar 0.03 107 042 18.00 0.36 0.27
Ny:Ar 83.98 85.26 84.83 4250 85.62 85.31
H,:Ar 0.00005 0.018 0.016 0.40 0.043 129

“From CRC Handbook of Chemistry and Physics, 73rd ed., D. R. Lide, ed., CRC Press, Boca Raton,

Florida, 1992.

®Original sample atmosphere was primarily helium.

Table 3.6. Comparison of gas composition (relative to argon) for a standard air
composition and for irradiated UO;°xH,0O samples

Ratio Standard air composition® S14 S18 HFIR-4 HFR-6-3
O,:Ar 2247 1344 2227 0.002 298
CO,:Ar 0.03 4.00 543 183 110
N,:Ar 83.98 86.98 86.34 155 8240
H,:Ar 0.00005 0.39 1.48 4358 0.006

“From CRC Handbook of Chemistry and Physics, 73rd ed., D. R. Lide, ed., CRC Press, Boca Raton,

Forida, 1992.
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Table 3.7. Results of analysis of samples for U(IV) content

Percentage of U as U(1V)

Experiment Materia )
Theoretical for After irradiation
unirradiated sample
HFIR-4 UO,C2H,0 0 0
HFIR-6-3 Uo, 0 0
and 1.48 wt % H,O

4. DISCUSSION

4.1 WATER SORPTION AND DESORPTION

As stated earlier, it was not practical to study the exact materias in question—namely, the
2331 oxides such as those in storage at the ORNL Building 3019 storage facility—due to the high gammafield
associated with the 232U impurity. Therefore, it was necessary to obtain surrogate materials (i.e., 238U) that
would closely match those properties anticipated in the actual stored materials and to irradiate these
surrogates with high fluxes of gamma radiation to doses that approached those expected in the 233U oxides
after years of storage.

The synthesis of these oxides produced materia of relatively low surface area that was dry to the extent
that could be achieved by the preparative method. After preparation, the oxides were kept in closed
containers within a standard dessicator to prevent any extended premature exposure to atmospheric moisture.
While more rigorous methods employing inert-atmosphere glove boxes could have been used, it was
considered unnecessary due to the limited amount of water that would be encountered during this brief
handling. The merit of this decision was corroborated by the actua radiolysis experiments that followed.
These showed that the “dry” materias, as produced for this work, showed no pressure increase due to
gammaradiolyss.

The design of an experimenta plan for studying the radiolysis of moisture associated with the uranium
oxides—as the study is related to addressing problems that might be encountered in the practical storage of
these oxides—should first consider the quantity of water that might possibly pose a problem. Should it be the
first monolayer of adsorbed water, afew percent, or as much water as that produced in saturating the
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sample? With experience from previous work, it was clear that looking at the adsorption and subsequent
radiolysis of the very first molecular layers of moisture on these oxides would not produce any measurable
radiolytically generated gas pressures. Even though the careful examination of the first few monolayers and
their subsequent radiolysis might involve more sophisticated and costly scientific techniques, it would do little
to answer the practical questions of storage. A strong indication exists that if radiolytic pressurization were to
be a problem, it would be so only at higher moisture contents. Therefore, the more e ementary approach of
smply adsorbing macro quantities of moisture over a period of time and then examining the radiolysis of these
samples was the most direct way to obtain the necessary answers. |If loadings of water from a few percent
to total saturation of the sample produced no unexpected pressurization of the sample containers or
unacceptable hydrogen concentrations, then it would be safe to conclude that the irradiation of the first few
molecular layers of moisture on the oxide would be inconsequential.

Additionally, the procedure for studying moisture adsorption rates must be carefully defined. It must be
specified whether the bulk sample is: (a) permitted to sit undisturbed in the atmosphere of controlled humidity
where only alimited amount of surface is exposed, (b) stirred in the humid atmosphere to exposure fresh
surfaces, (c) spread thinly over alarge area to expose the maximum quiescent surface, or (d) loaded in a
column through which a humidity-controlled carrier gas is passed. Obvioudy, each of these methods would
produce different results, and the establishment of a* standard exposure” would be impossible.

To maximize the exposure rate and to mimic conditions most typical of handling the actual 23U oxides, it
was decided that periodic stirring of the particulate oxides in a humid atmosphere (“b” above) most closdy
reproduced exposures representative of those that might be encountered in storage/handling operations.

Adsorption rates are also most sengitive to the surface area of the adsorbing species. It is possible that
some of the stored materials could be of much greater surface area and would, consegquently, show much
higher rates of adsorption using any of the procedures previoudly cited. Nevertheless, the surrogate oxides of
this report were prepared according to standard procedures similar to those used for the 233U oxides and
should, therefore, produce material with similar surface areas. (It was not possible to obtain representative
surface area data for the actual stored oxides. However, it was subsequently learned!’ that the surface area
for the stored 233U,0, ranged from 2 to >6 n¥/g. While somewhat greater than the 1.34-1.61 n/g found for
the materia used here, the difference was not considered great enough to produce significantly different
results from those reported here)) Asit will be shown later, al of these conditions or properties that control
moisture loading rates would have little impact on the radiolytic results because the presence of moisture
adsorbed on the samples was never found to cause any pressurization problems.

In selecting the relative humidities at which to perform this study, two factors influenced this decision: (1)
testing under the worst possible conditions (i.e., those near 100% relative humidity) and (2) testing under the
typical humidity conditions anticipated for East Tennessee, the location of the ORNL storage fecility. Lower

relative humidities would naturaly produce much lower rates and could be examined if the current work
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showed some merit in pursuing such data. The investigation of oxides exposed to moisture from low-humidity
atmospheres was not warranted, because no significant effects were seen—even in the more highly loaded

samples.

4.1.1 UO,

Uranium trioxide is different from the other two oxides considered in this study because it forms awell-
characterized hydrated compound, customarily written as UO,;+2H,0. The structure of this apparent
dihydrate is actualy UO,(OH),*H,0O, which has only one hydrating molecule attached to a dihydroxy uranyl
species.'® The anhydrous form (as prepared) is a orange-colored compound; and, when it forms the hydrated
species, the orange compound becomes yellow.

Figure 3.1 shows that the very high humidity conditions (97.5%) produce a rapid rise in moisture content
that finally plateaus after about 1 month. The difference in initia rates between the 2- and the 12- g samples
is undoubtedly due to the larger relative (macroscopic) surface areathat is exposed in the former. It is not
clear why the 2-g sample plateaus at a higher moisture content than the 12-g sample— this result could be
just subtle differences in the methods of preparation that have not been fully elucidated.

Figure 3.2 shows the water sorption data for the 12-g sample compared with those for a4-g sample in
70% humidity. Again, the smaller sample had a dightly higher initia rate of sorption. As before, this finding
probably caused by the larger relative surface area exposed to the atmosphere. The significant observation in
70% relative humidity is that the moisture content plateaued quickly at 14%, very close to the water content of
the hydrated form. It is quite apparent that an equilibrium water vapor pressure for the hydrated form of UO,
exigts, below which the hydrate will not form. However, we were not able to measure this value since we did
not pursue lower values of the relaive humidity.

The TGA results of Fig. 3.4 show an interesting two-step weight loss in flowing argon. Thefirst step
comes rather sharply at approximately 100°C, followed by a more gradual loss between 100 and 400°C, which
istypical of the weight-loss profile for two different forms of water associated on the oxide. The first loss of
water (at approximately 100°C ) is undoubtedly due to the true hydrated water molecule,

UO,(OH),*H,0 © UO,(OH), + H,08, (6)
wheresas the second |oss (between 100 and 400EC) represents the conversion of the dihydroxide form to the
smple oxide,

UO,(OH), © UO, + H,08. ©)
These results are consistent with the UO, production experience that temperatures in excess of 350°C are

required to produce the anhydrous form.



Above 400°C, decomposition of the UO, to U;0O4 occurs in accordance with the same mechanism used
to prepare the U;0, material [See Eq. (2)] and isindicated by the dight step at approximately 570°C. Thisis
not representative of moisture loss from the sample but instead reflects a decomposition of one oxide form to
another. The decrease in weight due to the U;Og4 formation, which should be 1.86%, is found to be 1.78%".
This result indicates that conversion of U;O4 is practicaly complete and that dry UO, existed after the 400°C
heat treatment. Therefore, heating UO, to 650°C not only dries it thoroughly but also convertsit to U,O,.

4.1.2 U,0,

The triuranium octaoxide form (a name not commonly used for U,O,) does not adsorb moisture to the
extent that uranium trioxide does, nor isit known to form a hydrate. Asshown in Fig. 3.3, even after 200 d of
exposure (with intermittent stirring) in a 97.5% relative humidity condition, the oxide reaches only 8%
moisture content. About one-half of that value is reached under more normal humidity conditions with a
relatively uniform rate of adsorption.

Drying this oxide was a smpler physical process, as shown by the drying at 150°C (Fig. 3.5) and the
DTA/TGA (Fig. 3.6). The mgor weight loss occurs at 150°C, followed by no change in weight theresfter.
These observations are similar to oven drying operations of a second aliquot from the same U,O4 batch that
had been loaded to 1.6% moisture content in 97.5 % relative humidity. As noted in the Sect. 3, significant
water loss (0.97/1.6) occurred on drying overnight at 120°C and «!/! of the adsorbed moisture was removed
after holding at 650°C for 24 h. (Note the difference between the 150°C temperature for the major water
removal from U,;O, and that of 400°C for UO;—which is due, in the latter, to the necessity to decompose the
uranyl dihydroxide bonds shown in EqQ. [7].) Higher temperatures are unnecessary. Nevertheless, let it be
previewed again that the actual gamma radiolysis data in the following section show that removal of this

moisture is unnecessary.

4.1.3. UO,

Uranium dioxide showed no weight gain on exposure to the humidification apparatus—even a 97.5%
relative humidity. Therefore, the attempt to measure weight loss as a function of heating temperature and
time was considered unnecessary. The adsorption of small amounts (e.g., monolayers) of moisture cannot be

discounted as a result of this study; it certainly does occur in any normal surface/gas exposure situation.

"From Table3.1: (100 132.6) = 67.4% (dry weight of UO;);
33.8 1 32.6 = 1.2% (lost on hesating at 650°C);
a (1.2/67.4) x 100 = 1.78%.
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Because no pressurization was produced from the other oxides that contained only these cursory exposures to
moisture, no pressurization is anticipated for such UO, samples.

Material of higher surface area than that used here (see Table 2.1) would probably adsorb measurable
amounts of moisture. However, results from the gamma radiolysis experiments for U;O, demonstrated that
higher moisture contents will not result in pressurization. 1t should aso be noted that the preparation of UO,
at higher temperatures leads to a sintering of the oxide with accompanying reduction of surface—as shown
by comparison of the two UO, samplesin Table 2.1 prepared under different temperature conditions.
Nevertheless, for both of these low-surface-area materials, no measurable adsorption of moisture was

observed.

4.2 GAMMA RADIOLYSIS EXPERIMENTS

4.2.1 U,0,

For the samples with no sorbed moisture (S-7, S-17, and HFIR-2; each loaded in helium), essentialy no
gases were produced. The small pressure increase to a new steady value seen for these samples (see Figs.
3.8 and 3.10) can be attributed entirely to the heating of the sample during irradiation.

For the samples with sorbed moisture, the overall trend exhibited was the consumption of O, and the
production of small amounts of CO, and very small amounts of H,. Small amounts of NO or NO, were
identified as present. Additionally, an overall pressure decrease was noted in each of these samples upon
irradiation. It is clear from examination of Fig. 3.20 that radiation plays arole in the pressure decrease. The
pressure decreases during the SNF irradiation and remains steady upon removal of the sample from the SNF
element.

The most obvious change for most of the samples with sorbed moisture (with the exception of HFIR-3)
was the consumption of O,. (The atmosphere over HF R-3 was primarily helium, and as a result, the small
amount of other gases present may not provide sufficient evidence to draw conclusions regarding an air
atmosphere.) Possible sources of O, consumption include nitrate formation from the radiolysis of moigt air,
CO, production, and oxidation of the U;O,. The following considerations lead us to conclude that al of these
play some role during the current irradiations.

Theradiolysis of moist air is known to produce nitrogen oxides.’*?! The observed pressure decrease
could result from the production of nitrogen oxides that subsequently sorb onto the uranium oxide surface.
However, the N,:Ar ratiosin Table 3.5 are, with the exception of that for HFIR-3, near the expected value.
It is not clear that any of the N, has been depleted and, athough small amounts of NO or NO, were reported
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for these samples, the production of nitrogen oxides appearsto play only asmall direct role in O, depletion.
Nitrogen oxides may, however, play an indirect role in the O, depletion through subsequent oxidation of the
uranium oxide.

Oxygen could aso be consumed through the production of CO,. The CO, level was elevated in each of
the gas samples from the U;O, experiments. However, the amount is too small to account for the total
amount of O, that was depleted.

The oxidation of the U;O4 to higher uranium oxides (i.e., towards UO,) could account for O, depletion
aswell. Only asmal amount of the total uranium (<1 wt %) would need to be oxidized to consume al of the
O, initidly present over the sample. This type of mechanism would be self-limiting because alower pressure
limit would be approached as the O, was depleted—a behavior that is clearly depicted in Figs. 3.13 and 3.14.
Radiation-induced oxidation of UO, has been extensively studied, and refs. 2 and 22 provide a summary of
the literature. Many of these studies have focused on the effect of moisture (and, hence, the radiolytic
products of water) on the oxidation of UO, to higher oxides. A number of authors (e.g., Refs. 23-27) have
shown that the irradiation of UO, in the presence of moisture significantly increases the oxidation of UO, to
higher oxides (up to hydrated UO;). The presence of nitrogen oxides has aso been shown to enhance the
oxidation of UQ,.28:2°

The results of the U(IV) analysis of samples from HFIR-6-1 and HFIR-6-2 (Table 3.7) indicate that
some of the uranium in these samples has been oxidized. 1n both samples, the amount of oxygen consumed
does not account for al of the oxidized uranium. These samples both had sorbed moisture present, which
could also contribute to the oxidation. In fact, HFIR-6-2, which had about 4 times as much water present as
did HFIR-6-1, was significantly more oxidized than the latter.

Figures 3.13 and 3.14 exhibit a small pressure increase upon insertion of the samplesinto the SNF
element. The pressure is then seen to steadily decrease. Theinitia pressure increase islikely the result of
the radiolysis of the water present on the sample (the forward reaction). However, as back reactions occur,
the overall pressure decreases as the O, is consumed.

The radiolysis experiments demonstrate that steady-state limiting pressures are aways attained for U;Og
and that neither large pressures nor unacceptable H, concentrations are produced. Additionally, the initia
moisture content of the sample did not change this outcome, demonstrating that it is not necessary to go to
extraordinary means to dry the sample. For samples|oaded in an air atmosphere, irradiation resulted in the

consumption of O,. The most likely sink for the O, was in the further oxidation of the U,Os.

4.2.2 UO,
Except for HFIR-4, each of the UO,CxH,0O samples exhibited a pressure decrease upon irradiation, and
small amounts of either NO or NO, were reported. Table 3.6 shows that for most of the samples, the O, is

depleted. The fate of the O, is not as clear as it was for the U0, samples. Again, small amounts of NO or

58



NO, were measured in the gas samples, but the N, does not appear to be depleted appreciably. The amount
of CO, issggnificantly higher in each of the samples, which could be a source for some, but not all, of the O,
depletion. Some O, may have been consumed in corrosion, but no solid evidence exists to make that case.

Unlike the other UO, samples, sample HFIR-4 exhibited a pressure rise. However, like the others, it
ultimately reached a limiting steady-state pressure. The overal pressure rise was about 10 psi, and the gas
contained about 11 vol % H, and no O,. The dope of the linearly increasing portion of Fig. 3.17 can be used
to estimate the initial G-vaue for the H, production, which is about 0.01 molecules H,/100 eV. The source of
the H, may have been the radiolysis of the water of hydration, but this reached a limiting value. Note that the
H, levels were elevated in the ®°Co-irradiated samples, which had lower total doses than the HFIR-irradiated
sample. Additionaly, comparison of S-14 with S-18 shows that the sample with more water present produced
more H,. Sample HFIR-6-3, which was anhydrous UO;, showed little, if any, H,.

The pressure increase (in the case of HFIR-4) and the production of H, suggest that the type of water
(i.e., hydrate, hydroxide, or adsorbed) may play arole in the radiolytic behavior of this material. As described
earlier, the UO,C 2H,0 is actualy of the form UO,(OH),CH,O. Radiolysisof either the hydroxide or the
water of hydration may contribute differently to the radiolytic yield. For UO,, the H, production appears to be
related to the amount of water present and the dose. If it is desirable to eliminate H, production atogether,
then heat treatment (>650°C) of these materials will result in conversion to U,O4 [EQ. (2)].

4.2.3 Summary

For both U,04 and UQO;, the studies were carried to doses that produced limiting steady-state
pressures—either lower or higher than the atmospheric conditions under which the sample containers were
originaly loaded. The limiting pressures were most often lower. In afew cases, the limiting pressures rose
somewhat above the origina loading pressure. However, the samples always reached a limiting pressure.
The use of the pressure-estimation equation from the 233U storage standard* would result in the prediction of
extremely high pressures for many of the samples that were irradiated. For example, aH, pressure of about
1240 psiawould be predicted for HFIR-4 (UO,-2H,0), while a H, pressure of about 360 psiawould be
predicted for HFIR-6-2 (U;05 with 6 wt % H,0O). When one redizes that sufficient loadings of water existed
on some of these samples to cause extremely high pressures within the containers (as predicted by the 233U
storage standard) and that the maximum steady-state pressure increase attained was only 10 psi, it should be
clear that dominant back reactions are taking place along with the forward radiolytic processes to cause the
relatively low pressure limits to be reached.

The H, yields measured for each of the samples are summarized in Table 4.1. Thefinal total pressure

and temperature for each sampleis dso shown. Samples HFIR-2, HFIR-3, HFIR-4, and HFIR-5 each
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Table 4.1. Summary of H, yields for gamma radiolysis experiments with U;Og and UO;°xH,O

. . Initial sample Final Final Vol %  Estimated H, yidld
Container Material Dose (rad) pressure temperature
atmosphere H, (mmol H,/g sample)
(Torr) (°©)
U,0,

S7 U,0O; dry 18x1C° He a a <0.01 0

S15 U,0, with 0.7 wt % H,O 25x 10° Air/He 738 27 0.01 9.10 x10%

S17 U,0; dry with 1.4 wt % 22x 10 He 761 28 0.02 150 x10°®
fluoride

S19 U,0, with 0.89 wt % H,0O 22x10° Air/He 727 28 0.01 5.07 x108

HFIR-2 U,0; dry with 1.4 wt % 3.0x 10 He 1380 40 0.004 6.22 x10%°
fluoride

HFIR-3 U0, dry with 1.4 wt % 45x 10 Air/He 1380 40 0.016 2.16 x10%
fluorideand 9.1 wt % H,O

HFIR-5 U,0; with 1.04 wt % H,0 8.2 x 10'° Air/He 1267 40 c c

HFIR-6-1 U,;0, with 5wt % Gd 0, 3.3x 109 Air 717 497 0.05 6.43 x10%
and 1.48 wt % H,O

HFAR-6-2  U,0,with6wt%H,0 32x 10" Air 760 497 144 1.96 x10%

UO,*xH,0

S14 UO,;exH,O with 1.8 wt % 25x 108 Air/He 718 27 0.25 255 x10%
H,O

S18 UO,+2H,0 with 2.47 wt % 22x10° Air/He 718 28 0.83 4.34 x10%
sorbed H,0O

HFIR-4 UO;2H,0 3.7x109 Air/He 1742 40 10.6 1.99 x10F?

HFIR-6-3 uo, 3.3x 109 Air 641 497 0.007 5.64 x10%

“Sample not instrumented.

b nitial sample pressure about 10 psig (~1280 Torr) at room temperature because of an operational requirement at the HFIR.

“Gas sampl e not taken.



started at about 10 psig (~1280 Torr) at room temperature, because of an operationa requirement at the HFIR.
This requirement then accounts for the higher total pressure observed for these samples. Note that Figs.
3.10-3.12 and Fig. 3.17 show that each of these samples reached low, limiting pressures. The reported yields are
for very high doses and are therefore representative of the maximum amount of H, expected for this material.
Again, it should be noted that, for most of the samples, the total H, yield was very low. Many of the reported
yields are near the limit of detection. Three of the “dry” samples had a reported H, concentration which could
have come from the trace amount of water that may have been present on the sample. However, the amount of
H, was at the limit of detection. Itisasoillustrative to consider the H, yield in the context of the 233U storage
standard, which requires the user to estimate the H, production asif al available H, could be released. For
example, consider sample HFIR-6-2, which had a 6 wt % H,O content, but only 0.05% of the total H, available
was released at a high total dose.

One should be careful in arbitrarily applying the yield values to a given storage situation (i.e., multiplying the
amount of materia in storage by the yield to estimate the H, production). The high dose experiments clearly
demonstrated that equilibrium, in which the forward and back reaction rates are equal, is reached. The back
reaction is pressure dependent and, as aresult, for larger quantities of materia it is understood that the yields
(i.e, mmol H,/g sample) would actualy be lower.

While we have not yet been able to define the back-reaction process beyond what is known for the
homogeneous gas-phase mechanisms cited in the early literature® it should be obvious from the results of this
work that the consideration of radiolytic degradation of water, other impurities, or the oxides themselves without
the full consideration—and appreciation—of the back-reaction mechanisms will lead to erroneous and extreme
conclusions regarding the safe storage of these actinide oxides. Consequently, these back-reaction mechanisms

have become our focus of study for future work.

5. CONCLUSIONS

As dtated earlier, it was not practical to study the exact materials in question—namely, the 233U oxides such
asthose in storage at the ORNL Building 3019 storage facility—due to the high gamma field associated with the
2321 impurity. Therefore, it was necessary to obtain surrogate materials that would closely match those
properties anticipated in the actual stored materials and to irradiate these surrogates with gamma radiation to
doses that approached those expected in the 233U oxides after years of storage.

The synthesis of these oxides produced materia of relatively low surface area that was dry to the extent of
that achievable by the preparative method. After preparation, the oxides were kept in closed containers within a
standard dessicator to prevent any extended premature exposure to atmospheric moisture.  While more rigorous

methods employing inert-atmosphere glove boxes could have been used, it was considered unnecessary due to the
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limited amount of water that would be encountered during this brief handling. The merit of this decision was
corroborated by the actual radiolysis experiments that followed.

These adsorption/desorption results define the extent to which the uranium oxides have a tendency to adsorb
moisture from the atmosphere. While adsorption does occur in decreasing amounts as we go from UO; to U,04
to UQ,, the remova of this moisture is accomplished at temperatures up to 650°C. For the uranium oxidesin
general, 650°C is a satisfactory maximum temperature at which to dry.

The gamma radiolysis experiments for uranium oxides exhibited smal, if any, pressure increases. Some H,
was produced in the hydrated UO, samples; however, the O, from the initial atmosphere over the sample was
depleted. ThisH, production could be eliminated by the heat trestment at 400°C to produce dry UO, or by the
conversion of the UO, to U,04 a 650°C. For al of the U;04 samples loaded in air and irradiated with gamma
radiation, a pressure decrease was seen—even for samples with up to 9 wt % moisture content. Hence, these
results demonstrated that efforts to remove all traces of moisture from U;O, are not necessary. In fact, the
system can tolerate several percent of sorbed moisture—most of which can be easily removed by heating to only
150°C.

Back-reaction mechanisms that limit the radiolytically generated product gas pressures are clearly evident in
thiswork. Therefore, these reactions require our greatest focus in establishing the overall behavior of actinide
oxides in long-term storage situations.

The radiolysis studies that were described in this report used only gamma radiation. Uranium-233, containing
the impurity isotope 232U, has both gamma and a pha radiation fields associated with it. To provide the complete
picture on the radiolytic response of these materials, alpha radiolysis experiments on uranium oxides that have

sorbed moisture are being performed at ORNL.
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Appendix A: ESTIMATION OF ABSORBED DOSE FROM EXPOSURE

The exposure rate is reported for both the °Co source and the HFIR SNF elements that were used in
the irradiation experiments. Exposure iSameasure of the amount of charge produced in air per unit mass of
air. However, in the case of radiolytic experiments, the quantity of interest is the absorbed dose, which is the
energy absorbed by a material per unit mass. To compute the absorbed dose, the method presented in
ASTM E666-91 is used (Standard Practice for Calculating Absorbed Dose from Gamma and X
Radiation, American Society for Testing and Materials, Philadelphia, 1991). The following formulais used to

convert exposure rate to dose rate:

aam,, 0
. r g é < (A1)
D =869"10°—— " Xexpé gano xa,
@, 0 gera
8 r gair
where
D, = dose rate in material y at depth x (Gy/h),
M,
r
= mass energy absorption coefficient (n?/kg), and
X = exposure rate (R/h).
The value 8.69 x 10 converts roentgens to grays (Gy) in air.
For small samples, the sample thickness is neglected, and the equation reduces to
&m), 9 (A-2)
| §r g
D, = 869 10°———X .
&m, 9
1 g



For samples that consist of mixtures of elements, the mass energy absorption coefficient is calculated by
Hubbell (Complete citation provided in note to Table A.1):

(A.3)

m, g, 80,0

g
where

the proportion by weight of the ith e ement (dimensionless), and

W.

1

mass energy absorption coefficient for the ith element (m?/kg).

&),
&7 o

Selected values of re” for severa elements and energies are presented in Table A. 1.

To account for the dight attenuation of the photon flux by the irradiation containers, the computed dose rate
was multiplied by the attenuation factor e=*, where : is the attenuation coefficient (cnt?) and x isthe wall
thickness of the container. For the 6°Co irradiations, the attenuation factors were calculated based on the
average energy of the two emitted gammeas (i.e., 1.25 MeV), while for the HFIR SNF irradiations, the
attenuation factor was based on the average energy of 0.93 MeV. Selected attenuation coefficients are
presented in Table A.2. For the ®°Co source, the dose rate, as a function of time after insertion of the sample
into the source, is

. . (A.4)
D) =D, e,

where

Lg(t) = doserate at time ¢ (Gy/h),

C

D, = initid doserate (Gy/h),

8 = decay congtant = In2/half-life (year ), and
t = time since insertion (year).



The integrated dose at time ¢ is given by integration of Eq. (A.4), resulting in

D)= 2=(1- '),

where

D(t) = integrated dose at time ¢ (Gy).

Table A.1 Selected mass energy absorption coefficients”

(A.5)

Energy 2. D (10° m/kg)
(MeV)
U o] F H,O ar
0.93 4.978 2.824 2,675 3.137 2.820
1 4.473 2.791 2.643 3.100 2.787
125 3.748 2.669 2.528 2.966 2.666
2 2.612 2.346 2.223 2.604 2.342

«J. H. Hubbell, “Photon Mass Attenuation and Energy-Absorption Coefficients from 1 keV to

20 MeV,” Int. J. Appl. Radiat. Isot. 33, 1269-90 (1982).

Table A.2 Selected attenuation coefficients (u) for
materials used in irradiation containers

Energy p (cm?)

(MeV) Nie =
0.93 0.241 0.5004
1 0.238 0.4807
125 0.234 0.4362
2 0.220 0.3421

« E. Storm and H. |. Isragl, Nuclear Data Tables A7, 565
(1970).

»J. H. Hubbdll, “Photon Mass Attenuation and Energy-
Absorption Coefficients from 1 keV to 20 MeV,” Int. J. Appl.
Radiat. Isot. 33, 1269-1290 (1982).
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For the HFIR SNF element irradiations, exposure-rate data, as a function of time, were provided. These
data were fit to curves (e.g., Fig. A.1), which were integrated to determine the total exposure during an
irradiation. This exposure was then converted to dose by using Egs. (A.2) and (A.3). The attenuation of the
gammafield by the walls of the sample container was accounted for by multiplying the computed dose by the
attenuation factor, e**.

The HFIR SNF element emits a spectrum of gammea-ray energies. Based on work by D. F. Williams,

G. D. De Cul, and L. M. Toth (4 Descriptive Model of the Molten Salt Reactor Experiment After
Shutdown: Review of FY 1995 Progress, ORNL/TM-13142, Lockheed Martin Energy Research Corp.,
Oak Ridge Nationa Laboratory, Oak Ridge, Tennessee, January 1996), the average gamma energy (1 d after
SNF discharge from the reactor) is 0.93 MeV (see Table 2.4 in the body of this report) Attenuation factors
(and hence, dose) are calculated based on this energy. Additional calculations were performed using different
energies for the gammarays: 1 and 2 MeV. In each case, the computed G-value for the gas yield was the
same; hence, the G-value computation was relatively insensitive to the gamma energy for the HFIR SNF

irradiations.
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Fig. A.1. Exposure-rate-curve fit for HFIR SNF element from cycle 371.
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